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1.1 Water and evaporation
Water is an important and peculiar liquid [1, 2]. It sustains life on Earth and
shows many interesting and anomalous properties, such as solubility for a wide
range of materials and the anomalous increase in density upon cooling. One
can marvel at the role of water in the smallest of living cells and the largest of
ocean bodies. One of the most common and important phenomena associated
with water is evaporation.

0.1 mm

(a) (b)

Figure 1.1: Salt deposits from evaporation: large and small length scales.
(a) Salt pans - large deposits of salt formed on the ground by evaporation of sea-
water. Photograph by Sandip Dey [3]. (b) A small deposit made of salt, mucin, and
surfactants, produced by evaporation of respiratory-like droplets. Reprinted with
permission from Seyfert et al. [4].

Evaporation is observed in several scenarios - both at large and small
scales (Figure 1.1). The evaporating liquid can be present inside porous media
[5] and capillaries [6] or present in the form of droplets [7, 8], thin films [9],
and large water bodies such as oceans and rivers [10]. Drying of respiratory
aerosol droplets [8], sweating from mammalian skins [11], transpiration from
plants [12], production of food products using spray drying of droplets [7],
drying of ink during inkjet printing [13], production of supraparticles [14] (with
applications in optics [15], catalysis [16], and medicine [17]), and regulation of
the water cycle on Earth [10] are examples where evaporation is a key process.

For instance, in inkjet printing, evaporation of ink at the nozzle (or nozzle
plate) leads to complex physicochemical changes that can adversely affect the
printing process [13]. As another example, understanding the evaporation
induced phase-separation and particle assembly in a colloidal “ouzo droplet” –
a ternary droplet consisting of water, ethanol and oil – is essential to control the
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supraparticle formation [18]. Furthermore, understanding the physicochemical
processes inside and around evaporating respiratory droplets can be crucial for
mitigating disease transmission [4, 19–21]. Hence, understanding evaporation
and the physicochemical hydrodynamics triggered by evaporation is crucial
for both technological advancements and satisfying the ‘curious mind’.

This thesis is concerned with the physicochemical hydrodynamics trig-
gered by the evaporation of aqueous multicomponent liquid mixtures in con-
fined geometries – namely, droplets and capillaries.

1.2 Physicochemical hydrodynamics

What is meant by physicochemical hydrodynamics? Levich [22] described
physicochemical hydrodynamics as “the aggregate of problems dealing with
the effect of fluid flow on chemicals or physicochemical transformations as
well as the effect of physicochemical factors of the flow”. In simpler words,
physicochemical hydrodynamics is concerned with two types of problems (Fig-
ure 1.2).

Fluid flow

Physicochemical factors
(e.g. gradients in density, 

temperature, and 
ion-concentration)

Physicochemical 
transformations

(e.g. evaporation, melting, 
and chemical reactions)

Physicochemical Hydrodynamics

Figure 1.2: Simplified definition of physicochemical hydrodynamics.
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The first type of problem focuses on how the flow of fluids (liquids and
gases) affect (1) “chemicals” and (2) “physicochemical transformations”. “Ch-
emicals” refers to all the substances present in the system under investigation.
“Physicochemical transformations” refers to physical and chemical processes
such as chemical reactions and phase change (e.g. evaporation, boiling, melt-
ing, and solidification). An example of the first type of problem includes
the flow of air or water over ice influencing melting and forming spectacular
patterns on ice [23,24].

The second type of problem involves studying how physical or chemical
factors, such as gradients of density, temperature, or ion concentration, affect
fluid flow. An example of such a problem is the flow generated in droplets
and thin films because of spatial gradients in concentration (called solutal
Marangoni flows, discussed in Chapter 2). In general, fluid flow, physico-
chemical transformations, and physicochemical factors are strongly coupled.
This coupling makes it difficult to classify a problem into only one and not
the other of the two types mentioned above. Thus, in most problems of
physicochemical hydrodynamics, the fluid flow affects physicochemical trans-
formations and the physicochemical factors affect the flow of fluid at the same
time [25].

Physicochemical hydrodynamics can be triggered by many processes, such
as dissolution, coalescence, chemical reactions, phase separation, and evapo-
ration [25]. However, as mentioned in the previous section, in this thesis, we
will restrict ourselves to problems where the physicochemical hydrodynamics
is triggered by evaporation from droplets and capillaries (Figure 1.3).

1.3 Evaporation of pure liquids

1.3.1 Driving force for evaporation

If you find a drop of water on a table, one can recollect from everyday expe-
rience that the droplet disappears in a while due to evaporation. However, is
it possible under some circumstances that the droplet will not evaporate but
rather grow in size? To answer this, we will first try to understand – why does
water evaporate?

The air around us always contains water-vapor. The amount of water-
vapor in the air is generally described using the quantity “relative humidity”
or RH, defined as
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RH =
cw,∞
cow

, (1.1)

where cw,∞ is the concentration (vapor mass per volume) of water-vapor in
the air and cow is the maximum (or saturation) concentration of water-vapor
in air for a given temperature.

Li
qu

id

Vapor

jwʹʹ

n

(a)

l

2R

(c)

2R

(b)

R

(d)

Figure 1.3: Water-vapor (yellow) in the ambient air around liquid water
(blue). (a) Schematic of an air-water interface showing the evaporation flux j′′w of
water (curly arrows) and the water-vapor concentration (yellow) in the ambient air.
The graph on the top shows a schematic of the decrease in concentration of water-
vapor from cw,s at the surface (liquid-vapor interface) to cw,∞ = cow × RH in the
far-field, along the normal direction (n) to the surface. (b) and (c) Schematic of
water evaporating from a capillary tube, with the meniscus at (b) the mouth of the
capillary and (c) a distance l from the mouth of the capillary. (d) Schematic of an
evaporating sessile droplet.
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Whenever pure liquid water is exposed to ambient air, the air close to the
liquid surface gets saturated with water-vapor corresponding to RH=100%
(cw,s = cow, see Figure 1.3a). The difference in vapor concentration at the
interface (cw,s) and the surrounding (cw,∞) determines whether the liquid will
undergo evaporation (cw,s > cw,∞) or condensation (cw,s < cw,∞), or remain
unaffected (cw,s = cw,∞). Thus, a water droplet usually gets smaller in size due
to evaporation, but can also grow in size due to condensation when the ambient
humidity is relatively high – more precisely, when cw,∞ > cw,s. One can readily
observe this growth of droplets on the outer walls of a glass containing cold
drinks on a warm day.

1.3.2 Quantitative prediction

There have been numerous studies dedicated to studying evaporation from
droplets and capillary tubes (Figure 1.3b-d) [6,26]. Some of the earliest works
come from Maxwell [27], Stefan [28], Morse [29], and Langmuir [30]. It is
now known that, in most cases, the evaporation of liquids into a quiescent
ambient is limited by the diffusion of vapor in air. In the absence of significant
convective transport in air, the evaporation flux of water j′′w at an interface
can given by

j′′w = −Dv,a
∂cw
∂n

∣∣∣∣
s

, (1.2)

where Dv,a is the diffusion coefficient of vapor in air, cw is the concentration of
water-vapor, and ∂cw/∂n is the gradient of cw normal to the liquid/air surface
s. For a liquid column deep inside a capillary tube (Figure 1.3c), the rate of
change of mass of liquid in the capillary (dM/dt) due to evaporation can be
approximated as [31]

dM
dt = −πR2 j′′w = −πR2 Dv,a

l
(cw,s − cw,l) , (1.3)

where R is the radius of the capillary tube and l is the distance of the meniscus
from the mouth of the capillary (see Figure 1.3c).

For a sessile droplet sitting on a substrate (Figure 1.3d), the total evap-
oration rate was determined by Popov [32] by integrating equation (1.2) over
the whole surface of the droplet, leading to

dM
dt = −πDv,aR (cw,s − cw,∞) f(θ), (1.4)
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with

f(θ) =
sin(θ)

1 + cos(θ) + 4

∫ ∞

0

1 + cosh(2θϵ)
sinh(2πϵ) tanh [(π − θ) ϵ] dϵ, (1.5)

where θ is the contact angle of the droplet and R is the contact radius (Figure
1.3d). As evaporation proceeds, R and θ can change. The changes in R and
θ depend on the mode of evaporation. A droplet can evaporate in one of
the following modes - constant contact radius (CCR) mode, constant contact
angle (CCA) mode, stick-slide mode, or stick-jump mode [33,34]. Thus, using
equations (1.4) and (1.5), along with appropriate expressions for changes in R
and θ, one can quantitatively determine the lifetime of droplets [35,36].

1.3.3 Evaporation-induced secondary processes
Evaporation of pure liquids leads to not only a reduction in mass but inter-
esting micro-scale fluid flow as well. Here we discuss three such processes.

(a) Capillary flow

Pinning of the contact line during evaporation in droplets [37, 39] and capil-
laries [40, 41] leads to flow of fluid towards the contact line, which is called
capillary flow. An example of a capillary flow in a pinned droplet is sketched
in Figure 1.4a. Such flows are essentially generated to replenish the liquid lost

(a) (b)

Figure 1.4: Flow inside a single component droplet. (a) Capillary flow inside a
sessile water droplet obtained from numerical simulations. Adapted with permission
from [37]. Copyright (2005), ACS. (b) Experimentally visualized buoyancy-driven flow
in an evaporating water droplet placed on a heated non-wetting substrate. Reprinted
figure with permission from [38]. Copyright (2014) by the APS.
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by evaporation close to the pinned contact line. A more detailed explanation
is given by Deegan et al. [39], who show how simple considerations of mass
conservation lead to the radially outward capillary flows in a pinned sessile
droplet (Figure 1.4a).

(b) Thermal Marangoni flow

Evaporation also leads to a reduction in the temperature due to the latent heat
of vaporization. This reduction in temperature produces a temperature gra-
dient at the air-water interface. Since the interfacial tension of liquids usually
increases with a decrease in temperature, a temperature gradient effectively
produces a gradient in interfacial tension. Such gradients in interfacial tension
create a net shear force that drives flows referred to as Marangoni flows [42–44].
Since temperature differences generate the Marangoni flow in this case, it is
termed thermal Marangoni flow. For a sessile droplet, the contact angle and
the thermal properties of the liquid and the substrate determine the direction
of such Marangoni flows [43].

(c) Buoyancy-driven flow

A decrease in temperature usually leads to an increase in the density of the
liquid. When evaporation is strongest at the apex/top of the droplet, the
liquid at the top becomes colder and denser than the liquid below it. This
unstable density stratification can lead to buoyancy-driven flows in a droplet,
with the colder/denser liquid moving towards the base of the droplet [38, 45]
(Figure 1.4b).

1.4 Evaporation of multicomponent liquids
In the previous section, we described how the evaporation of a pure liquid
from droplets and capillaries leads to interesting physicochemical hydrody-
namics. The presence of additional liquids enriches the various phenomenon
that one can observe in such systems. The differences in the properties of the
constituent liquids, such as volatility, density, and interfacial tension, are usu-
ally responsible for the broader range of phenomena observed in evaporating
multicomponent systems.
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(a) (b)

(c) (d)

Figure 1.5: Evaporation-induced secondary processes in multicomponent
droplet. (a) Marangoni flow in an evaporating ethanol-water droplet [46]. (b)
Buoyancy-driven flow in an evaporating water-glycerol droplet [47]. (c) Segregation
of hexanediol (dark yellowish-green ‘fingers’ close to the contact line) during evapora-
tion of a water-hexanediol droplet. (d) Phase separation of oil as microdroplets in an
evaporating ‘ouzo’ droplet [48]. Figures reprinted with permission from - (a) Diddens
et al. [46], copyright (2017) Cambridge University Press; (b) Li et al. [47], copyright
(2019) by the APS; (c) Li et al. [49], copyright (2018) by the APS;(c) Tan et al. [48],
copyright (2016) by National Academy of Sciences.
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1.4.1 Quantitative prediction of evaporation
When a system contains more than one liquid, each liquid will evaporate
depending on the volatility and the composition close to the evaporating in-
terface. Based on Raoult’s law [50] and the non-ideality of the mixture, the
concentration of water-vapor close to the surface is modified as

cw,s = aw c
o
w,s = xw ψw c

o
w,s, (1.6)

where aw is the thermodynamic activity of water, xw the mole fraction of
water in the liquid, and ψw(xw) the activity coefficient of water corresponding
to xw [51]. For an ideal mixture, aw = xw and ψw = 1.

Thus, for multicomponent liquids, the local evaporation rate changes with
changes in the local composition. Therefore, to determine the evaporation
rates in such systems, one can resort to numerical simulations to easily account
for the spatio-temporal changes in composition and mixture properties [46].
However, in Chapters 2 and 5, we will show cases where we can still ana-
lytically determine the evaporation rates for multicomponent mixtures, albeit
under simplifying assumptions, which will be complemented by corresponding
direct numerical simulations.

1.4.2 Evaporation-induced secondary processes
Similar to pure liquids, evaporation of multicomponent liquids can produce
capillary flow, thermal Marangoni flow, and buoyancy-driven flow. However,
in multicomponent liquids, the secondary processes also result from the spatio-
temporal changes in the composition. Thus, evaporation in multicomponent
liquids can trigger phenomenologically richer secondary processes compared
to pure liquids. Such secondary processes include fluid flows [44, 46, 52], non-
trivial contact line motion [53], segregation [49,54], and phase separation [48]
(Figure 1.5). We discuss a few of these processes below:

(a) Solutal Marangoni flow by selective evaporation

Selective evaporation of the more volatile liquid in droplets and capillaries
results in spatial gradients in concentration. Such spatial concentration gra-
dients can lead to gradients in interfacial tension. Surface tension gradients
lead to flows which are termed as solutal Marangoni flows [46,52] (Figure 1.5
a), in contrast to the thermal Marangoni flows that are caused by tempera-
ture gradients. The direction of solutal Marangoni flow depends on whether
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the more volatile liquid has higher or lower interfacial tension than the other
liquid [51].

(b) Buoyancy-driven flow by selective evaporation

Spatial gradients in concentration can also lead to strong gradients in the
mixture density [47, 55], leading to buoyancy-driven flows inside a droplet,
also called Rayleigh convection (Figure 1.5 b). For instance, when evaporation
is fastest at the apex of a binary droplet of water and glycerol, the water-
glycerol mixture becomes denser at the top compared to the bottom. Thus,
the denser liquid flows downwards towards the base of the droplet, setting up
a buoyant convection inside the droplet (Figure 1.5b).

The gradients in composition triggered by evaporation can lead to both
solutal Marangoni flows and Rayleigh convection. Recently, Diddens et al. [56]
showed how a ‘competition’ between interfacial tension forces and buoyancy
forces determines the overall flow pattern in the droplet. In Chapter 2,
we will discuss how the solutal Marangoni flow in a binary droplet produces
dynamic particle accumulation patterns during evaporation.

(c) Phase separation

Tan et al. [48] showed how a ternary ‘Ouzo’ droplet, made of water, ethanol,
and trans-anethole – the major components of the Greek beverage, Ouzo –
displays a remarkable phase separation of oil that is triggered by evaporation.
Such a phase separation results from the differences in the miscibility of trans-
anethole in water and ethanol.

The phase separation in a Ouzo system can be better explained using a
ternary phase diagram (Figure 1.6). Figure 1.6 shows an equilateral triangle
inside which every point represents a unique mixing ratio of water, ethanol,
and trans-anethole (or simply oil). Qualitatively speaking, as a point moves
closer to a particular vertex of the triangle, the concentration of the compo-
nent mentioned at that vertex increases. For instance, point A has a larger
concentration of ethanol compared to water and oil.

Ethanol is highly miscible with both water and oil. However, oil is immis-
cible in water (see Figure 1.6). Thus, as long as the concentration of ethanol
is high, ethanol can act as a co-solvent for water and oil and ensure a homo-
geneous or one-phase mixture. If the ethanol concentration is lowered below
a threshold, the mixture reaches a metastable or unstable two-phase state.
In an evaporating ouzo droplet having an initial composition corresponding
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Ethanol

Immiscible

M
isc

ib
le M

iscible

Water Oil

One-phase 
region

Two-phase 
region

A

B

Metastable 
region

Binodal
Spinodal

Figure 1.6: Ternary phase diagram. Schematic phase diagram showing the
one-phase, two-phase, and metastable region in a mixture of water, ethanol, and oil.
The one-phase and the metastable regions are separated by the binodal curve. The
metastable and the two-phase regions are separated by the spinodal curve. Point A
shows a composition in the one-phase region. Removal of ethanol would change the
composition along the line AB.

to point A, the faster evaporation of ethanol compared to water leads to a
decrease in ethanol concentration (approximately along the line AB in Figure
1.6). Consequently, the oil phase separates (Figure 1.6).

The formation of tiny oil microdroplets leads to a strong scattering of
white light and a milky appearance in the evaporating droplet, similar to the
milky appearance observed upon diluting a drink of Ouzo (see Figure 1.5d).
Thus, evaporation triggers the nucleation of oil-microdroplets inside a parent
ternary droplet [48]. Subsequent studies have tried to disentangle the various
physicochemical complexities associated with such ternary droplets [46,57–60].
In Chapters 3 and 4, we will further explore the physicochemical hydrody-
namics in phase-separating droplets using experiments and high-resolution
microscopy.
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1.5 Evaporation-induced self-assembly of particles

In practical scenarios such as spray drying [7] and inkjet printing [13], evap-
orating systems contain not only a mixture of multiple liquids but also solid
particles dispersed in the liquid mixture. After all the volatile liquids have
evaporated away, the particles initially dispersed in the droplet accumulate
together in some particular fashion. Such an accumulation of these particles
is often termed as “evaporation-induced self-assembly” of particles [61].

For droplets, evaporation-induced self-assembly of particles has been a
topic of intense research for many years [62,63], starting from the seminal work
of Deegan describing the coffee-stain effect [64]. Further studies have shown
how the particles can also form other patterns such as dual-ring pattern [65,66],
multiple-ring pattern [67], uniform deposit [68–70], fingering pattern [71], or
supraparticles [18,72,73] (Figure 1.7).

However, what are the factors or processes that determine the assembly
of particles inside a droplet? If we start with a ‘homogeneous’ dispersion of
particles in an evaporating droplet, the final particle deposition pattern is
controlled by the factors that influence the transport of particles. Some of
these factors include:

• Fluid flow

• Particle-interface interactions

• Interparticle interactions

• Contact-line motion

(a) Fluid flow

The particles can be carried around or “advected” by the fluid flow present in
a droplet. For instance, Deegan et al. [64] showed that the radially-outwards
capillary flow generated due to evaporation transports the particles to the
contact line, forming the ring-like coffee-stain deposit (Figure 1.7a). Later,
Hu et al. [74] showed that thermal Marangoni flow can impede the formation
of coffee stain deposit, causing particle accumulation at the centre. In contrast,
Marin et al. [75] showed that solutal Marangoni flow can provide an alternate
route for the coffee-stain deposit in salty colloidal drops.
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(a) (b) (c)

(e) (f)

(g)

(d)

Figure 1.7: Different final deposit patterns obtained by evaporation-
induced self-assembly of particles in droplets. (a) Coffee-ring deposit [39].(b)
Dual ring deposit [76]. (c) Multi-ring deposit [67]. (d) Uniform deposit [70], (e)
Finger-like deposit [71], (f) Supraparticle [18]. (g) Side view images of a colloidal
Ouzo droplet [18]. Due to self-lubrication, pinning of contact line is avoided and
supraparticle is formed in the end. Orange arrows point to the oil ring. Figures
reprinted with permission from - (a) Deegan et al. [39], copyright (2000) by the APS;
(b) Ren at al. [76], copyright (2020) by the ACS; (c) Moffat et al. [67], copyright
(2009), by the ACS; (d) Li et al. [70]; (e) Crivoi et al. [71], copyright (2013) Elsevier
B.V.; (f) and (g) Tan et al. [18].
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(b) Particle-interface interactions

There are various kinds of interfaces present in a droplet, namely air-liquid in-
terface, solid-liquid interface, and even liquid-liquid interface (e.g. in the case
of phase separation). The interaction of the particles with these interfaces can
affect the particle transport. For instance, the interaction of the particle with
the solid-liquid interface (substrate) depends on the relative surface charges
on the particles and the substrate. These interactions affect the ordering of
particles on the substrate [77, 78]. Similarly, the interaction of the particles
with the air/liquid interface can lead to interfacial adsorption of the parti-
cles [76, 78–80]. For instance, Ren et al. [76] showed how interfacial particle
adsorption can produce an inner disk or dual ring pattern (Figure 1.7b) in an
evaporating droplet.

The interaction of the particles with the air/liquid interface does not nec-
essarily need to be adsorption. The particles can also accumulate at the air-
liquid interface if the time scale associated with the motion of the interface
(ti) is much smaller than the time scale associated with diffusion of particles
away from the interface (td) [61, 81]. This is quantified by the Peclet number
of the particles, defined as

Pe =
td
ti

(1.7)

A high Peclet in an evaporating droplet and the consequential accumula-
tion of particles at the moving interface generally leads to a uniform deposi-
tion (Figure 1.7d) or formation of supraparticles [61] (Figure 1.7f). The Peclet
number of particles will play an important role throughout the Chapters
2-4, determining whether the particles will accumulate close to the moving
interface of the droplet or not.

(c) Interparticle interactions

Interparticle interactions determine whether the particles remain well-disper-
sed in the droplet throughout evaporation. A decrease in interparticle repul-
sion can lead to formation of aggregates, which can cause sedimentation or
affect the particle assembly in an adverse manner [73].

(d) Contact line motion

Contact line motion greatly influences the particle deposition pattern formed
from evaporating droplets. While a pinned contact line is necessary to form
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the coffee-stain deposit, multiple depinning events lead to a multi-ring pat-
tern (Figure 1.7c). By avoiding pinning altogether, for example, using self-
lubrication [18], particles can be assembled as supraparticles instead of the
coffee-stain pattern. The term self-lubrication was coined by Tan et al. [48]
and refers to the lubrication of the contact line using an oil ring that is pro-
duced in situ during the evaporation of an Ouzo droplet. In Chapters 3
and 4, we will show how the properties of the particle influence contact-line
motion, self-lubrication, and particle transport in a colloidal Ouzo droplet.

In summary, all physicochemical considerations that can influence the
above four factors will also influence the transport of particles in an evaporat-
ing droplet. Therefore, understanding the physicochemical hydrodynamics in
droplets will help us better control particle transport for applications such as
inkjet printing [13], electronics [82], optics [15], and catalysis [16].

A guide through the thesis
The thesis consists of two parts. The first part (Chapter 2-Chapter 4) deals
with particle-laden multicomponent sessile droplets. In Chapter 2, we will
focus on the transport of particles dispersed in evaporating binary (water-
glycerol) droplet. Then, in Chapters 3 and 4, we will study the particle
assembly in evaporating self-lubricating ternary (ouzo) droplets. The second
part of the thesis (Chapter 5) deals with binary liquids in capillaries. In this
part, we will focus on how competition between evaporation, diffusion, and
advection determines the drying dynamics of a binary mixture in a capillary.
In the following, we enlist the main questions that we will answer in each of
the chapters.

Chapter 2.
System: Particles dispersed in an evaporating water-glycerol droplet.
Questions: Why do particles dispersed in a water-glycerol droplet form a
Marangoni ring during evaporation? Can we use experiments and simulations
to understand particle transport in a binary droplet? How can we predict the
time-dependent evaporation rate of an evaporating water-glycerol droplet?

Chapter 3.
System: Particles dispersed in an evaporating ternary ouzo droplet.
Questions: Does the size of individual particles affect supraparticles formed
using self-lubricating ouzo droplets? If yes, how does the particle-size influence
the supraparticle formation?
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Chapter 4.
System: Particles dispersed in an evaporating ternary ouzo droplet.
Questions: Does modifying the surface properties of particles affect the
supraparticles formed using self-lubricating ouzo droplets? If yes, which sur-
face modifications have a stronger influence on the supraparticle formation?

Chapter 5
System: Binary mixture of water and glycerol in thin capillaries.
Questions: How is the evaporation of a binary mixture in a capillary differ-
ent from that of a pure liquid? Can we analytically model the evaporation
of binary liquid mixtures in a capillary? What are the important control
parameters that determine the evaporation behavior?
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Chapter 2
Evaporation of a Sessile Colloidal
Water- Glycerol Droplet: Marangoni
Ring Formation ∗

The transport and aggregation of particles in suspensions is an important process
in many physicochemical and industrial processes. In this work, we study the trans-
port of particles in an evaporating binary droplet. Surprisingly, the accumulation
of particles occurs not only at the contact line (due to the coffee-stain effect) or at
the solid substrate (due to sedimentation) but also at a particular radial position
near the liquid−air interface, forming a “ring”, which we term as the Marangoni
ring. The formation of this ring is primarily attributed to the solutal Marangoni
flow triggered by the evaporation dynamics of the water−glycerol droplet. Ex-
periments and simulations show fair agreement in the volume evolution and the
general structure of the solutal Marangoni flow, that is, the Marangoni vortex.
Experiments show that the location of the Marangoni ring is strongly correlated
with the Marangoni vortex. However, finite element numerical simulations fail to
describe the particle distribution seen in the experiments. Interestingly, the parti-
cles not only accumulate to form the Marangoni ring but also assemble as colloidal
crystals close to the liquid−air interface, yielding iridescence. The formation of
the colloidal crystals in the experiments is strong evidence that non-hydrodynamic
interactions, which are not represented in the simulations, also play a significant
role in our system.

∗ Published as: Lijun Thayyil Raju, Christian Diddens, Yaxing Li, Alvaro Marin, Marjolein
N. van der Linden, Xuehua Zhang, and Detlef Lohse, Evaporation of a Sessile Colloidal Water-
Glycerol Droplet: Marangoni Ring Formation, Langmuir 2022, 38 (39), 12082–12094. Experi-
ments were done by Thayyil Raju and simulations were done by Diddens.
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2.1 Introduction

Multicomponent sessile droplets containing colloidal particles are ubiquitous
in nature and technology. Even though a colloidal droplet seems to be a
simple system, evaporation leads to a complex physicochemical scenario [25,83]
involving evaporation-driven flows [64], segregation [49, 54], phase-separation
[48, 58, 84, 85], and flow patterns driven by gradients in concentration [52,
75, 86], temperature [74], and density [47]. The fluid flow inside the droplet
strongly determines the transport of the dispersed particles. Understanding
the transport of particles is important in scenarios such as biofluid droplets
[4, 58], electronics [15,82,87], inkjet printing [13,88–90], and catalysis [16].

The radially oriented capillary flow in a pinned evaporating droplet can
transport particles toward contact line, forming the so-called coffee-stain de-
posits [64]. However capillary flow is not the only evaporation-driven flow
that can appear in a droplet. Preferential evaporation at the contact line of a
multicomponent droplet can also lead to a gradient in the interfacial compo-
sition along the liquid-air interface, generating interfacial Marangoni shear in,
for example, salt mixtures [75] or surfactant [86, 91] solutions. Thermal gra-
dients can also easily appear, leading to interfacial thermal Marangoni shear
stresses [43, 74]. These gradients in composition and/or temperature, lead
to gradients in surface tension producing solutal and/or thermal Marangoni
flow [13,25,83]. These interfacial flows add up to complex flow patterns within
the evaporating droplets. Occasionally, such flow patterns might prevent the
particles to reach the contact line, suppressing the formation of the coffee
ring [74, 91]. In other instances, such flows might provide an alternate route
for the particles to reach the contact line [75,92].

However, Marangoni flow can also cause the accumulation of particles at
the liquid-air interface. For example, thermal Marangoni flows are known
to drag particles away from the contact line toward the droplet’s apex [93].
Particles accumulate in the central region of the interface, forming a cap with
a dense border, which we will term from now on as “Marangoni ring”. Such a
cap with visible rings was already described by Deegan et al. [39], and more
recently studied by Parsa et al. [65] and Zhong et al. [66], when particle laden
droplets were evaporating on substrates at high temperatures. Rossi et al. [93]
also found an inner ring in water droplets having small amounts of mineral
salts. Particle laden droplets evaporating at very low pressures also show an
inner ring [76]. In all these cases, the thermal Marangoni flow transports
the particles along the liquid-air interface, away from the contact line and
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toward the inner ring. Similarly, when the droplet contains surfactants [86,91]
or surfactant-like polymers [94], the solutal Marangoni flow transports the
particles along the liquid air interface and toward the inner ring.

In this study we will focus on the emergence of Marangoni rings in droplets
containing a mixture of two liquids. In such a binary droplet, the properties
of the individual liquids, such as their volatility [95], mass density [47], sur-
face tension [95–97], and viscosity [90] determines the nature of the fluid flow.
Mixtures of water and glycerol are of special interest, for instance in inkjet
printing, laboratory studies [98, 99], and biological processes [100, 101]. The
high viscosity, miscibility in water, low cost, and non-toxic nature makes glyc-
erol an excellent thickener for consumer products.

In this work, we show that a particle laden binary droplet of water and
glycerol shows a very distinct Marangoni ring similar to droplets containing
only one liquid. To the best of our knowledge, this is the first detailed study
of the spatio-temporal evolution of the Marangoni ring in a binary droplet.
We use high-resolution confocal microscopy and explore a wide range of ini-
tial glycerol concentrations and different particle types. Three-dimensional
velocity measurements and finite element simulations are performed to under-
stand the formation of the Marangoni ring in this system. Our experiments
show colloidal crystallization and iridescence close to the Marangoni ring, a
strong indication of the relevance of non-hydrodynamic interactions between
the different particles and between the particles and the liquid-air interface.

2.2 Experiments and Methods

2.2.1 Chemicals and Materials

The following chemicals were used as received: Acetone (Boom BV, > 99.5%
(v/v), technical grade), Ethanol (Boom BV 100%(v/v), technical grade), Glyc-
erol (Sigma-Aldrich, ≥ 99.5%, ACS reagent). Non-fluorescent silica particles
(diameter = 0.970 µm, SD=0.029 µm, aqueous suspension), non-fluorescent
polystyrene (PS) particles (diameter = 1.05 ± 0.04 µm, aqueous suspension),
and fluorescent PS particles (PS-FluoRed-Particles, diameter = 0.980 µm, SD
= 0.04 µm, abs/em = 530/607nm) were obtained from Microparticles GmbH,
Germany. All these particles have a negative surface charge. More details can
also be found at https://microparticles.de/en/properties. Fluorescent
Rhodamine B-labeled silica particles having diameter of 800 nm (diameter =
776 ± 56 nm in TEM, ζ-potential of −56 ± 1 mV, concentration: 23.5 mg/g of

https://microparticles.de/en/properties
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solution) were obtained from the Max Planck Institute of Polymer Research,
Mainz, Germany. The details of the synthesis and characterization of the par-
ticles can be found in Thayyil Raju et al. [84]. All these concentrated particle
dispersions were stored at a temperature of 4◦C before use. Milli-Q water was
produced by a Reference A+ system (Merck Millipore) at 18.2 MΩ cm and
25◦C.

Preparation of Dispersion of Water, Glycerol, and Particles. To
study the transport of particles in a binary droplet, we prepared a dispersion
of particles, water, and glycerol. A small amount of the dispersion of particles
was diluted in water and sonicated for 5 mins. Thereafter, the desired amount
of glycerol was added into the diluted dispersion and sonicated again for 5
mins. The weight fraction of glycerol, wg,i, in the dispersion was 0, 0.5, 5, 25,
and 50%. The concentration of the particles is kept constant at 0.1 wt %.

Preparation of the Substrate. The glass substrates were carefully
cleaned before the evaporation experiments. The substrates were first wiped
with ethanol wetted tissue and water wetted tissue. Thereafter, the glass slides
were sonicated in a bath of acetone for 5 min. This was followed by sonication
in a water-bath for another 5 min. The slides were finally rinsed with ethanol
and water, and blow-dried using nitrogen, before storing the glass for further
experiments. Water droplets had a static contact angle of 10◦ − 20◦ on the
cleaned glass substrates.

2.2.2 Side-View and Top-View Visualization of the Evaporat-
ing Droplet

To study the particle transport in the binary droplet, a 0.6 µL droplet of the
particle laden water-glycerol dispersion was pipetted on the cleaned glass sub-
strate. The droplet was illuminated using LED light sources. The droplet
was viewed from the side and the top using two separate cameras (Figure
2.9a in Appendix). For side-view, we used a monochrome 8-bit CCD camera
(XIMEA, MQ013MG-ON, 4 µm/pixel, 1 frame/s), attached to a Navitar 12×
adjustable zoom lens. For top-view, a CMOS color camera (Nikon D750, 1920
× 1080 pixels, ≈ 4 µm/pixel, 24 frames/s) was used, attached with a Navi-
tar 12× adjustable zoom lens. The ambient temperature and humidity were
measured as 20 ± 1◦C and 50 ± 5%, respectively, using a thermo-hygrometer
(OMEGA; HHUSD-RP1).

Image Analysis The side-view images are processed using FIJI [102] and
in-house MATLAB codes, to determine the profile of the droplet. The volume
of the droplet is determined by assuming that the droplet has a spherical-
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cap shape. Finally, the mass of water in the droplet is estimated using
the volume of the droplet, initial composition of the water-glycerol mixture,
the composition-dependent density of the mixture, and by assuming that the
amount of glycerol in the droplet is conserved.

2.2.3 Measuring the Spatio-Temporal Particle-Distribution in
the Droplet

A laser scanning fluorescence confocal microscope (Nikon confocal microscopes
A1 plus system) was used to obtain the spatio-temporal distribution of the
particles inside the evaporating droplet (Figure 2.9b in Appendix). A laser
with a wavelength of 561 nm, filter cube (590/50 nm), and DU4 detector
were used to observe the fluorescent Rhodamine B labeled silica particles.
The confocal microscope was operated in resonant mode with a Plan Fluor
10× DIC objective and having in-plane resolution of 2.5 µm/pixel. The 3-
dimensional particle distribution is reconstructed by combining images from
horizontal planes which are separated by approximately 5 µm distance. It
takes approximately 1 s to collect the signals from all the horizontal planes for
each time step, which is sufficiently fast as compared to the evaporation time
of hundreds of seconds. The confocal microscope was also operated separately
in the Galvano mode at low magnification (with a Plan Fluor 4× objective
having in-plane resolution of 6.2 µm/pixel) at 5 s per frame, to obtain particle
distribution in the entire droplet within the field of view.

2.2.4 Measuring the Flow-Field in the Droplet

To determine the evaporation-induced flow in the droplet, we performed micro
particle image velocimetry (µPIV) and three dimensional particle tracking
velocimetry.

µPIV. 2D velocity fields are measured by µPIV using fluorescently la-
belled silica particles dispersed in the droplet and observed using the confocal
microscope in resonant mode with a Nikon 20× water immersion objective,
of numerical aperture 0.5, yielding a resolution of 1.24 µm/pixel at 15 and
30 frame/s. The velocity field was obtained in a squared region of 0.636 mm
× 0.636 mm (512 pixel × 512 pixel) close to the contact line, in a horizontal
plane approximately 10 µm above the solid substrate. The depth of correlation
is estimated by the spread of the fluorescent microparticle’s image along the
optical axis, which extends up to 10 µm approximately. Cross-correlations
and the velocity field were obtained using PIVLab 2.53 (running in MAT-
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LAB) [103–105] (see more details in Appendix 2.5.3). The velocity field was
averaged temporally over 0.33 s to obtain the final velocity distribution. To
determine the average radial velocity as a function of the distance from the
contact line, a rectangular strip of approximately 0.2 mm (along the contact
line) × 0.6 mm (normal to the contact line) was selected, and the velocities
were binned based on the distance from the contact line, with a bin size of
0.04 mm. Finally, the mean and standard deviation of the radial velocity is
plotted.

3D Particle Tracking Velocimetry. The three dimensional structure
of the velocity field inside the droplet was measured by using General De-
focusing Particle Tracking Velocimetry (GDPTV). To perform GDPTV, 1
µm-diameter fluorescent PS particles were dispersed in a mixture of water
and glycerol (particle concentration of approximately 5 × 10−5% w/v). The
motion of these particles inside an evaporating water-glycerol droplet was ob-
served using an ECLIPSE Ti2 inverted microscope (Figure 2.9c in Appendix).
In GDPTV, the positions of the particles in the optical axis are obtained based
on the characteristic particle image shapes at different distances from the fo-
cal plane. The main idea of the GDPT algorithm is to rely on a reference
set of experimental particle images at known depth positions which is used
to predict the depth position of measured particle images of similar shape.
The recorded microparticle images are processed using DefocusTracker 2.0.0
(running in MATLAB) [106,107].

2.2.5 Finite Element Method (FEM) simulations of evaporat-
ing droplets

Numerical simulations are performed using an axisymmetric finite element
method (FEM) approach to further understand the evaporating particle-laden
water-glycerol droplet. The assumption of axisymmetry is justified for evap-
orating water-glycerol droplets as there are no instabilities that break the
axisymmetry [47, 51]. On the contrary, such axisymmetry-breaking instabili-
ties occur in evaporation of water-ethanol droplets [46,52,108] or condensation
of water-vapor on a pure glycerol droplet [51,109]. To model the evaporation
and the evaporation-induced flow within the droplet, the governing differential
equations of continuity, mass transport, and momentum transport (Navier-
Stokes) are solved for the water-glycerol mixture inside the droplet as well
as for the water-vapor in the air surrounding the droplet. In the gas phase,
only diffusive transport of water vapor is solved, i.e. Stefan flow and natural
convection are disregarded. By using Raoult’s law generalized by activity co-
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efficients predicted by AIOMFAC [110], the saturated vapor at the liquid-gas
interface as function of the liquid composition can be imposed, whereas the
ambient vapor concentration is imposed with a Robin boundary condition at
the far field, mimicking an infinite domain [51]. Glycerol is assumed to be
non-volatile due to its low vapor pressure.

The diffusive flux of water vapor at the interface is used to account for
the volume loss and the local composition change in the droplet domain. The
contact line is assumed to be pinned, where a tiny slip length (1 µm) at the
substrate is used to resolve the incompatibility of a no-slip boundary condition
at the substrate and the kinematic boundary condition with evaporation at
the liquid-gas interface. In the droplet, the properties of the mixture, that
is, mass density, dynamic viscosity and diffusivity, are known functions of
the local fluid composition, which have been obtained by fitting experimental
data [111–113]. The same applies for the surface tension at the liquid-gas
interface, giving rise to solutal Marangoni flow.

To monitor the distribution of particles, an advection-diffusion equation
for a passive dilute continuous particle field is considered. The diffusivity
of the particles is estimated using the Stokes-Einstein equation and at the
liquid-gas interface, the local increase of the particle concentration due to
water evaporation is implemented. Of course, this approach does not allow
for accurate particle-particle or particle-fluid interactions and hence loses its
validity once the particle concentration exceeds the dilute limit. As long as
the particles are dilute, however, reasonable results can be expected.

Finally, to accurately track the interface motion, the FEM uses an ar-
bitrary Lagrangian-Eulerian (ALE) approach, where the mesh nodes are co-
moved with the interface motion. The numerical method has been success-
fully applied in a widespread range of evaporating multicomponent droplets
[47,49,56,114]. More details on the method can be found in these references.
The implementation is based on the free finite element framework oomph-
lib [115].

To assess potential influences on the flow in the gas phase (Stefan flow, nat-
ural convection) and thermal effects (evaporative cooling, thermal Marangoni
flow), these mechanisms have also been considered in additional simulations.
However, the consideration of these mechanisms did neither influence the flow
inside the droplet nor the volume evolution in a relevant manner, so that these
mechanisms have been disregarded for simplicity.
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2.3 Results and Discussions

2.3.1 Evaporation Dynamics of Particle-Laden Liquid Mixture
Droplets

The evaporation dynamics in liquid mixture droplets are far from trivial [25,
83, 116]. Theoretical models, like the celebrated model by Popov [32, 35] are
available to accurately predict the evaporation rate of sessile droplets of pure
liquids. However, to the extent of our knowledge, there is no simple and
generic analytical model available for evaporating sessile droplets of mixtures.
Therefore, to understand the formation of the Marangoni ring, we first study
the evaporation dynamics of the droplet (Figure 2.1).

The presence of contact line dynamics during the evaporation introduces
an additional level of complexity to the process. Fortunately, for each of the
compositions explored, the different modes of contact line motion are highly
reproducible. Figure 2.1 a-c shows the contact line dynamics of a particle-laden
water droplet and water-glycerol droplet (wg,i = 0 and 5% respectively). In
both cases, the diameter of the silica particles was 0.8 µm. For the particle-
laden water droplet, the evaporation time t is normalized by time to (340± 50
s), when evaporation is complete (Figure 2.1b). For the particle-laden water-
glycerol droplet, the evaporation time t is normalized by the time ts (370± 50
s), when the spreading of the droplet starts (Figure 2.1c).

The contact line of a particle-laden water droplet remains pinned for most
part of the evaporation, and depins only after t/to = 0.90 ± 0.03 (Figure
2.1b). On the contrary, the contact line of a particle-laden water-glycerol
droplet (wg,i = 5%) is pinned only during the initial period of evaporation
(Figure 2.1c and Video V1 in Appendix 2.5.11). Thereafter, the contact line
undergoes stick-slip and stick-jump motion [34] (Figure 2.1c). Close to the
end of evaporation, the contact line spreads outward [95] (Figure 2.1c). Also
for wg,i = 0.5 % and 25 %, the contact lines of the droplets go through the
pinned, the stick-slip/stick-jump, and the spreading phases (See Appendix,
Figure 2.10).

To further quantify the evaporation dynamics, we study the change in
mass of water Mw versus time t (Figure 2.1 e-i). Mw is normalized as M̃w using
the initial mass Mw,i of water and time is normalized as t̃ using a characteristic
time scale, τ . To determine τ , we use the Popov’s model [32] of pure liquid
droplet evaporation as below
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(d) (e) wg,i = 0% (f) wg,i = 0.5%

(g) wg,i = 5% (h) wg,i = 25% (i) wg,i = 50%

 (b) wg,i = 0%  (c) wg,i = 5.0%
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Figure 2.1: Evaporation dynamics of a particle laden water-glycerol
droplet. (a) Schematic of a sessile droplet showing the footprint diameter (D) and
the apparent contact angle (θ) on the glass substrate. (b, c) Plots showing the varia-
tion of D (normalized with initial diameter Di) and θ with normalized time for wg,i =
0% and 5%. (d) Plot of variation in cw,s − cw,∞ with glycerol mole fraction xg - blue
solid line (the actual variation without any approximation) and black dash-dotted
line (linear approximation). (e-i) Plots showing the variation of the non-dimensional
mass of water (M̃w) with non-dimensional time (t̃) for different initial glycerol weight
fractions - experiments (blue circles ), simulations (red solid lines), and analytical
model (black dash-dotted lines). In experiments, the mass of water is estimated from
the side-view imaging (see Experiments and Methods). All the droplets initially con-
tained 0.1 wt% of 800 nm silica particles.
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dMw

dt = −πDv,aR(cw,s − cw,∞)f(θ) , (2.1)

where Dv,a is the diffusion coefficient of water vapor in the air, R is the radius
of the droplet, cw,∞ is the vapor concentration of water far away from the
droplet (corresponding to room humidity), cw,s is the vapor concentration of
water at the surface (liquid-air interface) of the droplet, θ is the contact angle
of the droplet, and f(θ) is a known function of the contact-angle [32].

For a water-glycerol mixture, cw,s is not a constant, but depends on the
composition, in accordance with Raoult’s law [50] and the non-ideal behavior
of water-glycerol mixtures. Thus, cw,s = xwψwc

0
w,s, where xw is the mole-

fraction of water, ψw is the activity coefficient, and c0w,s is the saturation
vapor concentration of pure water at the air-water interface. We approximate
the dependence of ψ on xg to be linear, such that

ψ(xg) = 1−Axg . (2.2)

Further, by neglecting quadratic terms of xg, we get

cw,s − cw,∞ = (1− (1 +A)xg)c
0
w,s − cw,∞ . (2.3)

We choose A such that cw,s − cw,∞ becomes zero at the same value of xg as
when using the exact value of ψ without linearization (Figure 2.1d and Figure
2.11 in Appendix). Hence,

dMw

dt = −πDv,aR((1− (1 +A)xg)c
0
w,s − cw,∞)f(θ) . (2.4)

Because the contact angles are very low, we can take f(θ) = 4/π [117].
Furthermore, the contact-line does not stay in constant contact angle or con-
stant contact radius mode throughout evaporation, but rather shows various
contact angle modes. Hence, for the purpose of solving this differential equa-
tion analytically, we take R to be a constant (equal to the initial radius). We
also assume that the composition in the droplet is spatially uniform. Thus,

dM̃w

dt̃
=

α

β + γM̃w

− 1 , (2.5)

(1− M̃w)−
α

γ
ln β − α+ γM̃w

β − α+ γ
= t̃ , (2.6)

where
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M̃w =
Mw

Mw,i
, (2.7)

t̃ =
t

τ
, (2.8)

τ =
Mw,i

πDv,aRf(θ)(c0w,s − cw,∞)
, (2.9)

α = (1 + A)
c0w,s

c0w,s − cw,∞

Mg,i

Mw,i
, (2.10)

β =
Mg,i

Mw,i
, (2.11)

γ =
µg
µw

. (2.12)

Here, Mg,i is the initial mass of glycerol in the droplet; Mw,i is the ini-
tial mass of water; µg and µw are the molar masses of glycerol and water,
respectively; cw,∞ = c0w,s × RH, where RH is the relative humidity far from
the droplet. We used the relative humidity as a fitting parameter between
the experiments and the analytical model for particle-laden droplets of water
(wg,i = 0), giving RH = 38 % in the model (Figure 2.1e). This value of RH
was used in the simulation and the analytical model for all other values of
wg,i.

Figure 2.1e-i show the excellent agreement between simulations, experi-
ments, and the analytical model. During the initial part of the evaporation,
M̃w decreases almost linearly with t̃ (Figure 2.1). For large times, M̃w ap-
proaches the asymptotic value of M̃∗

w = α−β
γ , when cw,s − cw,∞ becomes zero.

The deviations between the simulation and the analytical model can be at-
tributed to the assumption of a perfectly mixed droplet in the analytical ap-
proach. Overall, the good agreement of experiments and simulations with the
theory shows that, in line with expectations, the evaporation can be modeled
as a diffusion-limited process.

2.3.2 Formation of the Marangoni Ring
Figure 2.2 shows the formation of the Marangoni ring observed using different
experimental methods (for wg,i = 5%). During the evaporation of a particle-
laden water-glycerol droplet, a bright ring forms in between the contact line
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Figure 2.2: Marangoni ring in a particle-laden water-glycerol droplet.
(a) Top-view images of a water-glycerol droplet containing 0.8 µm sized silica particles
(initial glycerol weight fraction, wg,i=5%). During evaporation, particles accumulate
as a ring, termed as Marangoni ring, in between the contact line and the center of
the droplet. (b) High-resolution fluorescence confocal microscopy image confirming
the Marangoni ring (wg,i = 5%, t/ts = 0.6). The color shows the height of the
particles from the substrate. (c) A vertical cross-section of the 3-D image in (b). The
color shows normalized fluorescent intensity, which is representative of the particle
concentration at a given location. The expected location of the air-liquid interface
and liquid-solid interface is marked as a black dotted line. Marangoni ring forms close
to the air-liquid interface. (d, e) Top-view images of the Marangoni ring in particle-
laden water-glycerol droplets containing (d) commercial 1 µm silica particles and (e)
commercial 1 µm PS particles (t/ts = 0.4 and wg,i = 5%).
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and the center of the droplet which we identify as the Marangoni ring (Figure
2.2a and Video V1 in Appendix 2.5.11). This ring appears 17 ± 6 s after the
drop is deposited on the substrate.

Confocal microscopy shows that this ring corresponds to a dense accu-
mulation of silica particles (Figure 2.2b and c, and Video V2 in Appendix
2.5.11). We additionally confirmed that the Marangoni ring is not limited
to a particular choice of particles and initial glycerol weight fractions. Both
commercial PS particles and commercial silica particles of diameters 1 µm
form similar Marangoni rings (Figure 2.2d and e, and Videos V3 and V4 in
Appendix 2.5.11). For all these three cases (Figure 2.2 a, d, and e), the initial
glycerol weight fraction (wg,i) is 5%. A Marangoni ring also forms for silica
particles of diameters 0.8 microns at other initial glycerol weight fractions, viz.
wg,i = 0.5%, 25% and 50% (Figure 2.13 in Appendix). The Marangoni ring
does not appear during the evaporation of a particle-laden droplet containing
only water (wg,i = 0, Figure 2.12 in Appendix).

Why do particles form the Marangoni ring in a binary droplet? To answer
this question, we first look at the flow-field in the droplet.

2.3.3 Flow field in the droplet
Particle motion within an evaporating droplet is predominantly governed by
the fluid flow. In our water-glycerol droplet, the values of the Rayleigh number
Ra = 2 × 105, the Marangoni number Ma = 4 × 105, and the contact angle
θ = 10◦ clearly indicate a surface tension driven Marangoni flow, instead
of a buoyancy driven flow (cf. Fig 6a of Diddens et al. [56] and Appendix
2.5.7 here). This Marangoni flow arises because of differences in volatility
and surface tension of water and glycerol, with glycerol being non-volatile and
with lower surface tension than water (63 vs. 72 mN/m respectively) [113].
Due to the depletion of water at the contact line, a surface tension gradient
arises toward the droplet’s apex, which leads to a Marangoni shear in the
same direction. Consequently, the interfacial flow is directed from the contact
line toward the droplet apex, as seen in the experiments and simulations (see
Figure 2.3).

The strong interfacial flow, combined with the capillary flow [64], gener-
ates a vortical flow structure which we will refer to as “Marangoni vortex”,
typically present in evaporating droplets with strong interfacial flows, regard-
less of the origin of the Marangoni shear [42, 75, 86, 91, 94]. However, simula-
tions show that the Marangoni vortex spans along the whole droplet volume
from the contact line to the droplet’s center (Figure 2.3a and Video V5 in
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Figure 2.3: Velocity field in the droplet. (a and b) Simulations and (c) 3D-PTV
measurements (wg,i = 25%) showing the vortex-like three-dimensional velocity field
in the droplet. (b) Zoomed-in region of (a) close to the contact-line. The flow is
radially outward in the lower region of the droplet and radially inwards in the vicinity
of the air-liquid interface due to the presence of Marangoni shear. R is the radius of
the droplet and r is the radial location from the center of the droplet; thus, R − r
shows the distance from the contact line. The velocities are low away from the contact
line (R− r > 0.5 mm). For 3D-PTV, a very low concentration (≈ 5 × 10−5% w/v) of
fluorescent PS particles was used (see Experiments and Methods). The velocity field
in (c) is constructed by superimposing the particle-trajectories over 100 s. The green
dash-dotted line in (c) shows the expected location of the air-liquid interface.
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(a) wg,i = 0.5 %

(b) wg,i = 5.0 %

(c) wg,i = 25 %

t/ts = 0.10 ± 0.02 t/ts = 0.76 ± 0.01 t/ts = 0.98 ± 0.01

t/ts = 0.08 ± 0.03 t/ts = 0.37 ± 0.01 t/ts = 0.98 ± 0.01

t/ts = 0.07 ± 0.02 t/ts = 0.42 ± 0.02 t/ts = 1.01 ± 0.01

Figure 2.4: Radial velocities close to the substrate. Velocity in a horizontal
plane close to the substrate in experiments and simulations, at various time instances,
are plotted for a droplet with initial glycerol weight fractions, wg,i, of (a) 0.5, (b) 5,
and (c) 25%. R − r is the distance from the contact line. In simulations, for the
cases where the air-liquid interface close to the contact-line is deformed strongly by
Marangoni contraction (see Appendix, Figure 2.16), R− r refers to the distance from
the apparent contact line, instead of the imposed contact line. The experimental
results are from µPIV measurements. The velocities plotted for each wg,i are averages
from three independent experiments, vertical error bar shows the standard deviation,
and horizontal error bars represent the size of interrogation window used in performing
µPIV. All the droplets contained 0.1 wt% of 800 nm fluorescent silica particles at the
beginning of evaporation.
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Appendix 2.5.11), while experiments show that the vortex is present mainly
close to the contact line (Figure 2.3b and Video V6 in Appendix 2.5.11) - in a
similar way as observed in other droplets experiencing interfacial Marangoni
flows [86,91,94].

Figure 2.4 shows a quantitative comparison of the velocity between exper-
iments and simulations, in a plane approximately 10 µm above the substrate.
As we move toward the center of the droplet in Figure 2.4, the outward radial
velocity quickly peaks in the vicinity of the contact line and then decreases at
lower rate – achieving negligible values before reaching the droplet’s center.
The simulations show a similar trend. However, they yield higher velocity
values compared to experiments. Such a disagreement has been often found in
water-based evaporating droplets where strong Marangoni flows are expected
due to thermal [74,93] or solutal gradients [75,118,119] and can be explained
by the presence of unavoidable interfacial contamination, which reduces the
interfacial shear. The presence of interfacial contamination also explains the
smaller Marangoni vortex in experiments compared to that observed in simu-
lations. This is discussed in more detail along with additional simulations in
the Appendix 2.5.10. Nonetheless, despite the quantitative differences, we can
conclude that there is a fair overall qualitative agreement between flow-field
obtained in experiments and simulations (Figures 2.3 and 2.4).

In order to quantify the temporal changes in the velocity field during the
evaporation process, we measure the size of the Marangoni vortex during a
droplet lifetime (Figure 2.5a-c) by locating the point where the outward radial
velocity drops below a threshold (chosen as 0.01 mm/s, see Figure 2.5e). The
distance of this point from the contact line is denoted by L∗. Figure 2.5 shows
that the size of the Marangoni vortex initially increases with time and then
decreases close to the end of evaporation.

2.3.4 Marangoni Ring - Spatio-Temporal Behavior
Interestingly, the position of the Marangoni ring L from the contact line cor-
relates well in time with the size of the Maragoni vortex L∗ (Figure 2.5g-i, see
Figures 2.14 and 2.15 in Appendix for additional data). Figure 2.5g-i shows
that both L and L∗ initially increase with time (growth phase), then reach
a maximum, and finally decrease as time approaches the spreading time ts
(decay-phase). Thus, the location of the Marangoni ring correlates with the
radial location where the particle velocity becomes very low. This correlation
strongly suggests that the Marangoni ring formation may be governed by the
flow-field in the droplet.
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Figure 2.5: Correlation between Marangoni vortex and Marangoni ring.
(a-c) PIV measurements showing the radially outward velocity (urad) in the droplet
near the contact line in a horizontal plane which is approximately 10 µm above the
substrate, at three different time instants (t/ts = 0.10, 0.41, and 0.85; wg,i = 25%).
R−r is the distance from the contact line; y axis is along the contact line. (d-f) Plots
of the outward radial velocity vs the distance from contact line (R − r) at different
normalized times (t/ts). L∗ is the distance from the contact line where urad drops
below 0.01 mm/s. (g-i) Comparing L, the distance of the Marangoni ring from the
contact line and the size of the Marangoni vortex L∗, for a typical droplet with wg,i =
(a) 0.5, (b) 5, and (c) 25%. Additional data and details of error bars in Appendix
2.5.8 and 2.5.9. L is measured from top-view imaging while L∗ is measured from
µPIV measurements. Both L and L∗ increase with time initially (growth phase) and
decrease during the late time (decay phase). All the droplets contained 0.1 wt% of
800 nm fluorescent silica particles at the beginning of evaporation.
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To get more information on the spatio-temporal distribution of the parti-
cles inside the droplet, we look at the three-dimensional particle distribution
obtained from confocal microscopy of droplets containing the 0.8 µm fluores-
cent silica particles (Figure 2.6). The particle distribution is nearly uniform in
the early moments of evaporation (Figure 2.6, t/ts = 0.05) and eventually, as
evaporation progresses, the particles accumulate at different locations along
the liquid-air interface (Figure 2.6). The particle concentration peaks: (1) at
the contact line (CL), (2) at the Marangoni ring (MR), and (3) in the vicinity
of the droplet’s apex, which we call the cap (CP).

Thus, the particles also accumulate to form the cap region between the
Marangoni ring and the droplet apex (Figure 2.6), but usually with lower
concentration compared to the Marangoni ring (see Figure 2.6i and Videos
V1, V3, and V4 in Appendix 2.5.11). Because the interfacial velocities are
already very low in these regions, we suggest that the cap region is formed
mainly because the particles are simply swept by the downward moving liquid-
air interface [61,68,70]. A Peclet number of Pe ≈ 50 in experiments supports
the idea that the speed of the liquid-air interface is higher than the diffusion
of the particles away from the interface (Pe = vinterfaceh/D, where vinterface
is the velocity of the interface, h is the height of the droplet, and D is the
diffusion coefficient of the particles).

To verify whether there is a clear hydrodynamic mechanism behind the
particle accumulation, we introduced the particle concentration in the FEM
simulation as a continuous field advected by the evaporation-driven flow (see
Experiments and Methods). Figure 2.7 a and b compares the spatial distribu-
tion of particles inside the water-glycerol droplet, obtained in experiments and
simulations. The experiments show a high particle concentration at approxi-
mately 0.5 mm from the contact line and 50 µm above the substrate (i.e. the
position of the Marangoni ring, Figure 2.7 a, c, and e). However, while FEM
simulations show that the particle concentration is high close to the air-liquid
interface (Figure 2.7 d), there is no local maxima of interfacial particle con-
centration between the contact line and the drop apex (compare Figure 2.7
f with e). In fact, simulations predict that the particle concentration at the
interface will be highest at the drop apex (Figure 2.7 f). We conclude that the
flow field obtained in the simulations cannot reproduce the Marangoni ring
formation as seen in the experiments.

There are two main differences between the FEM simulations and the
experiments, namely (i) the crucial differences in the flow field and (ii) the
lack of non-hydrodynamic particle interactions in the simulations. Firstly,
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Figure 2.6: Spatial distribution of particles. Normalized fluorescent intensity
of 0.8 µm silica particles in a vertical cross-section of the droplet observed using
fluorescence confocal microscopy, for initial glycerol weight fractions wg,i = 0.5% (a-
c), 5% (d-f), and 25% (g-i), at t/ts = 0.05 (first column), 0.3 (second column), and 0.6
(third column). Darker color indicates a higher particle concentration. The expected
location of the air-liquid interface is marked as a black dotted line. However, we
note that the precise location of the air-liquid interface cannot be determined with
the shown data. The contact line (CL), Marangoni ring (MR), and cap region (CP)
are marked in the images. Vertical scale bar: 0.05 mm and horizontal scale bar: 0.2
mm. All the droplets contained 0.1 wt% of 800 nm fluorescent silica particles at the
beginning of evaporation.
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Figure 2.7: Particle distribution in a droplet: experiments vs simulation.
(a) Particle distribution inside a droplet visualized using fluorescence confocal mi-
croscopy. The colors show the normalized intensity of the fluorescence signal, as
indicated by the color bar, and are representative of the concentration of particles.
The black dashed line represents the estimated air-liquid interface. (b) Particle distri-
bution inside a droplet as obtained using simulation. The colors show the normalized
particle concentration. The horizontal lines in (a, b) show the location of the three
planes located at z = 10 µm, 50 µm, and 100 µm. The particle distribution along
these three lines are plotted against the distance from the contact line (R− r) in (c)
and (d). The particle distribution close to the air-liquid interface is plotted for (e) ex-
periments and (f) simulations. The simulations show that the particle concentration
increases gradually as one moves from the contact line toward the apex of the droplet.
In contrast, experiments show a distinct particle accumulation around 0.5 mm from
the contact line, which corresponds to the Marangoni ring. The figure corresponds
to a droplet with initial glycerol weight fraction wg,i = 25% at time t/ts = 0.3.
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the Marangoni vortex in experiments is limited to a small region close to the
contact line instead of spanning the whole droplet (Figure 2.3). Consequently,
instead of being advected by the Marangoni vortex all the way to the drop apex
(as seen in simulations), the particles in the experiments are left at some point
between the CL and the apex to form the Marangoni ring. The most likely
reason for the mismatch between the velocity fields seen in the experiments
and the simulations is the presence of contaminants in water-based systems, as
often invoked and discussed [74, 75, 120, 121]. Impurities can easily neutralize
the surface tension gradient, reducing the strength of the Marangoni flow
with a small amount of contamination [119]. Our additional simulations with
insoluble surfactants further support this hypothesis (see Appendix 2.5.10 and
Videos V5 and V7 in Appendix 2.5.11 for more details).

Secondly, the simulations only include hydrodynamic interactions. How-
ever, water-glycerol droplets containing 1-µm-diameter silica and PS particles
display a remarkable iridescence (Figure 2.8 and Videos V3 and V4 in Ap-
pendix 2.5.11). The formation of such colloidal crystals is a signature of the
closely-packed arrangement of the colloidal particles. The photonic band-gap
created by the crystal structure causes the iridescence [70, 122, 123]. Interest-
ingly, for PS particles, the formation of these crystals coincides with the jumps
in contact line of the droplet (Figure 2.8e, f and Video V3 in Appendix 2.5.11).
The formation of iridescent colloidal crystals in the experiments indicates that
hydrodynamics is not sufficient to explain the phenomenon.

Future studies should look into controlling the surface properties of the
particles, to further understand the colloidal interactions responsible for the
Marangoni ring formation. Including colloidal interactions along with hy-
drodynamics in simulations can also help us to further understand the pro-
cess [68,76,78,124].

2.4 Conclusions

In this work, we discovered the formation of the Marangoni ring in an evapo-
rating particle-laden water-glycerol droplet. The differences in volatility and
surface tension of water and glycerol cause solutal Marangoni flow directed
from the contact line toward the droplet apex. However, the interfacial flow
loses strength before reaching the apex, and particles are left in an interme-
diate region, where their concentration increases. This is confirmed by the
strong correlation shown between the thickness (L∗) of the Marangoni vortex
and the position (L) of the Marangoni ring from the contact line. Simula-
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Figure 2.8: Colloidal crystals and iridescence. Experiments with commercial
1 µm (a,b) silica particles and (c,d) PS particles, dispersed in water-glycerol droplet
(wg,i = 5%, t/ts = 0.8) show colloidal crystallization, evident by the iridescence. (b,
d) Zoomed-in view of (a, c), respectively. (e, f) Strong correlation between jumps
in contact line and the appearance of iridescent crystals for water-glycerol droplets
containing the commercial 1 µm PS particles. Scale bars 0.5 mm for (a, c, e, f). Scale
bar 0.1 mm for (b, d).
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tions show that hydrodynamic interactions are not sufficient to explain why
the local particle density increases to such an extent that colloidal crystals
are formed near the liquid-air interface, as can be seen from the iridescence.
It is not clear to us what the mechanism is that confines the colloidal parti-
cles in our system. Nonetheless, our results provide new insight into particle
transport in colloidal droplets which might have important applications such
as in diagnostics, inkjet printing, and production of functional coatings, novel
opto-electronics, and pharmaceutical products.
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2.5 Appendix

2.5.1 Experimental set-up
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Figure 2.9: Schematic diagram showing the various experimental set-up
used in the study. (a) Schematic representation of set-up used for top-view and side-
view imaging of the droplet. (b) Simplified schematic representation of Nikon Confocal
Microscope A1 plus system, based on the NIS-Elements AR software. (c) Schematic
representation of an inverted microscope used for performing General Defocussing
Particle Tracking Velocimetry (GDPTV).
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2.5.2 Contact line motion
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Figure 2.10: Contact line dynamics Plot showing variation of normalized foot-
print diameter (D/Di) and apparent contact angle (θ) with normalized time, cal-
culated from the side-view visualization of drop shape for droplets having different
initial glycerol weight fractions (wg,i) of (a) 0.5%, (b) 25% and (c) 50%. Similar
to droplets with wg,i = 5% (Figure 1c, main text), droplets with wg,i = 0.5% and
25% also show the different modes of contact line motion, namely pinned, stick-slip,
stick-jump, and spreading.

2.5.3 Details of µPIV
Cross-correlations and the velocity field were obtained using PIVLab 2.53
(running in MATLAB). The following parameters were used in our case: FFT
window deformation; first pass: interrogation area 64 pixels × 64 pixels with
50% overlap; second pass: interrogation area 32 pixels × 32 pixels with 50%
overlap; sub-pixel estimator : Gauss 2×3 point; smooth data using the algo-
rithm of Garcia D [125].
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2.5.4 Linearization coefficient in evaporation model

Figure 2.11: Linearization coefficient (A) vs relative humidity (RH). Plot
showing variation of A with RH at a temperature of 20 ◦C. The value of A is such
that cw,s − cw,∞ becomes zero at the same value of xg as without any linearization.
The continuous line shows a polynomial fit A = −1.0016 × RH3 + 0.7186 × RH2 +
0.2492×RH + 0.0039.

2.5.5 Top-view visualization of particle-laden water droplet

t/to =  0.06 t/to = 0.39 t/to = 0.93 t/to = 0.99 t/to = 1.06

Figure 2.12: Top-view images of a water droplet containing 0.8 µm sized
silica particles. The Marangoni ring does not appear during evaporation, However,
after the evaporation is complete, there is an additional ring-like deposit close to the
contact line, similar to the one reported by Rossi et al. [93] and attributed to thermal
Marangoni flow. Scale bar 0.5 mm.
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2.5.6 Marangoni ring for various initial compositions

MRMR

MR MR

0.3 mm

(a) wg,i = 0.5% (b) wg,i = 5.0%

(c) wg,i = 25% (d) wg,i = 50%

Figure 2.13: Marangoni ring (MR) observed in water-glycerol droplets
with initial glycerol weight fractions,wg,i, of (a) 0.5%, (b) 5.0%, (c) 25%,
and (d) 50%. Images show the droplet 60 seconds after the initial appearance of
the Marangoni ring. The figures show overlay of images obtained from transmission
channel (grey-scale) and fluoroescence channel (red, showing silica particles) of the
confocal microscope operated in Galavano mode. Scale bar 0.3 mm.

2.5.7 Calculations of Rayleigh and Marangoni numbers
To compare the relative strengths of flow inside the droplet due to evapora-
tion induced surface tension differences (Marangoni flow) versus evaporation
induced buoyancy, we will estimate the Rayleigh numbers and the Marangoni
numbers based on the analysis by Diddens et al. [56]. Rayleigh number(Ra),
Grashof number (Gr), and Marangoni numbers (Ma) are defined as (cf. Eq
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4.32a,b, A1, and A2 of Diddens et al. [56])

Ra =
V g|∂wgρ|
Doµo

Evw (2.13)

Ma =
V 1/3|∂wgσ|
Doµo

Evw (2.14)

Gr =
gh3ρo(ρg,pure − ρw,pure)

µ2
(2.15)

Gr =
3

π

1− cos θ
2 + cos θ

Ra

EvwSc
(2.16)

where V is the volume of the droplet, ρ is the density of the mixture, σ is the
surface tension of the mixture, h is the height of the droplet, Evw is a non-
dimensional evaporation number, Sc = µo/ρoDo is the Schmidt number, and
Do, ρo, and µo are the spatially averaged diffusion coefficient, mass density,
and viscosity of the mixture (see Diddens et al. [56] for more details).

Using properties of water-glycerol droplet with wg,i = 25%, taking EvwSc
= 1000 [56], and θ = 10◦, we get Gr = 1.35, Ra = 2× 105, and Ma = 4× 105.
Based on Figure 6 of Diddens et al. [56], for small contact angles of θ ≈ 10◦,
Marangoni flow should determine the flow pattern.
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2.5.8 Additional data on location of Marangoni ring

(a) wg,i = 0.5% (b) wg,i = 5.0% (c) wg,i = 25%

L

Figure 2.14: Plot showing distance (L) of Marangoni ring from contact
line against normalized time (t/ts) for initial glycerol weight fractions,
wg,i, of (a) 0.5%, (b) 5.0%, and (c) 25%. The plots show measurements from
four independent experiments for each wg,i. The errorbars are an estimate of the
azimuthal variation in L at any instance.

2.5.9 Additional data on location of Marangoni vortex

(a) wg,i = 0.5% (b) wg,i = 5.0% (c) wg,i = 25%

Figure 2.15: Plot showing size (L∗) of Marangoni vortex from contact line
against normalized time (t/ts) for initial glycerol weight fractions, wg,i, of
(a) 0.5%, (b) 5.0%, and (c) 25%. The plots show measurements from three
independent experiments for each wg,i. The errorbars show the uncertaininty in L∗

due to the size of interrogation-area used for performing µPIV.
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2.5.10 Hypothetical influence of contaminants

Due to the severe disagreement of experimental measurements and theoret-
ical/numerical predictions of the order of magnitude of the velocity induced
by the thermal Marangoni effect in evaporating pure water droplets, it has
been hypothesized that water-air surfaces are always polluted by unavoidable
contaminants in experiments [42, 126]. The presence of unknown contami-
nants has already been speculated in classical literature on Bénard-Marangoni
convection [127, 128] and also direct measurements of the Brownian motion
of interfacial particles [129] and the surface aging of liquid bridges [130] came
to the same conclusion. Recently, the required reduction of the surface ten-
sion due to the presence of contaminants in order to explain the differences
between theory and experiments of thermal Marangoni flow in evaporating
water droplets has been estimated to be on the order of 0.1 to 1 percent [131].

Hence, it is worthwhile to discuss the potential influence of contaminants
on the Marangoni ring formation. To that end, we added a field of insolu-
ble surfactants to the simulation. In lack of any detailed knowledge of the
properties of these contaminants, we chose a reasonable surface diffusivity of
1 × 10−10 m2/s and a reduction of 0.5% of the surface tension of pure water
due to the presence of these contaminants. Therefore, we solved a transport
equation for an insoluble surfactant field Γ along with the remaining equations.
Due to linearity, only the product of the initial surfactant concentration Γ0

and the surface tension reduction due to the presence of the surfactants is rel-
evant. We therefore chose Γ0 = 1 µmol/m2 and modified the surface tension
function to σ(wg,Γ) = σ(wg) − ασ(0)Γ/Γ0, where σ(wg) is the composition-
dependent surface tension of an unpolluted water-glycerol mixture against air,
σ(0) is the surface tension of pure water and α = 0.5% is the relative surface
tension reduction of pure water due to the presence of the contaminants.

A comparison between a simulation with and without surfactants in shown
in figure 2.16 in Appendix (Also Supplementary Videos V5 and V7 in Ap-
pendix 2.5). Without surfactants, cf. panel (a), the solutal Marangoni flow
of the glycerol-water mixture spans as a single vortex throughout the entire
droplet. Thereby, the particle concentration is highest in the center of the
droplet, cf. panel (c), contrarily to the experimental observations. The con-
sideration of contaminants can counteract the Marangoni flow of the glycerol-
water dynamics, which leads to a different distribution of glycerol within the
droplet and, according to Raoult’s law, also to an altered vapor distribution
and evaporation rate of water (panel (b)). In this scenario, the Marangoni
vortex is indeed limited to a finite region close to the contact line, i.e. con-
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water vapor [wt %]a
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Figure 2.16: Hypothetical influence of contaminants. (a) The simulation of an
uncontaminated droplet with initially 25% glycerol shows a single Marangoni vortex
throughout the entire droplet (left: radial velocity along with stream lines, right:
glycerol concentration, gas phase: vapor field). (b) When surfactants are considered,
the solutal Marangoni flow of the glycerol-water mixture compresses the surfactants
towards the apex. This surfactant distribution (color-coded at the interface) counter-
acts the Marangoni forces of the glycerol-water mixture and prevents the Marangoni
flow to spread over the entire droplet. Thereby the droplet composition is altered
so that the evaporation rate is also different due to Raoult’s law. (c) The typical
particle concentration field for the pure case (a), where most particles can be found
in the central region. (d) The presence of surfactants, i.e. situation (b), leads to an
enhanced particle concentration at a finite distance from the contact line, but not
near the center. In both cases, the Marangoni contraction is visible, i.e. the pinned
contact line has collapsed.
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gruent with the experimental findings. Also the particle concentration field
shows a local maximum between the center and the contact line of the droplet
(panel (d)).

However, due to the unknown nature of the potential contaminants, their
solubility, their preference to stay e.g. on water-rich areas of the interface and
any potential interactions with the particles, these results are rather specu-
lative. Nevertheless, we conclude that neither thermal Marangoni flow, nor
the consideration of gas flow dynamics were able to replicate a restriction of
the Marangoni vortex to the region near the contact line in the simulations.
Also, all known composition-dependent properties of glycerol-water mixtures
(mass density, viscosity, surface tension, diffusivity, activity) were considered
appropriately in the simulations without surfactants, but without any success
to reproduce the experimental findings. Thus, a decisive influence of contam-
inants provides at least a reasonable scenario to explain the occurrence of the
Marangoni ring.

2.5.11 Supplementary Videos
The following videos can be found in the Supporting Information section of
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01949

V1: Top view imaging showing Marangoni ring formation in an evaporating
water-glycerol droplet containing 0.8 µm silica particles.
V2: Fluorescence confocal microscopy showing Marangoni ring formation in
an evaporating water-glycerol droplet containing 0.8 µm silica particles.
V3: Top view imaging showing Marangoni ring formation and iridescence in
an evaporating water-glycerol droplet containing commercial 1 µm PS
particles.
V4: Top view imaging showing Marangoni ring formation and iridescence in
an evaporating water-glycerol droplet containing commercial 1 µm silica
particles.
V5: FEM simulations of an evaporating water-glycerol droplet containing
(passive) particles.
V6: Pathlines of particles tracked using GDPTV.
V7: FEM simulations of an evaporating water-glycerol droplet containing
(passive) particles and insoluble surfactants.

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01949




Chapter 3
Particle Size Determines the Shape
of Supraparticles in Self-Lubricating
Ternary Droplets ∗

Supraparticles are large clusters of much smaller colloidal particles. Controlling
the shape and anisotropy of supraparticles can enhance their functionality, en-
abling applications in fields such as optics, magnetics and medicine. Evaporating
self-lubricating colloidal ouzo droplets is an easy and efficient strategy to create
supraparticles, overcoming the problem of the “coffee-stain effect” during drop
evaporation. Yet, the parameters that control the shape of the supraparticles
formed in such evaporating droplets are not fully understood. Here, we show that
the size of the colloidal particles determines the shape of the supraparticle. Our
in situ measurements revealed that the supraparticle formation proceeds via the
formation of a flexible shell of colloidal particles at the rapidly moving interfaces
of the evaporating droplet. The time tc0 when the shell ceases to shrink and loses
its flexibility is closely related to the size of particles. A lower tc0, as observed for
smaller colloidal particles, leads to a flat pancake-like supraparticle, in contrast
to a more curved American football-like supraparticle from larger colloidal parti-
cles. A mixture of large and small colloidal particles produces supraparticles that
display a spatial variation in particle distribution, with small colloids forming the
outer surface of the supraparticle. Our findings provide a guideline for control-
ling the supraparticle-shape and the spatial distribution of the colloidal particles in
supraparticles by simply self-lubricating ternary drops filled with colloidal particles.

∗ Published as: Lijun Thayyil Raju#, Olga Koshkina#, Huanshu Tan, Andreas Riedinger,
Katharina Landfester, Detlef Lohse, Xuehua Zhang, Particle Size Determines the Shape of Supra-
particles in Self-Lubricating Ternary Droplets, ACS Nano 2021, 15, 4256−4267. #Thayyil Raju
and Koshkina contributed equally to the work.
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3.1 Introduction

Supraparticles are assemblies of smaller colloidal particles. As a result of the
assembly, the supraparticles gain additional functionality as compared to the
colloidal building blocks they are made of [14, 16]. In symmetric assemblies,
the additional functionality is obtained by a collective response of the colloids,
for instance in optoelectronics, optics, and photonics [132–136], catalysis [137],
and drug delivery [138]. Tuning the shape and introducing asymmetry and
anisotropy in supraparticles can be important in applications where direction-
ality is crucial [15,61,139–152]. Therefore, there is a need for the development
of methods that are simple and scalable, and that allow to precisely adjust
the properties of the supraparticles. Here, we show that changing the size and
composition of the colloidal building blocks can tune the shape and anisotropy
of supraparticles, made through evaporating self-lubricating ouzo droplets as
a template.

The shape and anisotropy of the supraparticles can strongly affect their
functionality for applications in a wide range of fields, as shown by a large
body of literature [15, 61, 139, 140, 148–151]. In the field of optics and op-
toelectronics, the supraparticle-shape can alter the optical response of the
supraparticles. For instance, certain non-spherical supraparticles can exhibit
multiexciton emission [15]. Moreover, shape and asymmetry can affect the
way, how the supraparticles interact with biological systems. For instance,
ellipsoidal supraparticles having sizes in the sub-micron range, were shown
to have lower cellular uptake as compared to spherical supraparticles [139].
Asymmetric shape of the supraparticles with enhanced surface area was also
proposed as desirable in catalyst support [148]. Finally, supraparticle shape
can also play an important role in directed propulsion, since the 3-D shape of
a microswimmer can influence its dynamical response to an applied field [140].
A good route for controlling the shape of the supraparticles can be methods
that use emulsion droplets or evaporating droplets as templates [14], and we
explored the second route in this study.

Evaporating droplets as a template for the production of supraparticles
offer several advantages [18, 153]. Such droplets can be deployed at precise
locations on a surface, thereby enabling to accurately control the position of
the produced supraparticles. Moreover, in a certain range smaller than the
capillary length, the size of the supraparticles can be tuned easily by control-
ling the size of the droplets. Finally, droplet-based methods can be potentially
scaled up in spray drying [133, 154] or in automated droplet generators [18].
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However, the coffee-stain effect – the formation of a ring-like deposit due to
the pinned drop boundary and the resulting flow in the drop – represents a
major challenge in the application of evaporating droplets as templates [64].
To overcome this difficulty, self-lubricating droplets have been shown to be
an easy way out to circumvent the coffee-stain effect [18] and to allow for a
straightforward production of supraparticles.

To induce self-lubrication, the colloids are first dispersed in an ouzo solu-
tion, which is a homogeneous ternary mixture of trans-anethole (major compo-
nent of anise oil), ethanol and water, the three main ingredients of the Greek
aperitif, ouzo [155–157]. Once a drop of this colloidal ouzo solution is placed
on a substrate and the solvents start to evaporate, the higher evaporation rate
of ethanol, compared to that of water and oil, reduces the solubility of oil in
the droplet. As a result, the oil phase separates and forms a lubricating oil-
ring at the contact line of the droplet and the substrate [18,25]. This oil-ring
prevents the pinning of the contact line, and, hence, leads to the formation of
a supraparticle instead of a coffee-ring [18]. Thus, the evaporation of colloidal
ouzo droplets with their self-lubricating properties is an easy and powerful
technique to successfully produce supraparticles.

However, the various factors that affect the properties of the supraparticle
formed in self-lubricating ouzo droplets are not yet known. In particular, the
effect of the size of colloidal particles on the supraparticle is still unknown.
Particle size plays an important role in many colloidal processes such as in the
distribution of particles in self-assembled structures and patterns [158–161]
and in agglomeration of the colloids [162,163]. Moreover, the size of individual
colloidal particles can be directly related to the functionality of the resulting
supraparticles, for example in photonic crystals [14,164]. To explore the effect
of the size of the colloidal particles on the properties of the supraparticle,
we used silica particles of different sizes as a model system. We have used
videography, confocal microscopy, and scanning electron microscopy to explore
the supraparticle formation in ouzo droplets.

Our study shows that the size of the colloidal particles determines the
shape of the resulting supraparticle. The supraparticle assembly proceeds
via the formation of a shell made of silica particles at the rapidly moving
interfaces of the droplet. The behavior of this particle-shell depends on the
size of the colloidal particles, which ultimately leads to different shapes of
the supraparticles. Combining the effect of size on the supraparticle-shape
with the size-based stratification of colloids in a mixture of large and small
particles [158, 160, 165], we are able to obtain supraparticles with not only
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Figure 3.1: Overview of the used colloidal particles. TEM images of different
nanoparticles used in this study with particle diameter of 20 nm, 40 nm, 70 nm,
100 nm, 350 nm, and 600 nm, respectively. Scale bar: 100 nm.

non-spherical or asymmetric shapes, but also with stratified distribution of the
colloidal particles inside the supraparticle. These findings can be important in
many areas where asymmetry and anisotropy are crucial for the performance
of supraparticles, for example in optics [144,166] and magnetics [140,145,146]
and in directional propulsion [147].

3.2 Result and discussion

3.2.1 Effect of colloidal particle size on the shape of supra-
particles

To study the effect of colloidal particle size on supraparticle formation in self-
lubricating colloidal ouzo droplets, we used monodisperse silica particles of
diameters ranging from 20 nm to 1000 nm (Figure 3.1, Table 3.1). We decided
to use silica particles because silica chemistry enables to easily control particle
size. Thus, all particles in this study were prepared using Stöber method,
except for the silica particles with 20 nm diameter, for which the lysine method
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[167] was used. Moreover, silica nanoparticles are stabilized by their negative
charge and do not require any additives which could additionally interact with
the oil phase for stabilization. The combination of these properties makes them
an ideal model system.

Silica particles were dispersed in a homogeneous, clear solution of ethanol,
water and trans-anethole to create a colloidal ouzo mixture. While the particle
size was systematically varied from 20 nm to 1000 nm, the initial composition
(by weight) of the colloidal ouzo mixture was kept constant, at 0.1 wt% silica
particle dispersion, 53.2 wt% ethanol, 1.4 wt% trans-anethole and 45.3 wt%
water. The choice of the initial composition is based on the previous work by
Tan et al. [18]. It ensures that: (1) the solvents (water and ethanol) and the
oil form a single, homogeneous mixture without any phase separation of oil,
while the particles are dispersed homogeneously in the ternary mixture, and
(2) during the evaporation, an oil-ring can form, to enable self-lubrication of
the shrinking drop boundary. A ∼1 µL drop of this colloidal ouzo-mixture was
pipetted on a hydrophobic glass surface, and the evaporation process was si-
multaneously recorded from the side and the top, using two cameras connected
to long-distance microscopes (Figure 2.9a). As expected, self-lubrication and
formation of the oil ring ensured that the contact line does not get pinned for
almost the whole duration of the evaporation process. Thus, upon the evapo-
ration of all three volatile liquids, supraparticles are formed in the end [18].

The supraparticles formed after evaporation were different in their shape,
depending on the size of colloids (Figure 3.2a, top view (top row) and side view
(bottom row)). In particular, the lateral width of the deposits decreases with
increasing particle-size (Figure 3.2a, top view (top row), also see Figure 3.6 in
Appendix). Moreover, the side-views further reveal a stark difference in the
shape of the final supraparticle with increasing particle size. When smaller
sized particles with diameters below 100 nm are used, the final supraparti-
cles have a “pancake”-like shape. Oppositely, larger colloidal particles, with
diameters above 100 nm, lead to supraparticles with a different shape. For
simplicity, we call it “American football”-like shape, based on the side-view
appearance of the supraparticles made of 1000 nm particles (See Appendix,
Figure 3.7 for the statistical margins of the supraparticle shapes in top-view
and side-view). Thus, the evaporation experiments show that the size of the
colloidal building blocks dramatically affects the shape of the supraparticles.

Furthermore, the different shapes of the supraparticles indicate that the
part of the supraparticle-surface formed near the air-water interface and the
interface between water and the oil ring changes with the size of colloidal
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δh
/h

Figure 3.2: Effect of nanoparticle size on supraparticles formation. (a) Top
view (upper row) and side view (lower row) of sub-millimeter sized supraparticles.
(b) Shadowgraph image (side-view) of the “American-football” shaped and “pan-
cake” shaped supraparticles, at t = tw (when water has evaporated but oil is still
surrounding the supraparticle) and at t = 5tw (when also all oil has evaporated). The
dotted line demarcates the part of the supraparticle formed at air/water interface
(blue-colored) with that formed at oil/water interface (red-colored). (c) δh/h of the
final supraparticles for the different particle-sizes. (d) A typical shadowgraph image
of an ouzo droplet, showing its major geometrical features D1, D2, and h. (e)-(g)
Drop volume, drop height (h) and the estimated oil-water-air contact-line diameter
(D2) of pancake-like (red circles) and football-like (blue diamonds) cases, plotted
versus time. Drop volume and h have no appreciable differences between the two
cases, but D2 ceases to be distinctly identifiable for the case of smaller particles at
tc,small/tw = 0.90±0.01, compared to tc,large/tw = 0.96±0.01 for large particles.
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particles (Figure 3.2b). The surface of supraparticles formed near the air-water
interface is at the upper part of the supraparticle and is concave downwards
with a low curvature (Figure 3.2b, marked in blue). In contrast, the surface
of supraparticles formed near the oil-water interface is in the lower part, is
concave upwards, and has a higher curvature (Figure 3.2b, marked in red).
For pancake-like supraparticles, a greater part of the surface was formed close
to the air-water interface (Figure 3.2b, top row, marked blue) compared to the
surface formed close to the lubricating oil-water interface (Figure 3.2b, top row,
marked in red). In contrast, for American football-like supraparticles, there is
a considerable part of surface formed near the lubricating oil-water interface
(Figure 3.2b, bottom row, marked in red).

Clearly the shape of the supraparticle is influenced by the confining oil-
water and air-water interfaces. The Neumann triangle is often analyzed to
determine the shape of an oil-water-air interface in literature [168,169]. How-
ever, the composition in our evaporating drop changes constantly with time,
which makes it challenging to relate the supraparticle shape to Neumann tri-
angles.

To further quantify the differences in the shape of the supraparticles, we
determined the ratio between the height of the part of supraparticles that is
formed close to the air/water interface (δh) and the height of the deposit h
(Figure 3.2c). The δh/h ratio decreases with increasing size of the colloidal
silica particles, confirming the observation that the extent of surface formed
close to the air/water interface is larger for smaller silica particles (Figure
3.2c).

The evolution of the droplet geometry over time shows that the particle
size does not have any noticeable effect on the evaporation process (Figure
3.2d-g; refer to Appendix 3.5.3 for details of image analysis and Appendix
3.5.12 for additional plots, a plot of D1 and a plot of evaporation rate with
time). The droplet volume and the height (h) of two typical droplets that
contain colloidal silica particles with diameters of either 20 nm or 1000 nm,
behave similarly over time (Figure 3.2e, f). Also, the characteristic time scales
te (187±21 s) and tw (600±36 s) that describe the duration for almost all
ethanol or all water to evaporate, respectively, are similar for both cases (Fig-
ure 3.2e-g, vertical lines). This similarity shows that the particles do not
interfere with the evaporation. The evaporation process remains unaffected
by the size of the colloidal particles, because of their very low weight (0.1
wt% before evaporation starts) for most of the duration of the evaporation
process. Moreover, this process is predominately influenced by the liquid com-
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ponents, liquid-liquid phase separation, and the strong Marangoni flow [48],
which can overcome possible interference of the characteristic time scales from
the difference in the volume of different particles in the initial drop.

In contrast, the estimated diameter of the oil-water-air contact line (D2)
evolves differently over time with larger and smaller particles (Figure 3.2g,
D2 is different from D1, the diameter of the liquid-solid-air contact line).
Specifically, the D2-ceasing time tc, that quantifies the time at which D2 ceases
to be distinctly identifiable, is different for larger and smaller particles: small
particles have a D2-ceasing time tc,small/tw = 0.90 ± 0.01, while for larger
particles, a D2-ceasing time tc,large/tw = 0.96 ± 0.01 is found (Figure 3.2g,
see Appendix 3.5.3 for details of calculation of D2). As a result, the final
value of D2 is higher for the droplets with smaller particles compared to the
droplet with larger particles (Figure 3.2g). This behavior seems to result in the
increase in lateral width of the final supraparticles as particle sizes decrease.

We first expected that the sedimentation of large particles or the differ-
ences in size-dependent advection (movement) of the particles, in response to
the fluid flow, is responsible for the formation of the different shapes. However,
we could rule out both effects, showing that other factors are responsible for
the difference in supraparticle shapes. More details on the effect of sedimen-
tation as well as Stokes number calculations (quantifying particle advection)
are presented in the Appendix 3.5.4 and 3.5.5.

3.2.2 Flat supraparticle shape results from lower ceasing time
(tc0) of the shell

To determine the mechanism leading to formation of supraparticles of different
shapes, we took a detailed look at the evaporation process using confocal fluo-
rescence microscopy. To that end, large and small rhodamine B labeled silica
particles with corresponding diameters of 30 and 800 nm, were synthesized.
Furthermore, the oil was stained with perylene.

Fluorescence microscopy confirmed the formation of the oil microdroplets
followed by the formation of the oil ring (Video V3 in Appendix 3.5.15). An
overlay of fluorescence emission signals of rhodamine (red) and perylene (yel-
low) shows that almost all silica particles (red) stay in the water-rich central
region of the droplet rather than in the oil-rich droplet-periphery (yellow), for
both 30 nm and 800 nm, rhodamine labeled, silica particles, as expected for
hydrophilic particles (Figure 3.3a). However, the overlay of the emission signal
of perylene (yellow) and the reflection signal (greyscale) (Figure 3.3b) reveals
a dark annular region in contact with the yellow marked oil ring (Figure 3.3b).
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Figure 3.3: Confocal microscopy of droplet evaporation shows the forma-
tion of a shell of silica particles. (a) Confocal microscopy image of evaporating
colloidal ouzo droplet shows that most colloids (red) stay in the water-rich central
region and not in the oil phase (yellow, perylene). The image corresponds to a hor-
izontal plane close to the substrate (at time t = 0.4tw). The ouzo droplet contains
rhodamine b labeled silica particles of 800 nm diameter. Scale bar: 50 µm. (b) An
overlay of emission of perylene (yellow, showing oil) and reflection signals shows the
interfacial region (black colored) between the oil ring (yellow) and the water-rich cen-
tral region. The image is taken at a plane very close to the substrate. (c) Image of
vertical cross-section of droplet using confocal microscopy: i) Side view shadowgraph
image of droplet at time t ∼ tw. The grey box represents the region in the vertical
cross-section in (ii-v). The silica-shell formed at the oil-water interface is similar for
both Pancake case and the American-football case at t < tw, as shown in ii) and iv).
Later, at t > tw, the final shape is different as shown in iii) and v). Dashed blue
lines indicate the position of the substrate. In ii) and iii) the ouzo droplet contains
smaller particles, 5 wt.-% 30 nm diameter silica particles (rhodamine b labeled) and
95 wt.-% unlabeled 20 nm silica particles; in iv) and v), the ouzo droplet contains
larger particles, 5 wt.-% 800 nm diameter silica particles (rhodamine b labeled) and
95 wt.-% unlabeled 1000 nm silica particles.
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This dark region should correspond to a region influenced by the optical effects
from the curved surface of the oil-ring, and by a high concentration of silica
particles. The accumulation of silica particles at the oil-water interface of the
droplet, forming a shell-like structure around it, is evident from the fluores-
cence signal of the rhodamine labelled silica particles (see Appendix, Figure
3.10). We refer to this region as “silica shell” further in the text. The oil
ring and the silica shell form during the evaporation process for both particle
sizes, i.e. in Pancake case and in American-Football case (Figure 3.3b and see
Appendix Figure 3.10).

To further understand the shell formation, we took a vertical cross section
of the droplet close to the lubricating oil-water interface, reconstructed from
the emission signals of rhodamine (Figure 3.3c: region observed by confocal
microscopy is indicated by a grey box on i; ii-v emission signals from rhodamine
B labeled silica). These results further confirm the formation of a silica shell
for both pancake and football case. Before water has completely evaporated
(t < tw), the shell formation at the oil-water interface proceeds similarly for
both cases (Figure 3.3c, ii, iv). At the end of the evaporation process, as
the time approaches tw, the upper part of the shell appears. When compared
to the side-view shadowgraph images, this upper part should have formed at
the air-water interface (Figure 3.2b, part of the shell marked blue). However,
the intermediate steps of the shell formation at the upper part could not be
captured. Thus, this upper part of the shell is visible only after it has formed
completely (Figure 3.3c: iii,v). Finally, the pancake case and the football case
have different shapes as shown for t > tw.

The difference in behavior of larger and smaller particles becomes further
evident from the evolution of the oil-water interface where the silica shell
exists (Figure 3.4). Even after the formation of the silica shell, the shell
is flexible and keeps on shrinking in lateral width as evaporation proceeds,
adjusting its shape to the shape of the oil-water interface (Figure 3.4 a-c;
also see Figure 3.11 in Appendix). However, at a later time, the shell stops
contracting (Figure 3.4d and f). In case of large particles, the shell deformation
ceases at a ceasing time tc0,large such that tc0,large/tw = 0.99 ± 0.01, i.e. close
to the time at which all water has evaporated (Figure 3.4f). In contrast, with
small colloidal particles, the shell ceases deforming at an earlier ceasing time
tc0,small, such that tc0,small/tw = 0.94 ± 0.02, when water is still present in the
central region (Figure 3.4d). As a result, the base diameter of the pancake-
like supraparticle is larger than that of the American-football-like supraparticle
(d∗pancake > d∗football, Figure 3.4d and f). The ceasing times tc0,large and tc0,small
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Figure 3.4: Supraparticle formation visualized by confocal microscopy. An
overlay of emission signals of perylene and reflection channels is shown. (a) Initially,
the oil microdroplets are formed on the substrate due to phase separation of oil.
[48] (b) Oil microdroplets coalesce, forming the oil ring. (c) The oil ring keeps on
contracting in diameter as evaporation of the liquids proceeds. For t < tc0, i.e.
the time before the shell stops contracting, the oil ring contraction is similar for
both the Pancake case and the American-football case. (d)-(g) At t = tc0, the shell
stops contracting. However, tc0,small < tc0,large and, consequently, the final diameters
of the shell are different for the two cases: d∗pancake (for the supraparticle made of
smaller particles; d and e) is larger than d∗football (for the supraparticle made of smaller
particles; f and g). Scale bar: 0.2mm.
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correspond closely with the D2-ceasing times tc,large and tc,small, respectively,
as observed by videography (see Figure 3.2g).

After the shell made of small particles stops shrinking (tc0,small = 0.94 tw),
it cannot conform to the oil-water interface any further. As a result, most of
the silica particles accumulate at the air-water interface as water evaporates
further, leading to a pancake-like supraparticle in the end (t = tw). In contrast,
for larger particles with tc0,large = 0.99tw, the particle shell can conform to
the oil-water interface almost till the very end (tw), leading to considerable
amounts of particles at both air-water and oil-water interface. This leads to
American football-like supraparticles, with a considerable part of the surface
formed near oil-water interface (see Figure 3.2b for the difference between the
two shapes). Finally, for both cases, once tw is reached, the oil covers the
substrate completely, levitating the supraparticle (Figure 3.4e and g). Thus,
the shape of the supraparticles is determined by the instance when the silica
shell ceases to shrink (tc0,large and tc0,small).

Why does the silica particles form a shell near the droplet interface? In
evaporating colloidal droplets, the interface of the droplet is moving towards
the center of the droplet over the course of evaporation. The formation of
a particle shell at the evaporating interface can be caused by an interplay
between the motion of the interface and the particle-diffusion [61, 81]. This
relationship is characterized by the Peclet number Pe which is defined as the
ratio

Pe =
tmass diffusion

tinterface movement
, (3.1)

where tinterface movement is the time scale associated with the motion of the
interface and tmass diffusion is the time scale associated with diffusion of particles
away from the interface, due to Brownian motion. In case the diffusion is faster
than the interface motion (Pe << 1), the colloidal particle have sufficient time
to diffuse away from the moving interface. Oppositely, if the diffusion is slower
(Pe >> 1), the particles get “caught” by the moving interface and accumulate
there, forming a shell.

For our case, with respect to the oil-water interface, we obtain the Peclet
numbers which are much larger than unity (Peo/w,1000 ∼ 1.6 × 103 for 1000
nm diameter silica particles and Peo/w,20 ∼ 3.2 × 101 for 20 nm diameter
silica particles), justifying the formation of a shell (refer to Appendix 3.5.8,
for detailed calculations of Peclet number). The delayed formation of the shell
at the air-water interface could be the result of an interplay of factors such as
slightly lower Peclet numbers for the air water interface (Pea/w,1000 7.6× 102
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for 1000 nm particles and Pea/w,20 1.5 × 101 for 20 nm particles) and the
evaporation induced flow inside the droplet. Specifically, the flow of water,
that is directed towards the air-water-oil contact line can carry particles away
from the air-water interface, hindering the formation of the shell [114].

One of the reasons for tc0,small < tc0,large can be due to the dependence of
the aggregation time on the particle diameter. The aggregation and gelation
time scales, in general, increase with particle size, as the aggregation depends
on the number density of particles [163]. The number density of particles
decreases with increasing size for the same mass fraction of particles. Hence,
in case of smaller particles, the higher number of particles leads to a higher
rate of aggregation. Furthermore, the size of the colloidal particles also con-
trols the time required for colloidal glass transition [170]. Such a transition
occurs earlier for small colloidal particle aggregates. Similarly, the attractive
interaction between accumulated particles and the substrate increases with
the number of particles [171]. Thus, during the final moments before the for-
mation of supraparticles, the smaller particles, with a higher number density,
get pinned on the substrate earlier than the bigger particles. Thus, we expect
that a combination of the above reasons might be causing the difference be-
tween tc0,small and tc0,large, ultimately leading to the two different supraparticle
shapes: pancake-like or American football-like.

In summary, the mechanism of the supraparticle formation in a colloidal
ouzo droplet can be described in the following steps: as the solvents in the ouzo
droplet evaporate, oil microdroplets form due to phase separation, and coa-
lesce together to form a self-lubricating oil ring at the droplet boundary [18].
As evaporation proceeds, the silica-shell initially forms at the oil-water inter-
face, and then keeps on adjusting its shape to conform to the shape of the
continuously moving drop interface. This silica-shell at the oil-water interface
becomes rigid at different times for smaller and larger particles (tc0,small and
tc0,large, respectively). Finally, the silica-shell at the air-water interface ap-
pears and the supraparticle formation is complete. The flat shape of the final
supraparticle is due to a smaller tc0,small.

3.2.3 Bicolloidal supraparticles with controllable shapes and
spatially varying composition from mixed particles

The goal of this study was to correlate the size of colloidal building blocks
and the characteristics of resulting supraparticles, to be able to apply the self-
lubrication as a route to manufacture functional materials. Therefore, after
we have revealed the effect of particle size, we next show how to combine this
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Figure 3.5: Formation of supraparticles using a mixture of silica particles of
two sizes. (a) The shape of supraparticles can be tuned between “American football”-
like and “pancake”- like by adding 20 nm nanoparticles to 600 nm (upper row) or
1000 nm (lower row) particles. (b) SEM images of the surface of supraparticles with
different weight fraction of 20 nm nanoparticles reveal different surface compositions.
With increasing weight fraction of 20 nm nanoparticles, smaller nanoparticles tend to
accumulate at the surface. (c) SEM image of a typical stratified supraparticle made
of a mixture of 20 nm and 1000 nm diameter silica particles (with weight fraction of
20 nm particles being 10%), split in the middle to view distribution of particles. (d)
Magnified SEM image of the square marked region of the supraparticle shown in (c).
The top left part shows that smaller particles completely cover the outermost surface,
while the lower right part shows the presence of larger particles in the inner layer. (e)
Zoom-in on the dotted square cross-sectional region in (c). The region close to the
outer surface, also marked by a double-sided arrow, has layers of 20 nm particles.
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effect with other processes occurring during droplet evaporation, to further
control the shape of the supraparticles, as well as the distribution of particles
within the supraparticles. One of processes that is especially interesting in
our case is the size-based segregation and stratification of colloids, when a
mixture of two different sizes is used. This effect was described recently for
thin films [165] and droplets that were either levitated [160] or placed on
superamphiphobic surface [158]. The size-based stratification happens at high
Peclet number [158,165], as is the case in our system. The shell formation at
the moving interface leads to an osmotic gradient within the droplet, which is
steeper for larger particles [158, 165]. As a result, small colloids form a layer
on top of the larger colloids.

We investigated supraparticle formation in bicolloidal droplets, using mix-
tures of larger silica particles (having 600 nm diameter or 1000 nm diameter)
with the 20 nm diameter silica nanoparticles (Figure 3.5a). The weight frac-
tion of the smaller silica particles (wsmall) is reported with respect to the
overall weight of silica particles in the ouzo droplet. From shadowgraph im-
ages, it becomes evident that mixing of larger and smaller particles at different
mixing ratios leads to supraparticles with different shapes. At higher weight
fractions of larger particles, the supraparticles display the American-football
shape. The shape gradually changes towards pancake-like shape with increas-
ing content of smaller particles (Figure 3.5a). The amount of small particles in
the mixture that is needed to shift the shape from American-football shape to
pancake-like shape, is higher for 1000 nm silica particles compared to 600 nm
silica particles (Figure 3.5a), underscoring the higher tendency of larger parti-
cles to form American-football shaped supraparticles. Thus, mixing the large
and small particles at different ratios enables to further finetune the shape of
supraparticles.

To resolve the distribution of particles in the supraparticle, we performed
scanning electron microscopy (SEM, Figure 3.5b-e, also see Appendix Fig-
ure 3.13). SEM reveals that with increasing weight fraction of smaller par-
ticles, not only the shape of supraparticle, but also the composition of its
surface changes (Figure 3.5b). In particular, the surface of supraparticles with
wsmall = 1% consists mostly of 1000 nm particles. When the weight fraction
of 20 nm nanoparticles increases to 10% or 50%, 20 nm nanoparticles cover
the outer surface of the supraparticle (Figure 3.5b). To further study the
distribution of the particles of both sizes within the supraparticles, we split a
supraparticle in the middle and looked at the cross-section (Figure 3.5c). SEM
of the cross-section confirmed that the regions close to the outer surface are
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enriched in 20 nm particles (Figure 3.5d and e; refer to Appendix 3.5.11 for
more SEM images), though, in our case, we could not obtain full segregation
of the different sizes. This process may be further regulated by increasing
the Peclet number, for example, by altering humidity and correspondingly the
evaporation rate.

The SEM images (Figure 3.5c, Figure 3.14 c,d) also indicate that the
supraparticles have a porous internal structure, suggesting suitability in appli-
cations where a large surface area is desirable. This structure is in accordance
with our earlier study [18] where the supraparticles obtained by self-lubrication
possess a porous and fractal-like structure, analogous to the high porosity of
xerogel [172]. We further measured the mechanical strength of the supra-
particles using a compression testing setup [173]. The mechanical strength
measurements show that the fracture force for 1000nm silica particles is 1.5 ±
0.3 mN while the fracture force for 20 nm silica particles is 0.8 ± 0.5 mN (see
Appendix 3.5.14). The differences in mechanical strength of these two kinds of
supraparticles can either arise from differences in the particle-size-dependent
interparticle interactions for the two cases or the geometrical shape and the
internal structure of the supraparticles [158, 174, 175]. We also show that the
supraparticles are stable upon resuspension in water and ethanol (see Ap-
pendix 3.5.9 and videos V1 and V2 in Appendix 3.5.15). Such a large amount
of supraparticles can also be collected by evaporating a myriad of droplets
deposited on a large flat substrate by inkjet printing.

These findings on the effect of particle size can be combined with other
effects to further control the shape of the supraparticles in the future. In
particular, it would be interesting to study the additional role of the ratio
of volumes of oil and particles in determining the supraparticle shape, along
the lines of Tan et al. [18], and how this ratio interferes with the effect of
colloidal particle size. Furthermore, a question to be addressed is whether our
findings can be generalized and applied to the production of supraparticles on
other substrates, such as structured superhydrophobic surfaces or oil-coated
surfaces, and whether the pinning can be avoided completely or for a major
part of the evaporation process on structured surfaces [61, 153, 176–178]. As
the shape of the supraparticle has been leveraged for desirable functionality
of the supraparticle in the extensive literature [15, 139, 140, 148, 148–151], it
will also be exciting to explore the functionalities of these supraparticles in
the future.
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3.3 Conclusion

Supraparticles have an enormous potential in a wide variety of fields such
as optics, magnetics, catalysis, and biomedical applications. Self-lubricating
colloidal droplets are a promising technique to produce supraparticles. In
this work, we have shown that the size of the colloids determines the shape of
supraparticles that are made using sessile self-lubricating ternary colloidal ouzo
droplets. Large silica particles lead to American-football shaped supraparti-
cles, while smaller ones lead to pancake shaped supraparticles. We demon-
strate that the supraparticle formation proceeds via formation of a shell of
silica particles at the rapidly moving interfaces, owing to the high Peclet num-
bers in the system. The size of the colloids determines the behavior of this
particle shell, which in turn affects the shape of the final supraparticle. Fur-
thermore, we made use of the phenomenon of stratification of colloids of dif-
ferent sizes, which occurs due to an osmotic pressure gradient built up during
the evaporation of colloidal droplets with particles of different sizes. Thereby,
using a mixture of large and small colloidal particles in a single droplet, we
produced supraparticles with a distinct layer of small particles on the outer
surface. Thus, this work also describes the formation of non-spherical and
asymmetric supraparticles that have a spatially varying particle distribution,
and are made from evaporating self-lubricating ternary droplets filled with dis-
persed colloidal particles of different sizes. By using other nanoparticles and
varying their sizes, our approach can be potentially used for the production
of functional materials.

3.4 Materials and methods

Materials. Following chemicals were used as received: tetraethoxysilane
(TEOS), Trichloro(octadecyl)silane (OTS, �90%), hexadecane (99%), and ab-
solute ethanol for synthesis of nanoparticles, and trans-anethole (99%) from
Merck / Sigma Aldrich, ethanol for droplet evaporation experiments from
Boom BV (100% (v/v), technical grade), Ammonium hydroxide (28%) from
Fluka, (3-Amino-propyl) triethoxysilane (APTES) from TCI chemicals), 1.0
µm diameter SiO2 from Monodisperse Particles Pty Ltd, Australia. Milli-Q
water was produced by a Reference A+ system (Merck Millipore) at 18.2 MΩ
cm at 25 °C for droplet evaporation experiments. For particle synthesis, water
that was purified using Millipore Synergy System was used. The commer-
cial nanoparticles that were used (for figures in Appendix 3.5) were titanium
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(IV) oxide (Aldrich, nanopowder, 21 nm, �99.5%), silicon dioxide (Aldrich,
nanopowder, 10–20 nm, �99.5%) and tin (IV) oxide (Aldrich, nanopowder,
�100 nm avg. part. size). Before using these commercial nanopowders, they
were heated at 400 °C for 1 hour (to remove possible contaminants).

Preparation and characterization of nanoparticles. The details of
preparation of nanoparticles and their characterization (Table 3.1) using DLS,
zeta potential measurements, transmission electron microscopy, and scanning
electron microscopy can be found in Thayyil Raju et al. [84]. All these silica
particles have a negative surface charge.

Substrate preparation. Glass substrates were made hydrophobic by the
method of dip-coating [18]. The glass substrates were first wiped with ethanol-
wetted tissue. Thereafter, the substrates were rinsed with ethanol and water.
Then they were sonicated in acetone, ethanol and water successively for 5
min each. This process of cleaning by sonication is repeated one more time.
Thereafter, the glass substrates are dried carefully using a stream of nitro-
gen gas. The glass slides are finally subject to aggressive cleaning and oxi-
dation either by plasma-cleaning or dipping in piranha-solution for 30 min.
Thereafter, the dry glass-substrates are dipped in a 0.4% (v/v) solution of
trichloro(octadecyl)silane (OTS) in hexadecane (the substrates have to be
cleaned in water and dried in vacuum before dipping in OTS solution if piranha
was used). After 20 min, these substrates are put in a solution of chloroform
for another 15 min to remove all non-bound OTS from the surface. The sub-
strates are finally rinsed with ethanol and water to remove any traces of the
chloroform and dried with nitrogen before using the glass substrates. The sub-
strates are characterized by contact angles measurements of a water droplet on
the hydrophobic substrates. The substrates had an advancing contact angle
of 113°±2° and receding contact angle of 102°±3°.

Solution preparation for the drop evaporation. The colloidal ouzo so-
lution was prepared by mixing the chemicals in the following order: silica
particles (0.1 wt%; silica particles are in concentrated aqueous dispersion),
ethanol (53.2 wt%), oil (1.4 wt%), and water (45.3 wt%). The mixture was
sonicated in an ultrasonic bath each time for at least 5 minutes before adding
the next chemical.
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Experimental set-up details. The evaporation of droplets was recorded
from the side using a monochrome 8-bit CCD camera (XIMEA, MD061MU-
SY, 2752x2202 pixel resolution, 1 frame per second) connected to a Navitar
12x-adjustable zoom lens. The drop was also monitored from the top using a
CMOS color camera (Nikon D750, 1920x1080 pixel resolution, 24 frame per
second) connected to a similar Navitar 12x-adjustable zoom lens (Figure 2.9a).
The evaporating drops were illuminated by using LED light sources. The
ambient temperature and humidity were measured using a thermo-hygrometer
(OMEGA; HH-USD-RP1). The relative humidity (RH) was measured to be
45±10 % while the temperature was measured as 20.5±0.5 °C.

Confocal Microscopy. Nikon Confocal Microscopes A1 system (with 10x
and 20x dry objective) and Leica SP8 (10x, water immersion objective) were
used for performing confocal microscopy.

Image analysis. MATLAB-R2019 and FIJI [102] were used to analyze the
images obtained using confocal microscopy and side-view shadowgraphy.
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3.5 Appendix

3.5.1 Characterization of Supraparticles

Figure 3.6: Plot showing decrease in the lateral width of the supraparticles as
particle size increases. The two points (marked in red) correspond to the location at
which there is a large change in curvature. These points are manually selected for all
the supraparticles.
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3.5.2 Supraparticles obtained with nanoparticles of different
sizes

20 nm 40 nm

70 nm 100 nm

350 nm 600 nm

1000 nm

Figure 3.7: Top view (upper rows) and side view (lower rows) of sub-millimeter
sized supraparticles obtained after evaporation of colloidal droplets containing silica
particles of given sizes (20 nm to 1000 nm), showing the statistical variations in the
supraparticle shape. Scale bar: 0.1 mm.
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3.5.3 Analysis of shadowgraph images

x

y

Figure 3.8: Processing of shadowgraph image. (a) Typical side-view image of
the evaporating droplet. The red line shows the detected drop edge. The two circles
show the estimated location of the oil-water-air contact line. (b) Graph showing the
variation of the second derivative (d2y/dx2) of the drop. The location of the oil-
water-air contact line is estimated by the two minimas of the curve, to the left and
right of the axis of symmetry (marked by red circles). They are the same points as
in (a).

To study the evolution of the drop geometry over time, the greyscale side-
view images recorded using the 8-bit CCD camera (XIMEA) were processed
using FIJI and MATLAB to detect the drop edges and to approximate the
drop edges by a smooth contour (Figure 3.8, red line). The measurements
were started ≈ 20s after the drop is deposited on the surface.

Measurement of drop volume

The drop volume was calculated by using the detected drop contour, assuming
axial symmetry and numerically evaluating the following integral (using the
trapezoidal method, using MATLAB)

V =

∫ y=ymax

y=ymin

πr2 dy, (3.2)
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where r is the distance of the edge of the droplet from the axis of symmetry
(defined as the mid-point of the two points where oil-air-solid contact occurs),
for a given y. The volume is calculated using the contours on both sides of
the axis of symmetry and a mean of the two values is used.

Measurement of D2 (an estimate of oil-water-air contact line)

The oil-water-air contact line is estimated by finding the point on the drop
contour where the second derivative (d2y/dx2) reaches a minimum (Figure
3.8, marked by red circles). This corresponds to the point on the drop contour
where the slope changes very steeply. To avoid spurious detections, a minimum
threshold value of (d2y/dx2) (in magnitude) is chosen and any minima of
(d2y/dx2) too close to the center is avoided. The same threshold is used for
all the cases to ensure uniformity in detection criteria.

3.5.4 The role of sedimentation in supraparticle formation
In drying colloidal droplets, an interplay between evaporative flux and sedi-
mentation can govern the shape of the final supraparticles. Therefore, we first
expected that the sedimentation of large particles might be responsible for
the American-football shaped supraparticles in our case. To test this, we per-
formed the evaporation experiments with 1000 nm silica particles, and turned
the substrate upside-down right after depositing the droplet. The resulting
supraparticles (Figure 3.9: both top rows) had similar shape as the ones that
were obtained while drying in the normal straight position (Figure 3.9: both
bottom rows). Thus, sedimentation is not the driving force that causes the
difference between supraparticles from larger or smaller nanoparticles. The
minor variation in the shape of the supraparticle between the supraparticles
made from upside down and upright orientations (please refer Figure 3.9 as
well as Figure 3.7-bottom row) appears to be experimental variations only.
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Supraparticles formed while keeping upside down orientation of droplet

Supraparticles formed while keeping droplet in usual  orientation

Top 
view 

Top 
view 

Side 
view 

Side 
view 

Figure 3.9: Top-view and side-view images showing that sedimentation is not the
driving force for the difference between supraparticles from larger or smaller nanopar-
ticles. Sideview shadowgraph images of American-football shaped supraparticles ob-
tained for different orientations of the droplet: (upper two rows) droplet kept upside
down; (lower two rows) droplet placed in the usual orientation.
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3.5.5 Calculations of Stokes numbers
In drying colloidal droplets, the response of particles to the fluid flow can be
dependent on the size of the particles. Therefore, we considered an option
that larger particles do not move with the flow field of the droplet-fluid during
evaporation, while the smaller particles do. This behavior can be studied by
looking at the Stokes number for the system. Stokes number is defined as the
ratio of the characteristic relaxation time scale of particle in response to the
drag due to the flow field (trelaxation), to the characteristic time scale of the
flow (tflow).

St = trelaxation/tflow (3.3)

trelaxation =
2

36

d2 (ρsilica − ρwater)

µ
(3.4)

where ρsilica is the density of the particles, ρwater is the density of water, d
is the diameter of the particles and µ is the viscosity of water. Using ρsilica
= 1.9 g/cm3 and µ=0.9895 mPa s, we get trelaxation ∼ 10−11 s for d∼20nm
and trelaxation ∼ 10−7 s for for d∼1000nm. If we assume the supra-particle
formation happens only after the intense Marangoni flow has subsided, we
can approximate tflow = l/uflow, where l ∼ rbase ∼ 0.5 mm and uflow ∼ 50
µm/s [46], then tflow ∼ 10 s.

Thus, the Stokes number for the 20 nm and 1000 nm diameter particles
are St20nm ∼ 10−12 and St1000nm ∼ 10−8 respectively. The Stokes number
St << 1 shows that all particles in this study would almost instantaneously
align with the flow field and stream in the same direction with the fluid flow.
Hence, the particle size does not affect the particle motion due to fluid flow in
our case, and thereby, should not be the cause of the different supraparticle
shapes.
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3.5.6 Formation of silica shell close to oil-water interface

𝑡
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Figure 3.10: Fluorescence emission signals from the rhodamine labeled silica par-
ticles shows the presence of a silica shell close to the oil-water interface for both (a)
large (800 nm) and (b) small (30 nm) particles.

3.5.7 Contraction of silica shell

𝑡
𝑡"
= 0.57

𝑡
𝑡"
= 0.79

𝑡
𝑡"
= 0.96

Silica shell
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Figure 3.11: Fluorescence emission signals from the rhodamine labeled silica parti-
cles shows that the silica shell keeps on contracting, adjusting its shape to the oil-water
interface.
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3.5.8 Peclet number calculations
In our case, we defined Peclet number in Eq. 3.1 as

Pe =
tmass diffusion

tinterface movement
, (3.5)

with
tmass diffusion =

l2

D
, (3.6)

where l is the characteristic length scale and D is the diffusion coefficient given
by the Stokes-Einstein relation as

D =
kT

6πµrp
, (3.7)

where where k is the Boltzmann constant, T is the temperature in Kelvin, µ
is the viscosity of water, and rp is the radius of the particle. For silica shell
forming at the oil-water interface, we can take the characteristic length scale
to be l ∼ 0.5D2,@te . Further,

tinterface movement =
l

vinterface,average
(3.8)

where vinterface,average is the average rate at which the oil-water interface is re-
ceding, that is calculated using Figure 3.2e. Thus, the Peclet numbers (corre-
sponding to the oil-water interface) for the 1000 nm and 20 nm diameter parti-
cles are Peo/w,1000 ∼ 1.6×103 and Peo/w,20 ∼ 3.2×101 respectively. Similarly,
the Peclet number (corresponding to the air-water interface) for 1000 nm and
20 nm diameter particles are Pea/w,1000 ∼ 7.6× 102 and Pea/w,20 ∼ 1.5× 101

respectively.
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3.5.9 Stability of supraparticles

d

e f

Supraparticles made on a 
glass substrate

Supraparticles collected in 
ethanol solution

Pile of supraparticles by 
drying the supraparticle 
laden ethanol solution

cb

Supraparticle before 
submerging in water

Supraparticle 
submerged under a 

big water droplet

The shape of supraparticle 
remains intact even after all 

water has evaporated

1 mm

a

Figure 3.12: Images showing the stability of supraparticles. (a) Supraparticle made
of silica particles of 1000 nm diameter were submerged under a water droplet and
recovered intact after all water evaporates. (b) Procedure to collect supraparticles
into an ethanol solution. (c)-(f) SEM images of supraparticles made by this method,
consisting of (c,e) TiO2 nanoparticles, (d) tin nanoparticles, (f) mixture of silica
and TiO2 nanoparticles. The nanoparticles used for the experiments in (c) to (f)
are commercial nanoparticles, showing the stability of supraparticles even made of
commercial nanoparticles.
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To show the stability of the supraparticles, a supraparticle, obtained by
evaporation of an ouzo droplet containing silica particles of 1000 nm diameter,
is submerged under a large water droplet (Figure 3.12a). The supraparticle
remains intact without disintegrating into the constituent nanoparticles. The
same is also shown in the Video V1 in Appendix 3.5.15. Further, we also show
the stability of supraparticles produced by this method, but using commercial
nanoparticles, by generating a large amount of supraparticles on a single glass
substrate (Figure 3.12b, Video V2 in Appendix 3.5.15). Thereafter, we used
ethanol to rinse them off from the surface into a bath. Then we deposited
a drop of the supraparticle-suspension on a new surface. The SEM images
of these collected pile of supraparticles show that they are stable without
disintegrating into the constituent particles (Figure 3.12c-f).

3.5.10 SEM images of supraparticles

a b c

d e f

Figure 3.13: SEM images of supraparticles obtained from silica particles of size (a)
600 nm, (b) 1000 nm, (c) 20 nm (10%)+1000 nm (90%), (d) 20 nm (50%) + 1000 nm
(50%), (e) 20 nm (10%) + 600 nm (90%), (f) 20 nm (50%) + 600 nm (50%).
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3.5.11 SEM images showing smaller particles on the outer sur-
face of bicolloidal supraparticle

b

c d

5.0 𝜇𝜇𝜇𝜇

a b

1.0 𝜇𝜇𝜇𝜇

Outer surface 
covered with small 

particles

100 𝜇𝜇𝜇𝜇 10 𝜇𝜇𝜇𝜇

Layer of small 
particles at the 
outer surface

More larger 
particles at the 

base

Figure 3.14: Spatially varying distribution of particles in bicolloidal supraparticles,
observed using SEM. These supraparticles are composed of 30 wt% 20 nm diameter
silica particles and 70 wt% 1000 nm diameter silica particles. (a) The outer surface of
the bicolloidal supraparticle is covered with smaller particles. (b) Magnified image of
the rectangular region marked in (a). (c) Bottom side of a bicolloidal supraparticle.
(d) Magnified image of the dotted rectangular region in (c), showing a layer of smaller
particles at the outer surface, while the central region is rich in larger particles.
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3.5.12 Plots of droplet evaporation

D2

D1

(a) (b)

(c) (d)

(e) (f)

Figure 3.15: Drop volume, drop height (h), evaporation rate, liquid-solid-air
contact-line diameter (D1), and the estimated oil-water-air contact-line diameter
(D2), plotted versus time (normalized to tw) for “Football case” (1000 nm silica
particles, marked in blue) and “Pancake case” (20 nm silica particles, marked in red).
tw = 600± 36s.
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3.5.13 Characterization of 1000 nm silica particles by SEM

Figure 3.16: SEM image of silica particles with particle diameter 1000 nm used in
this study. The particles have a size of 1056 ± 24 nm. Scale bar: 5 µm.

3.5.14 Mechanical stability of supraparticles

Compression

Fracture

Fracture

Figure 3.17: Typical compression-test curves for football-shaped supraparticles
(made of 1000 nm silica particles, blue circles) and pancake shaped supraparticles
(made of 20 nm silica particles). Position (x-axis) refers to the position of the com-
pression tool, measured relative to an arbitrary reference. As the magnitude of the
position decreases, the compression tool comes closer to the supraparticle. The mo-
ment when the compression tool (CT) makes contact with the supraparticle, the force
starts to increase (close to 6.55 mm for the considered samples). The point where
the supraparticles fractures, is marked in the figure, after which the force decreases.
The subsequent increase in force close to 6.5 mm is because of the compression of the
fractured fragments of the supraparticle.

To test the mechanical stability of the supraparticles, they were com-
pressed using a z-stage that was driven by a stepper motor. The compression
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tool (CT) is a small glass slide (2×2 mm2) mounted to a force sensor. The
CT is moved towards the supraparticle in steps of 0.5 µm. After each step,
the signal from the force sensor is averaged for 0.2 seconds, to obtain the force
measured at that position.

The football shaped supraparticles (the ones made of 1000 nm silica parti-
cles) were observed to fracture at a compressive force of 1.5±0.3 mN, whereas
pancake-shaped supraparticles (the ones made of 20 nm silica particles) were
observed to fracture at a compressive force of 0.8± 0.5 mN.

3.5.15 Supplementary Videos
The following videos can be found in the Supporting Information section of
https://pubs.acs.org/doi/10.1021/acsnano.0c06814.
V1: Video showing stability of supraparticle even after redispersion.
V2: Video showing stability of supraparticle even after redispersion.
V3: Video of evaporating droplet as viewed using confocal microscopy.

https://pubs.acs.org/doi/10.1021/acsnano.0c06814.




Chapter 4
Surface Properties of Colloidal Par-
ticles Affect Colloidal Self-Assembly
in Evaporating Self-Lubricating Ter-
nary Droplets ∗

In this work, we unravel the role of surface properties of colloidal particles on the for-
mation of supraparticles in a colloidal Ouzo droplet. Supraparticles are an efficient route
to high-performance materials in various fields, from catalysis to carriers for therapeu-
tics. Yet, the role of the surface of colloidal particles in the formation of supraparticles
using Ouzo droplets remains unknown. Therefore, we used silica particles as a model
system and compared sterically stabilized versus electrostatically stabilized silica particles
— positively and negatively charged. Additionally, we studied the effect of hydration.
Hydrated negatively charged silica particles and sterically stabilized silica particles form
supraparticles. Conversely, dehydrated negatively charged silica particles and positively
charged amine-coated particles form flat film-like deposits. Notably, the assembly process
is different for all the four types of particles. The surface modifications alter (a) the
contact line motion of the Ouzo droplet and (b) the particle−oil and particle−substrate
interactions. These alterations modify the particle accumulation at the various interfaces,
which ultimately determines the shape of the final deposit. Thus, by modulating the sur-
face properties of the colloidal particles, we can tune the shape of the final deposit, from
a spheroidal supraparticle to a flat deposit. In the future, this approach can be used to
tailor the supraparticles for applications such as optics and catalysis, where shape affects
functionality.

∗ Published as: Olga Koshkina#, Lijun Thayyil Raju#, Anke Kaltbeitzel, Andreas Riedinger,
Detlef Lohse, Xuehua Zhang, Katharina Landfester. Surface properties of colloidal particles
affect colloidal self-assembly in evaporating self-lubricating ternary droplets, ACS Appl. Mater.
Interfaces 2022, 14, 2275−2290. #Koshkina and Thayyil Raju contributed equally to the work.
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4.1 Introduction

The assembly of colloidal particles to supraparticles is an emerging strategy
to produce functional materials [14, 179]. The supraparticles gain additional
functionalities compared to the individual colloidal particles, as a result of the
structural arrangement of the particles, combinations of different materials,
and collective effects [14]. Hence, supraparticles find applications in a wide
range of fields such as optics, catalysis, magnetic materials, and drug deliv-
ery [16, 17, 132, 134, 138, 180–182]. Evaporation-induced self-assembly (EISA)
of colloidal particles in self-lubricating ternary droplets, i.e. colloidal Ouzo
droplets, is an efficient route to produce supraparticles [18, 84]. Although it
is known that the surface properties of colloidal particles can influence their
assembly in droplets [73,77], the role of the particles’ surface on the formation
of supraparticles in Ouzo droplets is still unknown. Here we show that the
surface properties of the colloidal particles affect and can even impede the
formation of supraparticles in colloidal ‘Ouzo’ droplets.

Ouzo droplets are named after the Greek aperitif Ouzo which contains
water, ethanol, and oil, typically anise oil or trans-anethole [25,48]. Colloidal
Ouzo droplets are obtained by addition of colloidal particles to the Ouzo mix-
ture [18]. During the evaporation of the Ouzo droplet, the concentration of
ethanol decreases faster than that of water. As a result, the oil becomes
less soluble, phase-separates, and forms a lubricating oil ring at the contact
line [25, 48, 156, 157, 183]. This oil ring prevents pinning and leads to the
formation of a supraparticle instead of the coffee ring [18,84].

The supraparticle formation can be influenced by parameters such as the
size of the colloidal particles [84] or the oil-to-particle ratio [18] in the initial
Ouzo mixture. However, what will happen when the surface properties of the
particles are varied? Modifying the surface properties of the colloidal particles
can alter the interactions of these particles with the various interfaces present
in a sessile Ouzo droplet.

Depending on the surface properties, particles can adsorb onto an oil-water
interface, stabilizing droplets of a dispersed phase in a continuous phase, form-
ing Pickering emulsions [184–186]. In a Pickering emulsion, the stability of the
dispersed phase depends on the contact angle of the particle, and thus on the
hydrophobicity. Colloidal particles with contact angle close to 90° provide
the highest stability to the Pickering emulsions [187]. This stability arises
from the high energy required to remove the particles that sit at the liquid-
liquid interface with contact angle close to 90° [refer to Appendix 4.5.1 for
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more details]. Furthermore, it is known from the studies on non-evaporating
Ouzo mixtures that when the system is in the metastable Ouzo-regime, the oil
droplets are generally negatively charged and stabilized by electrostatic repul-
sion [188, 189]. Recently, it was shown that in the Ouzo regime, the addition
of nanoparticles results in oil droplets with a narrow size-distribution [190].
Therefore, both hydrophobicity and the electrostatic interactions between the
particles and oil can affect the strength of particle-oil interactions and hence
the particle-assembly.

The surface properties of the colloidal particles can influence the arrange-
ment of the particles during the evaporation of colloidal droplets even without
oil. Particularly for colloidal droplets sitting on a substrate, the attractive
particle-substrate interactions can suppress the coffee ring [77, 191, 192] and
cause a disordered arrangement of particles on the substrate [193]. More-
over, modifying the hydrophobicity of particles can lead to the adsorption
of particles at the liquid-air interface [192] or gelation close to the liquid-
air interface [194], leading to different deposition patterns than the classical
coffee stain pattern [64, 76, 192, 194]. Specifically for supraparticles, the in-
teractions between the particles affect the morphology, internal structure,
dispersibility, and porosity of the final supraparticle [73, 195–197]. Thus,
the surface properties of colloidal particles influence: (i) the interparticle
interactions [73, 195–199], (ii) the interactions between particles and sub-
strate [77, 191–193], and (iii) the behavior of the particles at the liquid-gas
interface [192,194].

Therefore, to study the effect of surface properties on supraparticle forma-
tion in evaporating colloidal Ouzo droplets, we compared the following colloids:
electrostatically stabilized negatively-charged silica particles, electrostatically
stabilized positively charged (amine-coated) silica particles, and sterically-
stabilized silica particles that were coated with a short poly(ethylene glycol)
(PEG). Additionally, as hydration of the particle surface can influence the
properties of colloidal particles, in particular the wetting properties [200–203],
we further compared hydrated and dehydrated silica particles. We observed
that the surface modifications of the particles affect their interactions with
the oil droplets and the substrate. The hydrated negatively charged silica
particles and the PEGylated particles form spheroidal supraparticles. On the
contrary, the negatively charged dehydrated particles as well as the positively
charged amine-coated particles formed flat film-like deposits. Thus, the sur-
face properties of particles play a crucial role in the formation of supraparticles
in self-lubricating ternary droplets, and even suppress the supraparticle for-
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mation in some cases. This study provides a guideline to exploit the surface
characteristics of the colloids for tuning the properties of supraparticles, par-
ticularly in the production of multi-component materials for applications such
as drug delivery [138] and optoelectronics [15,136].

4.2 Results and discussion

4.2.1 Colloidal particles used to study the surface effects

500 nm

Incubate in water 

overnight = 

Hydrated particles

Resuspend in ethanol prior 

mixing=

Dehydrated particles

PEG for steric stabilization

Negative charge

Positive charge

Purification,

Drying (60 °C, vacuum)

Figure 4.1: Surface modification of silica particles. Stöber silica particles
were covalently modified with (6-aminohexyl)-aminopropyltrimethoxysilane or PEG-
triethoxysilane, leading to positively-charged amine-modified or sterically-stabilized
PEGylated particles respectively. After the synthesis, all particles were purified and
dried at 60◦ C. To subsequently study the effect of hydration, particles were re-
suspended and incubated in water (hydrated particles). Alternatively, particles were
resuspended in ethanol prior preparation of the Ouzo-mixtures (dehydrated particles).
Transmission electron micrograph of negatively charged silica particles is shown. Scale
bar 500 nm.

To study the effect of surface modification of colloidal particles on the
formation of supraparticles in self-lubricating droplets, we used different silica
particles, as shown in Figure 4.1. Negatively-charged silica particles with a
diameter of 450 nm were synthesized using the Stöber method, and labeled
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with rhodamine B-precursor during the polycondensation for fluorescence mi-
croscopy (Figure 4.1 and Table 4.1). These silica particles were subsequently
modified with amine groups or PEG, leading to positively charged or sterically
stabilized PEGylated silica particles, respectively (Figure 4.1). The particles
were dried after the synthesis and purification [204]. To study the effect of
hydration in subsequent experiments, the particles were redispersed in water
and incubated overnight, leading to hydrated particles. The dehydrated par-
ticles were obtained by resuspending the dried particles in absolute ethanol.
Thus, all the particles display similar size but differ in their surface properties
(Figure 4.1, Table 4.1).

Dynamic light scattering (DLS), transmission electron microscopy (TEM),
and zeta potential measurements in aqueous dispersion showed the success of
synthesis and modification (Figure 4.1, Table 4.1). All particles had a size of
around 450 nm, based on TEM, and a narrow size distribution in the solvents
present in the Ouzo-mixture, namely ethanol and water, as demonstrated by
low polydispersity indexes (PDI) in DLS. After the PEGylation, the charge of
silica particles increases from -58 to -41mV (Table 4.1). PEGylated particles
still display negative charge, as we used a trifunctional silica precursor with a
low molecular weight PEG for the surface modification (see Figure 4.1). Hence,
some silanol groups are still present on the surface under the PEG-layer. As a
result, the negative zeta potential can still be detected at the slip plane [205].
The amine-modified particles were positively charged (Table 4.1). After the
modification with amine groups, the silica particles remain colloidally stable
in ethanol as evident from the DLS results (Table 4.1). Slight agglomera-
tion is observed upon the transfer into aqueous media due to non-covalent
interactions between the particles; similar behavior was reported earlier in the
literature [204]. Overall, the measurements (Table 4.1) show that the particles
are colloidally stable in all solvents present in self-lubricating droplets.
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4.2.2 Effect of the surface modification on the final particle
deposit

a b c

e f g

d

h

Hydrated 
unmodified 

silica

Hydrated 
amine-coated 

silica 

Dehydrated
unmodified 

silica 

Hydrated 
PEGylated

silica

0.1 mm

0.1 mm

Figure 4.2: The surface modification of the colloidal particles affects the
shapes of the final deposits obtained from evaporating Ouzo droplets. (a-
d) Side view shadowgraphy images of the final deposit obtained after evaporation
of droplets that were loaded with different silica particles, as mentioned at the top
of the panel. (e-h) Top view images of the final deposits, corresponding to the side
view images. Hydrated unmodified silica particles and PEGylated silica particles form
supraparticles while the dehydrated unmodified silica particles and amine-coated silica
particles form flat film-like deposits. Scale bar 0.1 mm.

To study whether the surface modification of silica particles affects the
particle assembly in an evaporating colloidal Ouzo droplet, we carried out
evaporation experiments. The initial Ouzo mixture is a homogeneous solution
of water, ethanol, and trans-anethole. This mixture is in the one-phase region
in the ternary phase diagram (see Methods), but also contains the colloidal
particles. A droplet of ≈1 µL of this colloidal Ouzo was deposited on a hy-
drophobized glass surface. After all the liquids in the droplet have evaporated,
a deposit of silica particles is left behind. The shape of the final deposits varies
from a supraparticle to a flat deposit, as becomes evident in the side-view and
the top-view images (Figure 4.2 a-h; see Figures 4.11-4.14 in Appendix for im-
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ages from repeated measurements). Thus, the surface properties of colloidal
particles strongly affect the shape of the final deposit, as shown in Figure
4.2a-h.

Hydrated silica particles formed supraparticles that have a spheroidal
shape, similar to the observation in our previous study [84] (side view and
top view, Figure 4.2a and e respectively). PEGylated silica particles also
formed spheroidal supraparticles (Figure 4.2b and f), but showed variations
in the final shape (see Figure 4.13 in Appendix for more images). Differ-
ently, the dehydrated unmodified silica particles and amine-coated particles
led to flat film-like deposits (Figure 4.2 c, d, g, and h). The area-equivalent
diameter and the aspect ratio further quantify these differences in the shape
of the final deposit (Figure 4.14 in Appendix). The surface hydration did
not affect the shape of the final deposits with amine-modified and PEGylated
particles considerably. Therefore, throughout this paper, we only show the
hydrated PEGylated and hydrated amine-coated silica particles in the figures
of the main text; the corresponding images of dehydrated PEGylated and de-
hydrated amine-coated silica particles are shown in Appendix. Overall, there
is a correlation between the surface modification of colloidal particles and the
shape of the deposits obtained after the evaporation of colloidal Ouzo droplets
(Figure 4.2).

4.2.3 Effect of particle-surface modification on the evaporation
dynamics

To explain the differences in the shape of the final deposit obtained from
evaporating colloidal Ouzo droplets, we observed the evaporation using top-
view imaging and side-view shadowgraphy (Figure 4.3, Video V1 in Appendix
4.5.10). From these results, we determined the volume and base diameter
over the course of the evaporation, which are shown in Figure 4.4a and b
(see Figures 4.15-4.17 in Appendix for additional data, plots of height of the
droplets over time, and plots of dehydrated PEGylated and dehydrated amine-
coated particles). The time axis was normalized using tw, which corresponds
to the time when the plots of both volume vs time and base length vs time
reach a plateau (Figure 4.4). At the time t = tw, most of the water has
evaporated, leaving the assembled silica particles and oil behind. It is very
likely that some trace amount of water is present in the silica particles and
oil even after t = tw, which we cannot detect. The average value of tw is 930
± 170 s, for the initial droplet volume of 0.7 ± 0.1 µL, as estimated from
the side view measurements; the error shows the standard deviation of all
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measurements. The droplet volumes show similar trend over time for all the
droplets (Figure 4.4a). Differently, the base length shows similar trend only
in the initial but not in the final part of the evaporation.

t = 0.96*tw t = 0.98*tw t = 1.00*tw t/tw >>1

Ouzo droplet with dehydrated unmodified silicac

t = 0.87*tw t = 0.93*tw t = 1.00*tw t/tw >>1

d
Ouzo droplet with hydrated amine-coated silica

t = 0.86*tw t = 0.95*tw t = 1.00*tw t/tw >>1

b Ouzo droplet with hydrated PEGylated silica

0.2 mm

t = 0.90*tw t = 0.95*tw t = 1.00*tw t/tw >>1

a Ouzo droplet with hydrated unmodified silicaBase length

Figure 4.3: Side-view shadowgraph images of colloidal Ouzo droplets, at different
time instances, showing the drop evaporation and steps leading to final deposit forma-
tion for (a) hydrated unmodified silica, (b) hydrated PEGylated silica, (c) dehydrated
unmodified silica and (d) hydrated amine-coated silica. Hydrated unmodified silica
particles and PEGylated silica form supraparticles, while dehydrated unmodified sil-
ica and amine-coated silica particles form flat deposits. Scale bar 0.2 mm.

In the final phase of evaporation, the base length reveals clear differences
between colloidal droplets that formed supraparticles and flat film-like deposits
(Figure 4.4b zoomed). Thus, the base length of the droplets with hydrated
silica particles and PEGylated silica particles keeps on decreasing until t/tw
= 1, when most of the water has evaporated (Figure 4.4b and Figure 4.3a,b).
Conversely, for dried silica particles, the base length drops suddenly by 0.04
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± 0.02 mm, at t/tw = 0.98±0.01 (Figure 4.4b and Figure 4.3c). This peculiar
behavior is more evident in an increase in the height of the droplet by 14± 6
% (or 11 ± 3 µm) at t/tw = 0.98± 0.01 (Figure 4.15c in Appendix). Finally,
after the subsequent evaporation of the oil, a flat film-like deposit is obtained
(Figure 4.3c). Differently, for droplets containing amine-coated particles the
base length shows significant pinning and depinning (close to t/tw ≈ 0.7 and
t/tw ≈ 0.9; Figure 4.4b). The final base length, at t/tw = 1, is ≈ 0.6 mm,
which is slightly larger than in all other cases (≈ 0.4 mm, Figure 4.4b). Thus,
the analysis of the side view images reveals differences in the motion of the
contact-line of the droplet, leading to differences in the shape of the final
deposit. This behavior indicates that the modifications in surface-properties
of the particles affects the self-lubrication.

4.2.4 Observing particle-oil interactions in static Ouzo mix-
tures

Shadowgraphy raises the question whether the surface modifications affect
the interaction of the particles with the oil in the droplet. Therefore, we first
accessed whether the colloids interact with the oil in the Ouzo mixture and
observed colloidal Ouzo-mixtures with fluorescence confocal microscopy under
non-evaporating conditions. For these experiments, we chose a composition
of the Ouzo mixture that is expected to correspond to the composition in the
evaporating droplet close to the spinodal, where the two-phase region forms.
This composition was estimated based on Diddens et al. [46] and the phase
diagram by Sitnikova et al. [183]. We confirmed that the composition was close
to the spinodal by preparation of Ouzo-mixtures without colloidal particles
(see methods for the exact composition). Confocal microscopy showed clear
differences in the particle distribution around the oil microdroplets for the
different colloidal particles (Figure 4.5).

The surface modification with PEG and amine groups, as well as drying,
altered the interactions between the colloidal particles and oil, leading to ad-
sorption of the particles (red) onto the surface of the oil microdroplets (yellow,
confocal microscopy Figure 4.5b-d,f-h). On the contrary, in the mixture with
hydrated negatively charged particles, only polydisperse oil droplets were ob-
served due to the spontaneous emulsification and phase separation (Figure
4.5a; see Table 4.2 in Appendix for drop sizes). The particles remained dis-
persed in the continuous water-rich phase (Figure 4.5e and Figure 4.18 in
Appendix). The automated analysis of the red florescence signal revealed
high signal intensities in the red fluorescence channel around the oil micro-
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Figure 4.5: Effects of surface modifications on particle-oil interactions. The
overlay of fluorescence signals from the particles (red) and oil (yellow) is shown. (a,
e) Hydrated silica particles (NP) do not interact with oil microdroplets (MD). In
contrast, PEGylation (b, f), dehydration (c, g), and surface modification with amine
(d, h) lead to the adsorption of the particles (NP) onto the surface of oil microdroplets
(MD). Thus, the surface modifications and dehydration lead to formation of structures
similar to Pickering emulsions. The composition of the mixtures was the following
(by weight): t-anethole / particles / water / ethanol: 0.020 / 0.0016 / 0.55 / 0.43.
Overview images (a-d): Scale bar 20 µm. Zoomed in images (e-f): Scale bar 10
µm. See also figures 4.18-4.23 in Appendix and figures in Supplementary file Z1 in
Appendix 4.5.11 for larger overview images, images for the Ouzo mixtures containing
dehydrated amine-coated silica and dehydrated PEGylated silica, and for repetition
of the experiments.

droplets, confirming the differences between hydrated non-modified and other
particles (see Table 4.2 and Appendix 4.5.4a for further analysis of microscopy
data). The particle adsorption increases the stability of the oil droplets, as
also recently shown by Goubault et al. [190] in their comprehensive study on
the stability and size-distribution of oil droplets in ouzo systems containing
hydrophobic particles. In our experiments, the particle coated oil droplets re-
main stable for at least one week (see Appendix 4.5.4b and Figure 4.21-4.23 for
stability and size distribution of the phase separated oil-droplets immediately
after preparation and after one week).

The particle coated oil droplets in Figure 4.5 appear similar to Pickering
emulsions. Hence, we call these particle-coated oil droplets “Pickering micro-
droplets” in the following. Note that there is a difference between the for-
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mation of conventional Pickering emulsions and the Pickering microdroplets.
The droplets in Pickering emulsions are obtained under energy input, using
homogenization [185]. In contrast, in Ouzo mixtures, the oil phase-separates
spontaneously upon an increase in the concentration of a non-solvent (water)
in the mixture, forming oil droplets that get coated with the colloidal particles.

The differences in interactions between the oil droplets and the differently
modified colloidal particles are likely caused by the changes in hydrophobic-
ity of particles and electrostatic effects. Hydrated silica particles are highly
hydrophilic and typically do not adsorb onto the oil droplets, as observed in
classical Pickering emulsions [185]. PEG is soluble in water and in a broad
range of organic solvents, which makes PEG suitable to stabilize particles in
aqueous media [206–208]. Additionally, PEG can be used as a solvent for t-
anethole suggesting attractive interactions between PEG and t-anethole [206].
Based on this affinity of PEG towards both water and t-anethole, it can be
expected that PEGylated particles can adsorb onto the surface of the oil mi-
crodroplets.

For dehydrated silica particles, the removal of the hydrate water layer
can lead to a slight increase in hydrophobicity, and consequently, to the ad-
sorption of particles onto the oil microdroplets [190, 200]. It is known from
literature that by suspending the particles in short-chain alcohols, the surface
of particles can be made more hydrophobic due to the physical adsorption of
the alcohol molecules [185]. Furthermore, it was recently shown that certain
oils, depending on their solubility in water, can increase the hydrophobicity
of the hydrophilic particles in-situ [209]. As a result, the hydrophilic particles
can still form Pickering emulsions [209]. Thus, similar to these studies, the
adsorption of ethanol and t-anethole on the silica particles could further en-
hance the hydrophobicity of the particles, enabling them to adsorb onto the
oil microdroplets. In the case of amine-coated particles, the amine precursor
that contains an alkyl-chain (Figure 4.1) can lead to an increase in hydropho-
bicity, as indicated by a slightly better dispersibility of amine-coated particle
in ethanol compared with water (Table 4.1). Furthermore, the surface of oil
droplet is usually negatively charged in an Ouzo mixture [188, 189]. Hence,
the electrostatic interactions between positively-charged particle and nega-
tively charged interface of the oil droplets can further affect the adsorption.
Overall, both the dehydration and the chemical modifications change the in-
teractions between the oil droplets and the particles, and the stability of the
oil droplets in the non-evaporating emulsions.
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4.2.5 Particle assembly observed through confocal microscopy

As the surface modifications affect the particle-oil interactions, we carried
out fluorescence confocal microscopy of the evaporating droplets to further
understand the formation of different deposits. Confocal microscopy of the
evaporating droplets confirms that modification of the particle surface alters
the oil droplets that are nucleated on the substrate (Figure 4.6). We further
compared the time sequence images obtained from an overlay of the fluores-
cence emission of silica particles (rhodamine labeled, red) and oil (perylene
labeled, yellow) in Figure 4.7 and Figure 4.8. Bottom view refers to the im-
ages at a horizontal plane close to the substrate, and side view refers to the
vertical cross sections that are reconstructed from stacks of horizontal planes
(Figure 4.7 and Figure 4.8). These images show the spatial distribution of
oil (yellow) and the silica particles (red) over time, as well as the formation
of the final deposit. We summarize all the results from confocal microscopy
of evaporating droplets as a scheme in Figure 4.9. In the following, we first
discuss the formation of the final deposit for each type of particles separately,
and later compare the mechanisms of the deposit formation.

The hydrated silica particles accumulate close to the oil-water and
the air-water interface, similar as in our earlier study [84] (Figure 4.7a and
c; summary of the process in Figure 4.9a). We refer to this particle-rich
region close to the interfaces as “outer shell” for simplicity, to distinguish
it from the particle shell formed by adsorption of particles on the surface
of Pickering microdroplets. Over the course of evaporation, this outer shell
keeps on contracting, thereby adjusting its shape to the oil-water and air-water
interfaces (Figure 4.7a:i-ii and Figure 4.7c:i-iv). Close to t = tw, the particles
agglomerate and the outer shell becomes rigid, forming a supraparticle, which
floats in the oil droplet (Figure 4.7a:iii and Figure 4.7c:v).

PEGylated silica particles follow a partly similar route as the hydrated
silica particles, forming supraparticles (Figure 4.7b and d; summary of the
process in Figure 4.9b). The particles accumulate at the interfaces and form
the outer shell (Figure 4.7b:i-ii and Figure 4.7d:i-ii). Close to t = tw, this
outer shell stops contracting, and a supraparticle forms. However, as a result
of PEGylation, Pickering microdroplets can be observed in the evaporating
droplet (Figure 4.7d:i and ii; Figure 4.7e), similar as detected in the static
mixtures (Figure 4.5b and f). The Pickering microdroplets on the substrate
merge with the outer shell as evaporation proceeds (Figure 4.7e). As a result,
the outer shell of PEGylated particles at t ≈ 0.76tw is radially asymmetric,
differently from the symmetric outer shell of hydrated silica particles (Figure
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4.7e; also compare Figure 4.7c:ii with Figure 4.7d:ii and iii). This outer shell of
PEGylated particles appears like a film of particles formed at the glass-water
interface (Figure 4.7d:ii). However, in spite of these differences, the outer shell
contracts until t ≈ tw, forming a supraparticle (Figure 4.7d:v).

The dehydrated unmodified silica particles form a film like deposit
(Figure 4.8a and c; summary of the process in Figure 4.9c). Notably, a large
number of Pickering microdroplets is present in the water-rich central region
and in the outer shell close to the oil ring (Figure 4.8e-g), starting early from
t ≈ 0.1 − 0.2tw, similar to the static Ouzo mixtures (Figure 4.5c and g).
Furthermore, the oil ring is much thinner, compared with all other droplets.
In particular, at t/tw ≈ 0.15, the oil ring thickness is ≈ 15 µm versus ≈ 50
µm for all other droplets (compare Figure 4.8c:i with Figure 4.7c:i, Figure
4.7d:i, and Figure 4.8d:i). Thus, it appears that the oil that is encapsulated
in the Pickering microdroplets does not contribute to the oil ring, leading to
a thinner oil ring.
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Figure 4.7: Confocal microscopy of droplets containing hydrated unmodi-
fied silica (a and c) and hydrated PEG coated silica (b and d). Overlay of
emission signals of perylene (yellow, showing oil) and rhodamine (red, showing silica
particles) at different stages of the evaporation. (a and b) Side-view or vertical cross
section, reconstructed from layer-wise scanning; (c and d) bottom-view of a horizon-
tal plane 0-10 µm from the glass substrate. The contrast of the images has been
enhanced to show all the relevant features in the images. (e) Zoomed image of the
dotted rectangular region in (d)-(ii); pickering microdroplets on the substrate merge
with the outer shell, making the outer shell radially asymmetric.
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The particles and the oil-microdroplets accumulate at the oil-water inter-
face, thereby forming the outer-shell similar to all the other particles (Figure
4.8c:i). However, the emission intensity of the dehydrated particles at the
air-water interface is almost negligible in the vertical cross-section, compared
to all the other particles at the same imaging settings (compare vertical cross-
sections Figure 4.8a with Figure 4.7a, b, and Figure 4.8b). This observation
suggests that the dehydrated silica particles mainly accumulate close to the
oil-water and the glass-water interfaces, while comparatively less particles are
present at the air-water interface (as seen in Figure 4.8a and Figure 4.8c).

As evaporation proceeds, the outer shell becomes asymmetric and non-
circular around t = 0.77tw, appearing different from hydrated and PEGylated
silica particles (Figure 4.8c:ii). Further, around t ≈ 0.95tw, the sides of the
outer shell merge together becoming a film-like structure (see Figure 4.24 in
Appendix). At the same time, the central region gets engulfed by oil (Figure
4.8a-ii and Figure 4.8c:iv). Finally, close to t = tw, the outer shell solidifies
and the film-like structure of silica particles detaches from the substrate and
floats in the oil (Figure 4.8c:v, Figure 4.8a:iii, and Video V2 in 4.5.10). This
detachment of the film corresponds to the peculiar decrease in diameter and
increase in height of the droplet at t/tw = 0.98±0.01 in side-view shadowgraph
imaging (Figure 4.4b:zoomed-in; Figure 4.15c in Appendix). Finally, all the
oil evaporates and a flat deposit of silica is left on the substrate.

Amine-coated particles follow a similar route as dehydrated unmodi-
fied silica particles and form flat film-like structures (Figure 4.8b and d; sum-
mary of the process in Figure 4.9d). However, qualitatively fewer Pickering
microdroplets were detected with amine-coated particles. Thus, more oil is
available to form a thicker oil ring compared to the droplets with dehydrated
unmodified silica particles (compare oil ring thickness in Figure 4.8d:i versus
in Figure 4.8c:i). Furthermore, there are differences in the evolution of the
outer shell between the amine-coated and the dehydrated unmodified silica
particles:
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Figure 4.8: Confocal microscopy of droplets containing dehydrated un-
modified silica (a and c) and hydrated amine-coated silica (b and d). (a-d)
Overlay of emission signals of perylene (yellow, showing oil) and rhodamine (red, sil-
ica particles) at different stages of the evaporation – (a and b) side-view or vertical
cross section, reconstructed from layer-wise scanning; (c and d) bottom-view of a hor-
izontal plane 0-10 µm from the glass substrate. The contrast of the images has been
enhanced to show all the relevant features in the images. (e)-(g) Pickering micro-
droplets observed in an evaporating Ouzo droplet containing dehydrated unmodified
silica particles, at t = 0.64tw. (f) and (g) are zoomed in images of the dotted rectan-
gular region in (e). (g) Fluorescence emission signals only from perylene to show oil
microdroplets close to the outer shell.
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• Amine-coated particles form an outer shell at both interfaces — the oil-
water and the air-water interfaces (Figure 4.8b:i and Figure 4.8d:i); for
dehydrated unmodified particles, the outer shell at air-water interface is
negligible.

• Amine-coated particles accumulate close to the glass-water interface
starting around t ≈ 0.7 − 0.8tw (Figure 4.8d:ii). This accumulation
coincides with the pinning of the oil-glass-air contact line in base length,
at t/tw ≈ 0.7 (shown by shadowgraphy in Figure 4.4b). Subsequently,
the droplet undergoes consecutive depinning and pinning events until
t = tw, (Figure 4.4b). Such a pinning-depinning cycle is not seen in
droplets with dehydrated unmodified silica particles.

• The conversion of the outer shell at the oil-water interface into a film-like
structure and the filling of the central region by oil takes place earlier for
amine-coated particles, between t ≈ 0.8tw and t ≈ 0.9tw, compared to
t ≈ 0.95tw for unmodified dried particles (Figure 4.8b:ii, Figure 4.8d:ii,iii,
and Figure 4.24 in Appendix).

• The outer shell at the air-water interface also appears film-like (Figure
4.8b:ii and Figure 4.25 in Appendix). Between t = 0.9tw and t = tw,
this film-like structure at the air-water interface merges with the other
film-like region formed at the glass-water interface (Videos V2 and V3
in Appendix 4.5.10).

• At t = tw, the entire rim of this film is in contact with the glass and only
the central region is floating in the oil (Figure 4.8d:v, Videos V2 and V3
in Appendix 4.5.10).

Overall, the different surface properties of the particles affect their ac-
cumulation at the confining interfaces and consequently affect the motion of
these interfaces. These processes determine whether or not a supraparticle
or a flat film-like deposit is formed. In the following, we discuss the various
mechanisms and physical principles that govern the accumulation of particles
at the various interfaces.

4.2.6 Particle accumulation at the air-water, oil-water, and
glass water-interfaces

Particles and oil microdroplets accumulate at the interfaces of an evaporat-
ing droplet because of the fast movement of the interfaces compared to the
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diffusion of particles and oil microdroplets away from the interface [61]. The
competition between these two process can be characterized through a Peclet
number Pe, defined as

Pe =
tmass diffusion

tinterface movement
, (4.1)

where tmass diffusion is the time scale for diffusion and tinterface movement is the
time scale for the movement of the droplet interface. The Peclet number of
silica particles of 450 nm diameter is Pesilica ≈ O(100) >> 1 (see Appendix
4.5.7 for details), and for the Pickering microdroplets Peoil ≈ O(103)−O(104)
(see Appendix 4.5.7 for details). In addition, the flow field in a droplet can
also transport the dispersed components towards the air-liquid interface [93].
As a result of these effects, the particles and Pickering microdroplets can ac-
cumulate close to the oil-water and the air-water interfaces, forming the outer
shell [61,81,84,210]. This shell formation was detected by confocal microscopy
for all particles, except for the dehydrated unmodified silica particles at the
air-water interface (compare Figure 4.8a with Figure 4.7a,b and Figure 4.8b).

For the dehydrated unmodified silica particles, the low concentration at
the air-water interface could be because a huge amount of particles are used-up
in the formation of a large number of Pickering microdroplets (Figure 4.8e-
g). These Pickering microdroplet might sediment faster than they could be
captured by the moving droplet interface. The sedimentation velocity of the
Pickering microdroplets, vsediment, can be estimated by determining the termi-
nal Stokes velocity (Refer to Appendix 4.5.7 for details). The average velocity
of the air-water interface, vinterface, can be determined from the height versus
time curves of the droplet, obtained from shadowgraph measurements (Fig-
ure 4.15-4.17 in Appendix). We estimate vinterface/vsediment ≈ O(0.1)–O(0.01)
(Refer to Appendix 4.5.7 for details). Thus, the microdroplets can sediment
before getting captured by the interface, as indicated by a higher sedimenta-
tion velocity compared to the velocity of the interface. Note that the indi-
vidual particles sediment much slower (vinterface/vsediment ≈ O(1)–O(10); see
Appendix 4.5.7 for details). Thus, the formation of a large number of Picker-
ing droplets and their faster sedimentation rate could eventually lead to lower
concentration of particles at the air-water interface. These Pickering micro-
droplets also have a very low Stokes number (≈ O(10−7)), suggesting that the
flow field influences their motion (see Appendix 4.5.7 for details). The flow
field inside an evaporating Ouzo droplet is not yet completely understood, due
to the hindrance in performing velocimetry, as a result of the nucleation and
growth of oil-droplets [46]. We expect that a synergetic effect of the flow field
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and the sedimentation reduces the concentration of the dehydrated unmodi-
fied silica particles at the air-water interface and enhances the concentration
preferentially at the oil-water interface where the deposit is formed.

In the case of amine-coated particles, the accumulation close to the sub-
strate could occur due to the additional electrostatic interactions. In general,
hydrophobic glass surfaces in contact with an aqueous medium show negative
charge at neutral and alkaline pH values [211–215]. Therefore, we expect that
the hydrophobized glass surfaces used in this study carry a negative surface
charge. Thus, electrostatic interactions between positively-charged particles
and negatively charged substrate can lead to accumulation of amine-coated
particles close to the substrate (Figure 4.8b:ii) [77].

Overall, modifications in the particles’ surface properties lead to differ-
ences in particle accumulations at the various interfaces. These differences
eventually determine whether flat-deposits or spheroidal supraparticles are
formed.

4.2.7 Synopsis of the mechanism: flat-deposits versus supra-
particles

During the evaporation of a colloidal Ouzo droplet, high Peclet numbers lead
to accumulation of particles at the moving air/water and oil/water interfaces,
forming the outer shell. However, hydrated unmodified silica particles mainly
did not show any detectable interactions with oil droplets or the substrate.
Therefore, the outer shell can keep on contracting until close to the end of the
evaporation (Figure 4.9a:i-iv). The shape of the outer shell is templated by
the shape of the droplet interfaces. As a result, spheroidal supraparticles are
formed upon the solidification of the outer shell (Figure 4.9a:v).

The PEGylation of particles leads to adsorption of the particles onto the
oil droplets which lie on the substrate (Figure 4.7e). This adsorption leads to
an asymmetric outer shell which appears like a film (Figure 4.7d). However,
this film-like structure keeps on contracting (Figure 4.9b:i-iv). In droplets con-
taining PEGylated particles, the steric stabilization alters the agglomeration
process; in this case, the agglomeration occurs via the entanglement of poly-
mer chains [216]. This difference in the agglomeration process and the absence
of an attractive particle-substrate interaction (as both are negatively charged)
could have ensured the contraction of the film and the eventual formation of
supraparticle (Figure 4.9b:v).

In the case of unmodified dehydrated particles, the increased hydropho-
bicity leads to the formation of Pickering microdroplets, and an increased con-
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centration of particles close to the substrate (Figure 4.9c:i-iii). Consequently,
there is no shell at the air-water interface, and a flat film-like deposit forms
close to the substrate (Figure 4.9c:iii-v).

With amine-coated particles, the contact line of the droplet undergoes
severe pinning. As a result, amine-coated particles form a flat film-like deposit
close to the substrate (Figure 4.9d:iii-v). This enhanced pinning could be due
to the interactions between the positive surface-charge of the particles and the
negative surface charge of the glass substrate (Figure 4.9d:i-iii).

Thus, the modifications in the particles’ surface properties alters the be-
havior of the particles at the different interfaces, leading to the formation of
different final deposits. Nevertheless, the interaction of colloidal particles with
the various interface is governed by multiple competing effects such as Van
der Waals, electrostatic (including image-charge effects), steric, capillary, and
solvation interactions [79, 217–219]. Further studies can address the role of
these interactions in more detail.

Finally we compared the internal structure of the resulting deposits. The
supraparticles made using self-lubricating droplets are known to have high
porosity [18]. Confocal microscopy confirms the porous structure of the supra-
particles made of hydrated unmodified silica particles and PEGylated silica
particles, as well as of the flat deposits made of amine-coated silica particles
(Figure 4.27 a-c, Figure 4.28, and Figure 4.29 in Appendix). In contrast, flat
deposits made of the dehydrated unmodified silica particles did not show ap-
preciable porous structure (Figure 4.27 d-f in Appendix). Scanning electron
microscopy (SEM) images also show differences in packing of the particles at
the surface of the various deposits (see Appendix 4.5.9 for details). Thus,
modifying the surface of colloidal particles affects the internal structure and
the particle ordering at the surface of the final deposits. Further studies can
focus on quantifying such differences in the structure and porosity of these
deposits and explore ways to tune the internal and surface structure of the
deposits, for instance by varying the particle to oil ratio [18] or the pH value
of the dispersion [73].

4.3 Conclusion

In this work, we have shown the effect of changing the surface characteristics
of colloidal particles on the formation of supraparticles in evaporating ternary
self-lubricating Ouzo droplets. We compared the behavior of silica particles
that are electrostatically stabilized — negatively charged or positively charged
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by amine-coating — and sterically-stabilized by PEGylation. Moreover, we
studied the role of hydration of the particles. We show that these surface mod-
ifications alter the contact line motion and the spatial distribution of particles
in the droplet. Consequently, particle surface modifications alter the shape
of the final particle assembly. Unmodified hydrated particles accumulate as
an “outer shell” close to the air-water interface and the oil ring. During the
evaporation, this outer shell remains flexible, keeps on contracting, and forms
a supraparticle. All the studied particle surface modifications, namely the
increased hydrophobicity in dehydrated particles, the coating with positively
charged amine groups, and the PEGylation, favor the interaction of colloidal
particles with the oil. Consequently, in the case of sterically-stabilized par-
ticles, the outer shell at the oil-water interface additionally forms a film-like
structure due to adsorption of particles on the oil droplets that are sitting on
the substrate. However, the outer shell still remains flexible and a supraparti-
cle is formed at the end of evaporation. Differently, the dehydrated negatively
charged particles preferentially accumulate close to the substrate and form
a flat film-like deposit. This preferential accumulation at the bottom could
be because of the faster sedimentation of Pickering microdroplets compared
to the accumulation of the particles at the moving air-water interface. In
the Ouzo droplet containing amine-coated particles, particle-substrate inter-
actions hinder the contraction of the contact-line, forming flat-films. These
findings show the importance of carefully choosing the surface properties of
colloidal particles and will enable tailoring multifunctional supraparticles for
various applications such as catalysis, drug delivery, and optoelectronics, using
colloidal Ouzo droplets.

4.4 Materials and methods

4.4.1 Materials

All chemicals were used a received. Tetraethoxysilane, rhodamine b isothio-
cyanate, trans-anethole (99%), trichloro(octadecyl)silane, chloroform (≥99%)
from sigma-aldrich/Merck, (3-Aminopropyl)triethoxysilane (APTES) from T-
CI chemicals N-(6-aminohexyl)aminoproplytrimethoxysilane, (AHAPS) 92%,
and 3-[methoxy(polyethylenoxy)propyl]trimethoxysilane (PEG-T) 90%, 6-9 re-
peat units from ABCR GmbH, Germany. For evaporation experiments, eth-
anol (100% absolute analytical reagent, ACS, ISO) was obtained from Boom
B. V. Milli-Q water was obtained from a Reference A+ system (Merck Milli-
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pore) at 18.2 MΩ cm at 25 °C. The details of the synthesis and characterization
of silica particles can be found in Koshkina et al. [220].

4.4.2 Confocal microscopy of the non-evaporating Ouzo mix-
tures

Preparation of Ouzo-mixtures for confocal microscopy in dispersion. To pre-
pare the Ouzo-mixtures with dried particles, silica particles were redispersed
in ethanol using an ultrasonic bath at a concentration of 10 mg/mL. The
stock solution was used to prepare a mixture of particles and t-anethole in
ethanol. To label the oil, 3 µL of perylene-solution in ethanol were added.
Subsequently, water was added quickly to induce the phase separation. The
vial was closed quickly and vortexed for 1-3 s. The imaging was started 10-30
min after addition of water.

The samples with hydrated particles were prepared as following: silica
particles redispersed in water at a concentration of 10 mg/mL and incubated
in water over night. Subsequently, the dispersions were diluted with water to
the respective concentration. In a different vial, a solution of t-anethole in
ethanol was prepared and labeled by addition of perylene. Aqueous dispersion
of particles was quickly added to the oil to induce the Ouzo-effect or the phase
separation followed by vortexing for 1-3 s. The imaging was started 15-30
min after preparation of the samples. The weight fractions of components in
the Ouzo-mixture were the following: t-anethole / particles / water / ethanol:
0.020 / 0.0016 / 0.55 / 0.43.

Confocal microscopy (Leica TCS SP5, Wetzlar, Germany) was used to
assess the droplet size distribution and adsorption of silica particles onto the
droplets. Grace Bio-Lab SecureSeal imaging spacers were used to form a well
on a coverslip that was filled with approximately 50 µL of the Ouzo mixture.
Subsequently the well was covered with a second coverslip to avoid the evap-
oration. Images were recorded with a 63X NA1.2 water immersion objective,
oil phase (labeled with perylene) was excited at 458 nm and emission was
detected with a HyD in the spectral range from 473.5 to 528.8 nm. For par-
ticles (rhodamine B), excitation was 561 nm, and emission (597-761 nm) was
recorded using a photomultiplier. For all images excitation intensities and gain
were identical to allow for a quantitative comparison of the Ouzo mixtures.
TileScans consisting of 3x3 images were acquired, representing an imaged area
of approximately 650x650 µm (See supplementary data Z1 in Appendix 4.5.11
for full size images). Due to the flow, distortions of the droplets can occur
in the overlap region of the automatically merged images. Position and size
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of the droplets were evaluated using the DetectCircles plugin of ImageJ. Shell
intensities (thickness) were estimated from the particle fluorescence channel,
plotting 36 lines with tilt angle increasing by 10◦, extending from the center
of the droplet to 1.3 times the radius of the droplet. The maxima of the in-
tensities along these lines in the region between 0.4 and 1.3 times the radius
were averaged to calculate the shell intensity for one droplet. These intensities
were subsequently averaged over all droplets.

4.4.3 Preparation of Ouzo mixture for evaporation experiments

To prepare the colloidal Ouzo mixtures with “dehydrated particles” (Figure
4.1) for evaporation experiments, the silica particles were put in a glass vial
and then ethanol, t-anethole, and water were added to the vial, in this order.
The mixture was sonicated for at least 5 min after adding each liquid.

To prepare the colloidal Ouzo mixtures with hydrated particles (Figure
4.1) for evaporation experiments, the silica particles were put in a glass vial
and then water was added. The mixture was sonicated for at least 5 min
and then incubated overnight. On the next day, ethanol and t-anethole were
added to the mixture. The mixture was sonicated for at least 5 min before
adding each liquid. The weight fractions of the colloidal Ouzo mixture were as
follows: t-anethole / particles / water / ethanol — 0.014/0.001/0.453/0.532.

4.4.4 Preparation of substrates (glass slides) for evaporation
experiments

The glass substrates were hydrophobized by dip-coating, by modifying the
procedure mentioned in the literature [18, 84]. The glass slides are initially
cleaned by mechanical wiping, sonication in solvents, and plasma-treatment.
Meanwhile, some water saturated solution of chloroform and toluene (in 2:1
ratio, by volume) is prepared (hereby called water saturated solvent). There-
after, a solution of chloroform and toluene, in the ratio of 1:4, by volume, is
prepared (hereby called main solvent). The water saturated solvent is added
to the main solvent, such that volume of the water-saturated solvent is 2%
of the volume of the main solvent. Finally, OTS is added to this mixture,
such that the volume of OTS is 0.45% of the initial main solvent. The OTS-
solution is mixed properly. Immediately thereafter, the cleaned glass slides
are put inside the OTS-solution for hydrophobization. After 30 min, the glass
slides are put in a solution of chloroform and sonicated for 10 min, to remove
all the unreacted OTS from the glass surface. After 10 min, the glass slides
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can also be rubbed by a chloroform wetted cotton swab, if any whitish marks
of non-bound OTS are visible. The glass slides are then rinsed with ethanol
and water to remove all chloroform from the glass. Finally, the glass slides
are blow-dried with nitrogen and stored until they are used. The substrates
had an advancing contact angle of 113◦ ± 3◦ and a receding contact angle of
106◦ ± 6◦.

4.4.5 Experimental Setup for shadowgraph
The evaporating droplets were observed from the side using monochrome 8-bit
CCD camera and from the top using a CMOS color camera. Both the cameras
were connected to a Navitar 12X adjustable zoom lens. LED light sources
were used for illumination (Figure 2.9a). A thermo-hygrometer (OMEGA;
HHUSD-RP1) was used to measure the ambient temperature and humidity.
The temperature was measured as 21 ± 1 °C and the relative humidity was
measured as 60 ± 10%.

4.4.6 Characterization the final deposits
The SEM of the final deposits was done with a Zeiss MERLIN HR-SEM.

4.4.7 Confocal microscopy of evaporating droplets
For performing confocal microscopy on evaporating droplets, Nikon Confocal
Microscopes A1 system 667 (with 10× and 20× dry objectives) were used.
The bottom view images in Figure 4.7 and Figure 4.8 were obtained using the
Galvano mode, while the vertical cross-sections were obtained by reconstruct-
ing data from successive horizontal planes, captured in resonant mode. To
collect the images from all the horizontal planes and create a single snapshot
of a vertical cross-section, it takes ≈ 4 s.

4.4.8 Image processing of evaporating droplets
The side-view shadowgraph images were analyzed using MATLAB-R2020 and
FIJI [102]. Details of this image processing can be found in 3.5.3.
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4.5 Appendix

4.5.1 Adhesion energy of particles at liquid-liquid interfaces

S-3 
 

S1. Adhesion energy of particles at liquid-liquid interfaces 

 

Figure S1.  (a) Schematic of colloidal particles adsorbed at the oil-water interface of an oil 

droplet in water. (b) Zoomed in schematic of a single particle, showing the contact angle 𝛉. 

 

Consider a colloidal particle sitting at oil-water interface with contact angle θ as shown in Figure 

S1b. Neglecting the curvature of the oil-water interface, the free energy of adsorption (Δ𝐹𝑎𝑑𝑠) 

of the particle is given by 1-3 

Δ𝐹𝑎𝑑𝑠 =  −𝜋𝑅2𝛾𝑜−𝑤(1 − cos 𝜃)2 , for θ < 90°, 

Δ𝐹𝑎𝑑𝑠 =  −𝜋𝑅2𝛾𝑜−𝑤(1 + cos 𝜃)2 , for θ > 90°, 

where 𝑅 is the radius of the particle and 𝛾𝑜−𝑤 is the surface tension of the oil-water interface. 

The free energy of adsorption is minimum when θ = 90°. To remove the particles from the oil-

water interface, one needs to supply −Δ𝐹𝑎𝑑𝑠 amount of energy. Thus, the adsorption of 

particles is strongest and the emulsions have highest stability when θ = 90° (when −Δ𝐹𝑎𝑑𝑠 is 

maximum).2 

  

   

     

   

 

   

     

   

Figure 4.10: (a) Schematic of colloidal particles adsorbed at the oil-water interface
of an oil droplet in water. (b) Zoomed in schematic of a single particle, showing the
contact angle �.

Consider a colloidal particle sitting at oil-water interface with contact
angle θ as shown in Figure 4.10b. Neglecting the curvature of the oil-water
interface, the free energy of adsorption (∆Fads) of the particle is given by
[184,185,187]

∆Fads = −πR2γo−w (1− cos θ)2 , for θ < 90◦, (4.2)

∆Fads = −πR2γo−w (1 + cos θ)2 , for θ > 90◦, (4.3)

where R is the radius of the particle and γo−w is the surface tension of the oil-
water interface. The free energy of adsorption is minimum when θ = 90◦. To
remove the particles from the oil-water interface, one needs to supply ∆Fads
amount of energy. Thus, the adsorption of particles is strongest and the emul-
sions have highest stability when θ = 90◦ (when -∆Fads is maximum) [187].
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4.5.2 Final deposits and their characterization
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S2. Final deposits and their characterization 

 

 
 

Figure S2. Side view shadowgraph (a-d and i-l) and top view (e-h and m-p) images of the final 

deposit obtained after evaporation of Ouzo droplets that were loaded with hydrated (a-h) or 

dehydrated (i-p) unmodified silica particles. Scale bar 0.2 mm. 

 

 

    

    

    

    

Figure 4.11: Side view shadowgraph (a-d and i-l) and top view (e-h and m-p) images
of the final deposit obtained after evaporation of Ouzo droplets that were loaded with
hydrated (a-h) or dehydrated (i-p) unmodified silica particles. Scale bar 0.2 mm.
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S-5 
 

 

Figure S3. Side view shadowgraph (a-d and i-l) and top view (e-h and m-p) images of the final 

deposit obtained after evaporation of Ouzo droplets that were loaded with hydrated (a-h) or 

dehydrated (i-p) amine-coated silica particles. We note that the deposit in (i) might seem like a 

supraparticle in side view. But the corresponding top view image in (m) clearly shows the strong 

similarity with the other flat film deposits. Moreover, the lateral width (quantified by area 

equivalent diameter based on top view image) is also 0.43 mm, which is much larger than the 

area equivalent diameter of the supraparticles (~0.21 mm for supraparticles of hydrated silica 

particles; see Figure S5), confirming that a flat film is formed. Scale bar 0.3 mm. 

 

 

 

    

    

    

    

Figure 4.12: Side view shadowgraph (a-d and i-l) and top view (e-h and m-p) images
of the final deposit obtained after evaporation of Ouzo droplets that were loaded with
hydrated (a-h) or dehydrated (i-p) amine-coated silica particles. We note that the
deposit in (i) might seem like a supraparticle in side view. But the corresponding top
view image in (m) clearly shows the strong similarity with the other flat film deposits.
Moreover, the lateral width (quantified by area equivalent diameter based on top view
image) is also 0.43 mm, which is much larger than the area equivalent diameter of the
supraparticles (∼ 0.21 mm for supraparticles of hydrated silica particles; see Figure
4.14), confirming that a flat film is formed. Scale bar 0.3 mm.



4

124 CHAPTER 4. SURFACE AFFECTS SUPRAPARTICLE

S-6 
 

 
 

Figure S4. Side view shadowgraph (a-d and i-l) and top view (e-h and m-p) images of the final 

deposit obtained after evaporation of Ouzo droplets that were loaded with hydrated (a-h) or 

dehydrated (i-p) PEGylated silica particles. Scale bar 0.2 mm. 

 

 
Figure S5. Characterization of final deposits obtained after evaporation of colloidal Ouzo 

droplets containing different kinds of silica particles. The final deposits are characterized by 

their respective (a) area equivalent diameter (when viewed from top view) and (b) aspect ratio 

(defined as d/h, where d is the area equivalent diameter and h is the maximum height of the final 

deposit). (a) and (b) quantify the difference in shapes of the supraparticles and the flat deposits. 
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Supraparticle
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deposits

Figure 4.13: Side view shadowgraph (a-d and i-l) and top view (e-h and m-p) images
of the final deposit obtained after evaporation of Ouzo droplets that were loaded with
hydrated (a-h) or dehydrated (i-p) PEGylated silica particles. Scale bar 0.2 mm.
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Figure S4. Side view shadowgraph (a-d and i-l) and top view (e-h and m-p) images of the final 

deposit obtained after evaporation of Ouzo droplets that were loaded with hydrated (a-h) or 

dehydrated (i-p) PEGylated silica particles. Scale bar 0.2 mm. 

 

 
Figure S5. Characterization of final deposits obtained after evaporation of colloidal Ouzo 

droplets containing different kinds of silica particles. The final deposits are characterized by 

their respective (a) area equivalent diameter (when viewed from top view) and (b) aspect ratio 

(defined as d/h, where d is the area equivalent diameter and h is the maximum height of the final 

deposit). (a) and (b) quantify the difference in shapes of the supraparticles and the flat deposits. 
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Figure 4.14: Characterization of final deposits obtained after evaporation of colloidal
Ouzo droplets containing different kinds of silica particles. The final deposits are
characterized by their respective (a) area equivalent diameter (when viewed from top
view) and (b) aspect ratio (defined as d/h, where d is the area equivalent diameter
and h is the maximum height of the final deposit). (a) and (b) quantify the difference
in shapes of the supraparticles and the flat deposits.
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4.5.3 Additional data on the evaporation process
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S3. Additional data on the evaporation process 

 

 

Figure S6. Plots of normalized base length and height (a, c), and volume (b, d) with normalized 

time for hydrated unmodified silica (a and b) and dehydrated unmodified silica (c and d). 

  

                         

                           

      

      

Figure 4.15: Plots of normalized base length and height (a, c), and volume (b,
d) with normalized time for hydrated unmodified silica (a and b) and dehydrated
unmodified silica (c and d).
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S-8 

Figure S7. Plots of normalized base length and height (a, c), and volume (b, d) with normalized 

time for hydrated amine-coated silica (a and b) and dehydrated amine-coated silica (c and d). 

                            

                              

      

      

Figure 4.16: Plots of normalized base length and height (a, c), and volume (b,
d) with normalized time for hydrated amine-coated silica (a and b) and dehydrated
amine-coated silica (c and d).
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Figure S8. Plots of normalized base length and height (a, c), and volume (b, d) with normalized 

time for hydrated PEGylated silica (a and b) and dehydrated PEGylated silica (c and d). 

  

                         

                           

      

      

Figure 4.17: Plots of normalized base length and height (a, c), and volume (b,
d) with normalized time for hydrated PEGylated silica (a and b) and dehydrated
PEGylated silica (c and d).
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4.5.4 Additional characterization of the static Ouzo mixtures

(a) Size and Intensity

S-11 
 

 

Figure S9. Additional images of colloidal Ouzo mixtures studied by confocal microscopy 

under non-evaporating conditions. (a-c) hydrated and (d-f) dehydrated silica particles; (a, d) non-

modified silica particles, (b,e) PEGylated silica particles, (c,f) amine-coated silica particles. As 

the amine-coated silica particles tended to accumulate at the lower cover slip, they are not visible 

in the dispersed medium in the current image. Silica in red (rhodamine) and oil in yellow 

(perylene). All images are taken at similar settings; intensities are comparable. Scale bar 5 µm. 

Table S1. Determination of size of oil microdroplets in the non-evaporating Ouzo mixtures 

that contain particles with different surface modification (R represents radius of oil 

microdroplets averaged by number). 

Particles used in 

the mixture 

R / µm Rmax /µm Intensity shell, 

all droplets 

Intensity shell,  

R > 10 µm 

Hydrated 

unmodifedi 

7±5 32 8 6 

Dried 

unmodified 

4±1 14 88 108 

Hydrated 

amine-coated 

4±2 21 71 70 

Dried amine-

coated 

6±4 21 54 55 

Hydrated 

PEGylated  

4±2 22 52 55 

Dried 

PEGylated  

4±1 10 46 41 

i This Ouzo-mixture showed a phase separation visible by naked eye after standing for about 

30 min. Thus, since this mixture was undergoing phase separation, the size determination is 

not precise. 

 

a

d

b

e

c

f

Figure 4.18: Additional images of colloidal Ouzo mixtures studied by confocal mi-
croscopy under non-evaporating conditions. (a-c) hydrated and (d-f) dehydrated silica
particles; (a, d) non-modified silica particles, (b, e) PEGylated silica particles, (c, f)
amine-coated silica particles. As the amine-coated silica particles tended to accumu-
late at the lower cover slip, they are not visible in the dispersed medium in the current
image. Silica in red (rhodamine) and oil in yellow (perylene). All images are taken
at similar settings; intensities are comparable. Scale bar 5 µm.



4

130 CHAPTER 4. SURFACE AFFECTS SUPRAPARTICLE

Pa
rt

ic
le

s
us

ed
in

th
e

m
ix

tu
re

R
(µ

m
)

R
m
a
x

(µ
m

)
In

te
ns

ity
sh

el
l,

al
ld

ro
pl

et
s

In
te

ns
ity

sh
el

l,
R
>

10
µm

H
yd

ra
te

d
un

m
od

ife
di

7±
5

32
8

6
D

rie
d

un
m

od
ifi

ed
4±

1
14

88
10

8
H

yd
ra

te
d

am
in

e-
co

at
ed

4±
2

21
71

70
D

rie
d

am
in

e-
co

at
ed

6±
4

21
54

55
H

yd
ra

te
d

PE
G

yl
at

ed
4±

2
22

52
55

D
rie

d
PE

G
yl

at
ed

4±
1

10
46

41

Ta
bl

e
4.

2:
D

et
er

m
in

at
io

n
of

siz
e

of
oi

lm
ic

ro
dr

op
le

ts
in

th
e

no
n-

ev
ap

or
at

in
g

O
uz

o
m

ix
tu

re
s

th
at

co
nt

ai
n

pa
rt

ic
le

s
w

ith
di

ffe
re

nt
su

rfa
ce

m
od

ifi
ca

tio
n

(R
re

pr
es

en
ts

ra
di

us
of

oi
lm

ic
ro

dr
op

le
ts

av
er

ag
ed

by
nu

m
be

r)
.i

T
hi

sO
uz

o-
m

ix
tu

re
sh

ow
ed

a
ph

as
e

se
pa

ra
tio

n
vi

sib
le

by
na

ke
d

ey
e

af
te

r
st

an
di

ng
fo

r
ab

ou
t

30
m

in
.

T
hu

s,
sin

ce
th

is
m

ix
tu

re
wa

s
un

de
rg

oi
ng

ph
as

e
se

pa
ra

tio
n,

th
e

siz
e

de
te

rm
in

at
io

n
is

no
t

pr
ec

ise
.



4

4.5. APPENDIX 131

S-12 
 

 

Figure S10. Volume weighted distribution of radius of the oil microdroplets obtained in the 

non-evaporating Ouzo-mixtures that contain silica particles with different surface modifications. 

 

Figure 4.19: Volume weighted distribution of radius of the oil microdroplets ob-
tained in the non-evaporating Ouzo-mixtures that contain silica particles with differ-
ent surface modifications.
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S-13 
 

 

Figure S11. Average radius (averaged by volume) of the oil microdroplets obtained in the non-

evaporating Ouzo-mixtures that contain silica particles with different surface modifications. 

 

 

S4.2 Stability of the Static Ouzo Mixtures 

As all particles that formed shells appeared stable when observed by naked eye, we 

additionally monitored their stability by the confocal microscopy (Figure S12-Figure S14). The 

experiments in this section were performed independently on different days from the 

experiments used for Figure S10 and Figure S11, additionally showing the reproducibility of 

the shell formation. The mixture with non-modified hydrated silica particles was not included, 

as it underwent a phase separation after approximately 30 min that was visible by a naked 

eye, as expected for an Ouzo-mixture close to the spinodal line. Confocal microscopy 

confirmed that the Pickering-like droplets remained stable for at least one week. The analysis 

of droplet sizes showed a shift of the size distribution towards larger, as a result of aging. 

 

Figure 4.20: Average radius (averaged by volume) of the oil microdroplets obtained
in the non-evaporating Ouzo-mixtures that contain silica particles with different sur-
face modifications.

(b) Stability of the Static Ouzo Mixtures

As all particles that formed shells appeared stable when observed by naked
eye, we additionally monitored their stability by the confocal microscopy (Fig-
ure 4.21-Figure 4.23). The experiments in this section were performed inde-
pendently on different days from the experiments used for Figure 4.19 and
Figure 4.20, additionally showing the reproducibility of the shell formation.
The mixture with non-modified hydrated silica particles was not included, as
it underwent a phase separation after approximately 30 min that was visible
by a naked eye, as expected for an Ouzo-mixture close to the spinodal line.
Confocal microscopy confirmed that the Pickering-like droplets remained sta-
ble for at least one week. The analysis of droplet sizes showed a shift of the
size distribution towards larger, as a result of aging.
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S-14 
 

 

Figure S12. Stability of the colloidal Ouzo mixtures that contain dried unmodified silica 

particles. Colloidal Ouzo mixture after preparation (left), after one week (middle), and the volume 

averaged size distributions are shown. Silica in red (rhodamine) and oil in yellow (perylene). 

Scale bar 50 µm. 

 

Figure S13. Stability of the colloidal Ouzo mixtures that contain PEGylated silica particles. 

Upper row: hydrated particles; lower row: dried particles. Colloidal Ouzo mixture after 

preparation (left), after one week (middle), and the volume averaged size distributions are shown. 

Silica in red (rhodamine) and oil in yellow (perylene). Scale bar 50 µm. 

 

Figure 4.21: Stability of the colloidal Ouzo mixtures that contain dried unmodi-
fied silica particles. Colloidal Ouzo mixture after preparation (left), after one week
(middle), and the volume averaged size distributions (right) are shown. Silica in red
(rhodamine) and oil in yellow (perylene). Scale bar 50 µm.
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Figure S12. Stability of the colloidal Ouzo mixtures that contain dried unmodified silica 

particles. Colloidal Ouzo mixture after preparation (left), after one week (middle), and the volume 

averaged size distributions are shown. Silica in red (rhodamine) and oil in yellow (perylene). 

Scale bar 50 µm. 

 

Figure S13. Stability of the colloidal Ouzo mixtures that contain PEGylated silica particles. 

Upper row: hydrated particles; lower row: dried particles. Colloidal Ouzo mixture after 

preparation (left), after one week (middle), and the volume averaged size distributions are shown. 

Silica in red (rhodamine) and oil in yellow (perylene). Scale bar 50 µm. 

 

Figure 4.22: Stability of the colloidal Ouzo mixtures that contain PEGylated silica
particles. Upper row: hydrated particles; lower row: dried particles. Colloidal Ouzo
mixture after preparation (left), after one week (middle), and the volume averaged size
distributions (right) are shown. Silica in red (rhodamine) and oil in yellow (perylene).
Scale bar 50 µm.
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S-15 
 

 

Figure S14. Stability of the colloidal Ouzo mixtures that contain amine-coated silica particles. 

Upper row: hydrated particles; lower row: dried particles. Colloidal Ouzo mixture after 

preparation (left), after one week (middle), and the volume averaged size distributions are shown. 

Silica in red (rhodamine) and oil in yellow (perylene). Scale bar 50 µm. 

 

  

Figure 4.23: Stability of the colloidal Ouzo mixtures that contain amine-coated silica
particles. Upper row: hydrated particles; lower row: dried particles. Colloidal Ouzo
mixture after preparation (left), after one week (middle), and the volume averaged size
distributions (right) are shown. Silica in red (rhodamine) and oil in yellow (perylene).
Scale bar 50 µm
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4.5.5 Merging of outer-shell of dehydrated unmodified silica
particles

S-16 
 

S5. Merging of outer-shell of dehydrated unmodified silica 

particles 

 

 

Figure S15. Merging of the asymmetric petal-like sides of the outer shell observed in an 

evaporating Ouzo droplet containing dehydrated unmodified silica particles. Silica in red 

(rhodamine) and oil in yellow (perylene). (a) – (c) show only the spatial distribution of silica 

particles, while (d) - (f) additionally show the presence of oil at the same time as in (a) – (c). The 

white arrows show the location and direction in which the merging occurs. Scale bar 200 µm. 

 

Figure 4.24: Merging of the asymmetric petal-like sides of the outer shell observed
in an evaporating Ouzo droplet containing dehydrated unmodified silica particles.
Silica in red (rhodamine) and oil in yellow (perylene). (a) – (c) show only the spatial
distribution of silica particles, while (d) - (f) additionally show the presence of oil at
the same time as in (a) – (c). The white arrows show the location and direction in
which the merging occurs. Scale bar 200 µm.
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4.5.6 Formation of film of particles in droplets containing
amine-coated silica particles

S-17 
 

S6. Formation of film of particles in droplets containing 

amine-coated silica particles 

 
Figure S16. Confocal microscopy shows the formation of film of particles in the droplets with 

amine-modified silica particles. (a) vertical cross section, reconstructed from layer-wise 

scanning. Silica in red (rhodamine) and oil in yellow (perylene). (b) Image of a horizontal plane, 

viewed in transmission channel. The images in (a) and (b) are of two different droplets. Scale bar 

100 µm. 

  

Figure 4.25: Confocal microscopy shows the formation of film of particles in the
droplets with amine-modified silica particles. (a) vertical cross section, reconstructed
from layer-wise scanning. Silica in red (rhodamine) and oil in yellow (perylene). (b)
Image of a horizontal plane, viewed in transmission channel. The images in (a) and
(b) are of two different droplets. Scale bar 100 µm.

4.5.7 Accumulation of the silica particles and the Pickering
microdroplets at different interfaces

The accumulation of the silica particles and the Pickering microdroplets at
the various interfaces of the droplet could be influenced by processes such as
advection by the flow inside the Ouzo droplet, Brownian diffusion, sedimenta-
tion, and capture by the moving interfaces of the Ouzo droplet. To analyze the
different time scales associated with these processes, we consider a particle-
coated oil droplet, i.e. a Pickering microdroplet, having radius R (such that
R = roil + dparticle) in a fluid (water) of density ρw (Figure 4.26a). Note that
the times scales and velocity scales estimated in the following section apply to
the time after the intense Marangoni flow in the Ouzo droplet has ceased i.e.
to the time when there is no significant amount of ethanol left in the Ouzo
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droplet (marked by the sharp change in slope of the curve of volume vs time
in Figure 4.4a of the main text).

S-18 
 

S7. Accumulation of the silica particles and the Pickering 

microdroplets at different interfaces 

The accumulation of the silica particles and the Pickering microdroplets at the various 

interfaces of the droplet could be influenced by processes such as advection by the flow inside 

the Ouzo droplet, Brownian diffusion, sedimentation, and capture by the moving interfaces of 

the Ouzo droplet. To analyze the different time scales associated with these processes, we 

consider a particle-coated oil droplet, i.e. a Pickering microdroplet, having radius 𝑅 (such that 

R = roil + dparticle ) in a fluid (water) of density 𝜌𝑤𝑎𝑡𝑒𝑟 (Figure S17a). Note that the times scales 

and velocity scales estimated in the following section apply to the time after the intense 

Marangoni flow in the Ouzo droplet has ceased i.e. to the time when there is no significant 

amount of ethanol left in the Ouzo droplet (marked by the sharp change in slope of the curve 

of volume vs time in Figure 4a of the main text). 

 
Figure S17. Comparison of the different phenomena that govern the motion of Pickering 

microdroplets, namely (1) capture of the Pickering microdroplets by the moving interfaces of the 

Ouzo droplet, (2) sedimentation, (3) flow field in the droplet, and (4) Brownian diffusion. 

(a) Schematic of a Pickering oil-microdroplet. (b-d) Plots show the variation in (b) the ratio of 

interface velocity (vinterface) and sedimentation velocity (vsediment), (c) Stokes number (St) and the 

ratio of characteristic timescale of the flow field (tflow) to characteristic sedimentation time 

Oil

Water

Silica particle 

coating

(a) (b)

(c) (d)

Figure 4.26: Comparison of the different phenomena that govern the mo-
tion of Pickering microdroplets, namely (1) capture of the Pickering micro-
droplets by the moving interfaces of the Ouzo droplet, (2) sedimentation,
(3) flow field in the droplet, and (4) Brownian diffusion. (a) Schematic of
a Pickering oil-microdroplet. (b-d) Plots show the variation in (b) the ratio of in-
terface velocity (vinterface) and sedimentation velocity (vsediment), (c) Stokes number
(St) and the ratio of characteristic timescale of the flow field (tflow) to character-
istic sedimentation time (tsediment), and (d) Peclet number (Pe), for different radii
(R = roil + dparticle) of the Pickering microdroplet.

(a) Sedimentation versus drop interface motion

Analysis for Pickering microdroplets. We consider a Pickering micro-
droplet sedimenting in a still fluid (Figure 4.26a). Let M1 be the mass of the
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Pickering microdroplet such that

M1 ≈ ρoil

(
4

3
πr3oil

)
+ ρsilica

(
4

3
π

)(
(roil + dparticle)

3 − r3oil

)
, (4.4)

where we have approximated the mass of the layer of silica particles on the
oil drop as the mass of a thin spherical shell of inner radius roil and outer
radius roil + dparticle. Let M2 be the mass of water displaced by the Pickering
microdroplet, such that

M2 = ρw

(
4

3
π (roil + dparticle)

3

)
. (4.5)

The terminal sedimentation velocity of such a droplet is given by the Stokes
velocity

vsediment,Pickering =
(M1 −M2) g

6πµwR
. (4.6)

Taking the average height of the droplet as h ∼ 0.3 mm, the sedimentation
time of the Pickering microdroplet will be

tsediment,Pickering =
h

vsediment,Pickering
. (4.7)

To determine whether the Pickering-microdroplets might sediment be-
fore getting captured by the interface, we calculate the ratio of the average
velocity of the moving interface

(
vinterface average

)
to the sedimentation ve-

locity (vsediment,oil) of the Pickering oil microdroplets. The average rate of
decrease of the height of the droplet is calculated to be vinterface = 4.6 ×
10−4 mm/s using the curves of height versus time obtained from shadow-
graph measurements (Figures 4.15-4.17). Figure 4.26b shows the variation in
(vinterface/vsediment)Pickering with the radius, R, of the Pickering microdroplet.
Thus,

(
vinterface

vsediment

)
Pickering

≈ O(0.1)–O(0.01), showing that sedimentation of
Pickering microdroplets is faster than the movement of the air-liquid interface
of the droplet.

Analysis for individual particles. For a silica particle, the terminal
sedimentation velocity is again given by the Stokes velocity

vsediment,particle =

(
4
3πr

3
particle

)
(ρparticle − ρw) g

6πµwrparticle
, (4.8)
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vsediment,particle =
1

18

d2particle (ρparticle − ρw) g

µw
, (4.9)

where rparticle = dparticle/2. Equation 4.9 is the well-known formula for the
sedimentation velocity [221]. The density of the particles is ρparticle = ρsilica ≈
1.8 g/cm3. Substituting the values, we get

(
vinterface

vsediment

)
particles

≈ 4. Thus,
the interface motion is marginally faster than the sedimentation of individual
particles. Finally, using tsediment = h/vsediment, we get tsediment,particles = 3×103

s, which is slightly larger than the evaporation time scale, tw = 930 ± 170 s,
in our system.

(b) Stokes number
The motion of the particles and the Pickering microdroplets is also influenced
by the fluid velocities in the surrounding medium. Hence, we look at Stokes
number. The ability of a sphere of radius R to act as a faithful tracer of the
flow can be understood using the Stokes number St, defined as [222]

St = tresponse/tflow, (4.10)

where tresponse is the response time of the sphere and tflow is the characteristic
velocity of flow in the surrounding medium.

Analysis for Pickering microdroplets For our study, based on the
Maxey-Riley equation [222], the response time of a Pickering microdroplet is
given by

tresponse =
(M1 −M2)

6πµwaterR
. (4.11)

Here, M1 is the mass of a Pickering microdroplet and M2 is the mass of water
displaced by the Pickering microdroplet, as defined in Equations (4.4) and
(4.5). Further,

tflow = Lcharacteristic/uflow, (4.12)

where Lcharacteristic and uflow are the characteristic length scale and the charac-
teristic fluid velocity, respectively, of the fluid flow in the surrounding medium.
We take the radius of the Ouzo droplet after most of the ethanol has evap-
orated as Lcharacteristic ≈ 0.5 mm, the relevant length scale of the flow. We
expect the flow velocities to be ∼ 1-50 µm/s when the intense Marangoni
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flow has subsided [46, 114]. We take uflow ≈ 50 µm/s. Figure 4.26c shows
the variation in Stokes number (St) with the radius (R) of Pickering mi-
crodroplets. The very low magnitude of the Stokes number (St) shows that
these oil microdroplets can follow the flow field of the surrounding medium.
We also compare tflow and tsediment for the Pickering microdroplets in Figure
4.26c. Since (tflow/tsediment)Pickering ≈ O(0.1) − O(1), both the flow field and
sedimentation can affect the motion of the Pickering microdroplets.

Analysis for individual particles For a silica particle, the Stokes num-
ber can be calculated similarly by taking

tresponse =
1

18

d2particle (ρsilica − ρwater)

µw
. (4.13)

Thus we obtain Stparticle = tresponse/tflow = 1 × 10−9. Furthermore,
(tflow/tsediment)particle ≈ O(0.001). Thus, for the individual silica particles,
the flow field will have much greater influence on the motion of the particles
compared to sedimentation.

(c) Peclet number

We define the Peclet number as

Pe =
tmass diffusion

tinterface movement
, (4.14)

where tmass diffusion is the time scale associated with diffusion of the Pick-
ering microdroplets/particles and tinterface movement is the time scale associated
with the interface movement. A high Peclet number indicates the possibility
of accumulation of the Pickering microdroplets/particles close to the moving
interface. We have

tmass diffusion =
l2

Dmass
, (4.15)

where l is the relevant length scale and Dmass is the mass diffusion coeffi-
cient, given by the Stokes-Einstein relationship

Dmass =
kT

6πµwrparticle
, (4.16)

where k is the Boltzmann constant, T is the temperature in Kelvin. We further
determine
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tinterface movement =
l

vinterface average
, (4.17)

where vinterface average is the average velocity of the moving interface. We take
l = 0.3mm, the average height of the droplet, and vinterface average = 4.6× 10−4

mm/s, the average rate of decrease of the height of the droplet obtained from
shadowgraph measurements (Figure 4.15-Figure 4.17).

Analysis for Pickering microdroplets Using the above expressions
and numerical values, we plot the Peclet number of the Pickering microdroplets
for various radii, R (Figure 4.26d). The high Peclet numbers indicate the
possibility of the oil microdroplets to accumulate close to a moving interface,
when only diffusion and interface motion are considered.

Analysis for individual particles The Peclet numbers for the silica
particles can be calculated similarly, resulting in Pe = 1.4 × 102. Thus, the
air-water interface moves faster compared to the Brownian diffusion of the
silica particles. Thus, silica particles can accumulate close to the moving
interfaces.

(d) Conclusion
In conclusion, for individual silica particles, the motion of the interface of the
evaporating droplet is much faster than the mass-diffusion of the particles and
marginally faster than the sedimentation of the particles. As a result, the
particles accumulate close to the air-water interface and oil-water interface,
forming a region of high silica concentration (as seen in Figure 4.7 and Figure
4.8).

This outer shell is clearly visible in all the cases except at the air-water
interface in the Ouzo droplet containing dehydrated unmodified silica parti-
cles (Figure 4.8a in the main text). Moreover, with dehydrated unmodified
silica particles, the oil ring is thinner and a large amount of Pickering micro-
droplets are seen in the evaporating droplet (Figure 4.8c,e-g in the main text).
The thin oil ring and the large number of Pickering microdroplets indicate
that a large number of particles were used to form Pickering microdroplets.
Furthermore, the fact that (vinterface/vsediment)Pickering ≈ O(0.1)–O(0.01) and
(tflow/tsediment)Pickering ≈ O(0.1) − O(1) (Figure 4.26 b,c) suggests that sed-
imentation and advection by the fluid flow are more prominent effects for
Pickering microdroplets rather than the capture by the moving air-liquid in-
terface. Thus a combined effect of the flow field and the sedimentation of
Pickering microdroplets could be responsible for the absence of outer shell at
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the air-water interface for Ouzo droplets containing dehydrated unmodified
silica particles.

4.5.8 Internal structure of the supraparticles and the flat de-
posits

Previous studies have shown that supraparticles made using self-lubricating
droplets have porous internal structure [18]. In the present work, using confo-
cal microscopy, we also show that there are large hollow spaces (pores) in the
supraparticles made of hydrated unmodified silica particles (Figure 4.27a-c),
PEGylated silica particles (Figure 4.28), and the flat deposit made of amine-
coated silica particles (Figure 4.29). However, the flat deposits made of de-
hydrated silica particles (Figure 4.27d-f) do not show such large pores. It
might be possible that these differences in the internal structure could be de-
termined by the size distribution of the Pickering microdroplets in the evap-
orating droplet. Further studies are required to understand these differences
and control the porosity.

S-24 
 

S8. Internal structure of the supraparticles and the flat 

deposits 

 

 

Figure S18. Porosity of the final deposits obtained that were loaded with hydrated (a-c) or 

dehydrated (d-f) unmodified silica particles. Fluorescence confocal microscopy image showing 

the distribution of pores inside the assembled final deposit (red), at time t>tw. Oil is shown in 

yellow. The imaging is done at a plane approximately at mid-height of the deposit. Scale bar 100 

µm. 

 

 

Figure S19. Porosity of the final deposits obtained that were loaded with hydrated (a-c) or 

dehydrated (d-f) PEGylated silica particles. Fluorescence confocal microscopy image showing 

the distribution of pores inside the assembled final deposit (red), at time t>tw. Oil is shown in 

yellow. The imaging is done at a plane approximately at mid-height of the deposit. Scale bar 100 

µm. 
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Figure 4.27: Porosity of the final deposits that were loaded with hydrated
(a-c) or dehydrated (d-f) unmodified silica particles. Fluorescence confocal
microscopy image showing the distribution of pores inside the assembled final deposit
(red), at time t > tw. Oil is shown in yellow. The imaging is done at a plane
approximately at mid-height of the deposit. Scale bar 100 µm.
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S8. Internal structure of the supraparticles and the flat 
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Figure S18. Porosity of the final deposits obtained that were loaded with hydrated (a-c) or 

dehydrated (d-f) unmodified silica particles. Fluorescence confocal microscopy image showing 

the distribution of pores inside the assembled final deposit (red), at time t>tw. Oil is shown in 

yellow. The imaging is done at a plane approximately at mid-height of the deposit. Scale bar 100 

µm. 

 

 

Figure S19. Porosity of the final deposits obtained that were loaded with hydrated (a-c) or 

dehydrated (d-f) PEGylated silica particles. Fluorescence confocal microscopy image showing 

the distribution of pores inside the assembled final deposit (red), at time t>tw. Oil is shown in 

yellow. The imaging is done at a plane approximately at mid-height of the deposit. Scale bar 100 

µm. 
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Figure 4.28: Porosity of the final deposits obtained that were loaded with
hydrated (a-c) or dehydrated (d-f) PEGylated silica particles. Fluorescence
confocal microscopy image showing the distribution of pores inside the assembled final
deposit (red), at time t > tw. Oil is shown in yellow. The imaging is done at a plane
approximately at mid-height of the deposit. Scale bar 100 µm.
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Figure S20. Porosity of the final deposits obtained that were loaded with hydrated (a-c) or 

dehydrated (d-f) amine-coated silica particles. Fluorescence confocal microscopy image 

showing the distribution of pores inside the assembled final deposit (red), at time t>tw. Oil is 

shown in yellow. The imaging is done at a plane approximately at mid-height of the deposit. 

Scale bar 100 µm. 

 

Previous studies have shown that supraparticles made using self-lubricating droplets have 

porous internal structure.8 In the present work, using confocal microscopy, we also show that 

there are large hollow spaces (pores) in the supraparticles made of hydrated unmodified silica 

particles (Figure S18 a-c), PEGylated silica particles (Figure S19), and the flat deposit made 

of amine-coated silica particles (Figure S20). However, the flat deposits made of dehydrated 

silica particles (Figure S18 d-f) do not show such large pores.  These differences in the internal 

structure could be determined by the size distribution of the Pickering microdroplets in the 

evaporating droplet. Further studies are required to understand these differences and control 

the porosity. 
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Figure 4.29: Porosity of the final deposits obtained that were loaded with
hydrated (a-c) or dehydrated (d-f) amine-coated silica particles. Fluores-
cence confocal microscopy image showing the distribution of pores inside the assem-
bled final deposit (red), at time t > tw. Oil is shown in yellow. The imaging is done
at a plane approximately at mid-height of the deposit.Scale bar 100 µm.
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4.5.9 The arrangement of the colloidal particles at the surface
of the deposit

S-26 
 

S9. The arrangement of the colloidal particles at the surface 

of the deposit 

 

Figure S21. Structure of the final deposits at the surface obtained with different silica 

particles. (a-d) SEM images showing the top surface of the final deposits. The size of the images 

are chosen such as to keep same magnification for all images (a) to (d). Scale bar 100 µm. (e-h) 

Zoomed-in SEM images showing arrangement of the colloidal particles at the surface. Scale bar 

2 µm. We note that the height of the deposit of amine-coated particles (d) is similar to the deposit 

in Figure S3 i. 

 

SEM images show the arrangement of the particles at the surface of the deposits. In the case 

of hydrated unmodified silica particles, PEGylated silica particles, and amine-coated silica 

particles (Figure S21 e, f, and h), there are local regions of ordered arrangement of the particles 

that are separated by disordered regions, leading to relatively smooth surface of the 

corresponding deposits (Figure S21 a, b, and d). In contrast, the deposit made of unmodified 

dehydrated particles (c) has a rough/irregular surface (Figure S21 c) because of the largely 

disordered arrangement of particles (Figure S21 g). The evaporation driven packing of 

particles in a colloidal droplet into ordered or disordered structures is governed by multiple 

factors, such as  initial particle concentration,9, 10 drying time,9 and particle aggregation.11 In a 

colloidal Ouzo droplet, there is an additional complexity of particle-oil interactions. Future 

Figure 4.30: Structure of the final deposits at the surface obtained with different
silica particles. (a-d) SEM images showing the top surface of the final deposits. The
size of the images are chosen such as to keep same magnification for all images (a)
to (d). Scale bar 100 µm. (e-h) Zoomed-in SEM images showing arrangement of the
colloidal particles at the surface. Scale bar 2 µm. We note that the height of the
deposit of amine-coated particles (d) is similar to the deposit in Figure 4.12 i.

SEM images show the arrangement of the particles at the surface of the
deposits. In the case of hydrated unmodified silica particles, PEGylated silica
particles, and amine-coated silica particles (Figure 4.30e, f, and h), there are
local regions of ordered arrangement of the particles that are separated by
disordered regions, leading to relatively smooth surface of the corresponding
deposits (Figure 4.30a, b, and d). In contrast, the deposit made of unmodified
dehydrated particles (c) has a rough/irregular surface (Figure 4.30c) because
of the largely disordered arrangement of particles (Figure 4.30g). The evapora-
tion driven packing of particles in a colloidal droplet into ordered or disordered
structures is governed by multiple factors, such as initial particle concentra-
tion, [223,224], drying time [223], and particle aggregation [73]. In a colloidal
Ouzo droplet, there is an additional complexity of particle-oil interactions.
Future studies can address the role of these individual factors in determining
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the packing of colloidal particles in such multicomponent systems.

4.5.10 Supplementary Videos
The following videos can be found in the Supporting Information section of
https://pubs.acs.org/doi/10.1021/acsami.1c19241
Video V1: Video of top-view and side-view (shadowgraph) imaging of evapo-
rating Ouzo droplets.
Video V2: 2-D vertical cross-section of evaporating colloidal Ouzo droplets
using fluorescence confocal microscopy.
Video V3: 3-D reconstruction of evaporating colloidal Ouzo droplets using
fluorescence confocal microscopy.

4.5.11 Supplementary Images
Full-size images of oil and particle distribution in nonevaporating Ouzo mix-
tures observed using confocal microscopy can be found in the zip file Z1 at
https://pubs.acs.org/doi/10.1021/acsami.1c19241. Smaller cropped re-
gions from the images in Z1 are used in Figure 4.5 and Figure 4.18.

https://pubs.acs.org/doi/10.1021/acsami.1c19241
https://pubs.acs.org/doi/10.1021/acsami.1c19241




Chapter 5
Evaporation of Binary Liquids from
a Capillary Tube ∗

Evaporation of multi-component liquid mixtures in confined geometries, such as
capillaries, is crucial in applications such as microfluidics, two-phase cooling de-
vices, and inkjet printing. Predicting the behaviour of such systems becomes
challenging because evaporation triggers complex spatio-temporal changes in the
composition of the mixture. These changes in composition, in turn, affect evapo-
ration. In the present work, we study the evaporation of aqueous glycerol solutions
contained as a liquid column in a capillary tube. Experiments and one-dimensional
simulations show three evaporation regimes characterised by different time evo-
lutions of the normalised mass transfer rate (or Sherwood number, Sh), namely
Sh(t̃) = 1, Sh ∼ 1/

√
t̃, and Sh ∼ exp

(
−t̃
)
. Here t̃ is a normalised time. We

present a simplistic analytical model which shows that the evaporation dynamics
can be expressed by the classical relation Sh = exp

(
t̃
)

erfc
(√

t̃
)

. For small and
medium t̃, this expression results in the first and second of the three observed
scaling regimes, respectively. This analytical model is formulated in the limit of
pure diffusion and when the penetration depth δ(t) of the diffusion front is much
smaller than the length L(t) of the liquid column. When δ ≈ L, finite length
effects lead to Sh ∼ exp

(
−t̃
)
, i.e. the third regime. Finally, we extend our ana-

lytical model to incorporate the effect of advection and determine the conditions
under which this effect is important. Our results provide fundamental insight into
the physics of selective evaporation from a multi-component liquid column.

∗ Submitted as: Lijun Thayyil Raju, Christian Diddens, Javier Rodríguez-Rodríguez, Mar-
jolein N. van der Linden, Xuehua Zhang, Detlef Lohse, Uddalok Sen. Evaporation of binary
liquids in a capillary tube. arXiv:2211.06528 [physics.flu-dyn]
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5.1 Introduction

Evaporation of multicomponent volatile liquids into a gaseous phase is ubiq-
uitous in both biological and industrial processes [8, 13, 21, 25, 26]. A mul-
ticomponent liquid can consist of multiple solvents, surfactants, polymers,
colloids, and salts. Evaporation from such systems lead to a plethora of phe-
nomena such as instabilities [225], phase separation [48], crystallisation [226]
and evaporation-driven flows [64, 74]. In addition to the composition of the
liquid, the geometrical confinement also affects evaporation significantly. The
geometrical confinement can be a droplet [25, 33], a liquid film [9], a porous
membrane [5], a shallow pit [227], or a capillary [6].

Understanding the evaporation of liquids from capillaries is crucial for
applications such as microfluidics [228, 229], inkjet printing [13, 230], heat
pipes [231], chromatography [232], and the measurement of material prop-
erties [233–235]. Capillaries are also taken as idealised system for modelling
porous structures [6,236,237], the transport of water across skin [11,238], and
film drying [239,240].

Capillary evaporation is mainly determined by the thermofluidic behaviour
of the volatile liquid meniscus. There have been several experimental and nu-
merical studies to determine the evaporation from a liquid meniscus. These
studies describe the evaporation rate [241], heat transfer coefficients [242–245],
shape of the meniscus [40, 246], capillary flows that replenish the evaporated
liquid [243,246,247], and additional flows that might be driven by evaporation-
induced surface tension gradients [44,248–250] or buoyancy [250,251].

Broadly speaking, the evaporation of a single-component liquid from a
capillary can be divided into two main classes depending on the location of the
liquid-air meniscus with respect to the open end of the capillary (henceforth
referred to as its ‘mouth’, see Figure 5.1a). In the first class of problems,
the liquid-air interface is far away from the mouth of the capillary. In such
a configuration, the evaporation rate is limited by the transport of vapour
from the liquid-air interface to the mouth of the capillary tube and it varies
approximately as 1/

√
t [28, 252].

In the second class of problems, the liquid meniscus is at (or relatively close
to) the mouth of the capillary [6, 253]. Within this second class of problems,
if the contact angle inside the liquid between the liquid-gas interface and the
capillary wall is θ ≥ 90◦, one can immediately realise the resemblance to a
sessile droplet (Figure 5.1b). In such a case, one can use the Popov model [32,
254] to predict the evaporation rate. For 130◦ > θ ≥ 90◦ (which is equivalent
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l

2R

(a)

l=0

(b)

l=0

(c)

Figure 5.1: Schematic of the different configurations of evaporation from a capillary.
(a) First class of problems, where the liquid meniscus is away from the mouth of the
capillary (l >> 0). (b, c) Second class of problems where the liquid meniscus is close
to the mouth of the capillary (l ≈ 0), with (b) θ > 90◦ and (c) θ < 90◦. Red arrows
represent evaporation flux.

to a contact angle 40◦ > θdrop ≥ 0◦ in the case of a sessile droplet), the
evaporation rates will be practically independent of the contact angle [117],
and mainly depend on the base-radius, ambient humidity, and the properties
of the liquid.

However, when θ ≤ 90◦, the droplet-model for evaporation is no longer
applicable (Figure 5.1c). The evaporation under such conditions shows two
distinct regimes – a “constant rate period” and a “falling rate period” [6,
255, 256] – similar to that observed in the drying of a porous medium [257].
During the constant rate period, evaporation is still mainly determined by
the ambient conditions. To replenish the liquid lost by evaporation, upstream
liquid is driven by capillary pressure to the mouth of the capillary through
thin liquid films [41, 247]. However, even during the so-called constant rate
period, the evaporation rate decreases slightly [6, 257]. For square capillaries,
this slight decrease is due to the thinning of liquid films at the mouth of the
capillary [6]. As evaporation proceeds further, the depinning of the liquid films
from the mouth of the capillary leads to the falling rate period [6]. When the
liquid meniscus is sufficiently far away from the mouth of the capillary, the
situation reverts to the first class of problems (Figure 5.1a).



5

5.1. INTRODUCTION 151

In addition to the studies on evaporation of single-component liquids
from capillaries, there have also been several studies on evaporation of multi-
component systems, such as evaporation of binary liquid mixtures [44,240,245,
258], surfactant solutions [11, 233, 259], salt solutions [260, 261], and colloidal
dispersions [232, 262–265] in capillaries. In all these scenarios, evaporation
leads to spatio-temporal variations in the composition of the mixture. Never-
theless, it is generally possible to model the capillary evaporation of a multi-
component system as a one-dimensional transport problem. Unsurprisingly,
but perhaps interesting to note is that in the absence of instabilities [266], the
one-dimensional model of evaporation of polymeric liquid films [9,239,267,268]
is mathematically-equivalent to the evaporation of binary solutions from cap-
illaries [240].

In multi-component systems, especially binary systems, the evaporation
rate can also show a constant rate period followed by a falling rate period
[9, 240], similar to pure liquids. However, in multi-component systems, the
different evaporation regimes are additionally determined by changes in the
composition of the mixture. Hence, a complete evaporation model must in-
clude the spatio-temporal variations in the composition and properties of the
mixture. Recently, Salmon et al. [240] showed how a steep decrease in ther-
modynamic activity and diffusion coefficient of water at high solute concentra-
tions can lead to evaporation being almost independent of ambient humidity
for certain molecularly complex fluids. These authors modelled the variable
diffusion coefficient as a piece-wise constant function, but bypassed the ne-
cessity of using an analytical expression for the thermodynamic activity of
water. Moreover, Salmon et al. [240] considered the parameter range where
the medium can be approximated as semi-infinite.

In this work, we study the evaporation of binary liquids in capillaries with
experiments, direct numerical simulations, and analytical modelling. We per-
form experiments for the evaporation of glycerol-water mixtures in a circular
capillary tube under controlled humidity conditions. Our direct numerical
simulations show excellent agreement with the experiments. Further, to un-
ravel the physics of the evaporation dynamics, we develop a one-dimensional
analytical model. We introduce a linear approximation for the thermodynamic
activity of water as a function of its weight fraction. We also model the condi-
tion when the semi-infinite assumption breaks down. Finally, we discuss the
explicit role of the advective mass transport compared to the diffusive mass
transfer for our particular system. We show that our model accurately pre-
dicts the relevant scaling laws observed in the experiments and the numerical
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simulations.
This chapter is organised as follows: in § 5.2 we describe the experimen-

tal setup and observations. The governing equations of our system and the
numerical method are described in § 5.3. In § 5.4, we provide three simpli-
fied analytical models of the problem, each with an added level of complexity
over its predecessor, and compare their predictions with the results obtained
from the experiments and the simulations. The manuscript culminates with a
summary of the results and an outlook in § 5.5.

5.2 Experiments

5.2.1 Experimental setup

Aqueous solutions of different mass fractions of glycerol (Sigma-Aldrich) were
used as the probe liquids in the present experiments. The reader is referred
to [269] for details of the preparation procedure of the liquids and their charac-
terisation. The use of glycerol has the following advantages. First, since glyc-
erol has very low vapour pressure, it is practically non-volatile under current
experimental conditions. Thus, we only need to account for the evaporation of
water. Furthermore, since the more-volatile liquid (water) has higher surface
tension, evaporation of water should not lead to any flow instabilities close to
the interface [270]. Such instabilities occur whenever the mass transfer (evap-
oration or condensation) leads to an increase in surface tension, such as for
evaporating water-ethanol mixtures [46,52,108,271] or condensation of water
onto a water-glycerol droplet [109, 270]. A more detailed explanation of such
instabilities can be found in Diddens et al. [270].

In the present experiments, we studied the evaporation dynamics of aque-
ous solutions of glycerol in a thin circular capillary tube (Figure 5.2; inner
diameter = 1mm, outer diameter = 1.2mm; length = 100mm, Round Boro
Tubing, CM Scientific). The liquid column inside the capillary had an ini-
tial height of 19 ± 2 mm. The initial weight fraction of water, wi, in the
water-glycerol mixture was varied as 0.2, 0.6, 0.9, and 1.0, to cover a wide
range of initial compositions. The lower end of the capillary was placed inside
an in-house developed, optically-transparent humidity-controlled chamber at
room temperature. The humidity and temperature inside the chamber were
monitored using a temperature-humidity sensor (HIH6121, Honeywell). The
relative humidity in the chamber was maintained at Hr = 10 ± 5%. The up-
per end of the capillary tube was exposed to room humidity (> 50%). The
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Figure 5.2: (a) Schematic of the experimental setup. (b) Geometry used for numer-
ical simulation and analytical modelling. (c) Left: schematic of the relative length
of the liquid column with respect to the length of the capillary; right: time-lapsed
experimental snapshots of water-glycerol mixtures in the capillaries for initial weight
fraction of water wi = 0.9. The top interface of the liquid mixture keeps moving
downwards due to the evaporation of water from the bottom of the capillary. Red
arrows represent evaporation flux.
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evaporation or condensation of water at the upper meniscus was negligible
compared to the evaporation from the bottom. This is because of the large
distance between the liquid’s upper meniscus and the capillary’s upper end
(see appendix 5.6.1 for a detailed discussion).

The contact line of the lower meniscus remained pinned at the lower mouth
of the capillary. Thus, the loss of water by evaporation from the lower mouth
of the capillary leads to a decrease in the length L of the liquid column (Figure
5.2c). To study this evaporation process quantitatively, time-lapsed images of
the liquid column were captured using a DSLR camera (D750, Nikon) equipped
with either a long-distance microscope (Navitar 12×) or a macro lens (50 mm
DG Macro D, Sigma), while the capillary tube was back-illuminated with a
cold LED light source (Thorlabs). For pure water, the velocity vy of the upper
interface,

vy =
dy
dt =

1

ρw

dM ′′

dt , (5.1)

is a direct measure of the evaporation rate dM ′′/dt of water, where y is the
displacement of the top interface, M ′′ denotes the mass per unit area and ρw
is the density of water.

At a later time, the contact line of the lower liquid meniscus eventually
depins. At this point, we stop the measurements because vy is thereafter
no longer a correct measure of the evaporation rate. Additionally, as the
lower interface moves inwards into the capillary tube after depinning, the
evaporation boundary condition at the lower interface also changes (see § 5.3.1
for details of the boundary conditions).

5.2.2 Experimental results
The discrete datapoints in Figure 5.3a denote the experimentally obtained
vertical displacement y of the upper interface with time t for different initial
weight fractions of water, wi. Only every fifth datapoint is plotted in Figure
5.3a to avoid overcrowding the plot. The datapoints are the average of at
least three independent experimental realizations, while the errorbars (± one
standard deviation) reflect the uncertainty due to experimental variations and
the resolution of the imaging. The velocity vy = dy/dt of the top interface,
calculated from y, is plotted as discrete datapoints in Figure 5.3b.

The motion of the top interface obviously depends on the initial composi-
tion of the liquid mixture (Figure 5.3). For pure water (wi = 1), the interface
moves at an almost constant velocity (y = vy t and vy ≈ 10−3mm s−1, see
Figure 5.3). For wi = 0.2 and 0.6, the experiments suggest y ∼ t1/2 and
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Figure 5.3: (a) Displacement y and (b) velocity vy of the top interface of the aqueous
solutions of glycerol observed in experiments (discrete datapoints) and numerical
simulations (continuous lines), for initial weight fractions of water wi = 0.2, 0.6, 0.9,
and 1.0.
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vy ∼ t−1/2 scaling relations. However, for wi = 0.9, the experiments show
three different regimes: vy ≈ 0.8× 10−3mm s−1, similar to wi = 1, in the first
≈ 800 seconds; vy ∼ t−1/2, similar to wi = 0.2 and 0.6, at intermediate times
(up to around t < 5×104 seconds); and a decrease in velocity (which is steeper
than vy ∼ t−1/2) at long times.

The addition of glycerol primarily reduces the local concentration of wa-
ter at the lower interface, which in turn leads to a reduced evaporation rate
and a decrease in the velocity of the upper interface. Thus, we get the so-
called constant rate period and the so-called falling rate period as described
in literature [240]. Our experimental results, however, raise several impor-
tant questions. Firstly, why does the constant rate period not appear for
wi = 0.2 and 0.6 in the experiments? Secondly, why does the falling rate
period show two sub-regimes for wi = 0.9? To answer these questions and
to understand how the evaporation dynamics of a water-glycerol mixture in
a capillary change with time and with the initial composition of the mixture,
we develop a theoretical model in the following section.

5.3 Problem formulation

5.3.1 Theoretical model
We model the column of water-glycerol mixture as a one-dimensional isother-
mal system with length L(t) (Figure 5.2b). The lower end of the capillary is
located at z = 0. We can express the composition using the weight fraction of
water w(z, t); the weight fraction of glycerol then simply is 1 − w(z, t). The
spatio-temporal variations in the concentration of water in the liquid column
can be determined by solving the one-dimensional continuity equation and the
one-dimensional advection-diffusion equation:

∂ρ

∂t
+

∂

∂z
(ρ u) = 0 (5.2)

and
∂

∂t
(ρw) + u

∂

∂z
(ρw) =

∂

∂z

(
ρD

∂w

∂z

)
, (5.3)

where ρ(w) is the local density of the mixture, D(w) the diffusion coefficient
of water-glycerol mixture, and u the fluid velocity along the z-direction.

Initially (t = 0), the composition in the liquid column is uniform and equal
to wi. Since the evaporation of water from the upper interface is negligible
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(see appendix 5.6.1), we model the upper interface to be a non-evaporative
surface. The lower interface of the liquid column is exposed to the ambient at
a constant relative humidity of Hr and loses water by evaporation (per unit
area) at the rate dM ′′/dt. The water lost to evaporation is replenished by
the diffusive and advective transport of water from the bulk liquid inside the
capillary. These considerations lead to the following boundary conditions:

w = wi at t = 0,

∂w

∂z
= 0 at z = L(t),

−ρ uw + ρD
∂w

∂z
=

dM ′′

dt at z = 0.

(5.4)

The evaporation of water from the bottom interface can be approximated
using a quasi-steady diffusion-limited model of evaporation of a pinned sessile
droplet having zero contact angle [32,272]:

dM ′′

dt = πDv,aR (cw,s − cw,∞) f(θdrop)
1

π R2
, (5.5)

where Dv,a is the diffusion coefficient of water vapour in air, R the radius of
the capillary tube, cw,s the concentration (vapour mass per volume) of water
vapour in the air at the lower interface, cw,∞ = Hrc

o
w,s the concentration

of water vapour in the ambient air (far away from the capillary), cow,s the
saturation concentration of water vapour at the surface of pure water, θdrop the
angle between the horizontal plane and the liquid-air interface at the contact
line, and f(θdrop) a known function of θdrop. For θdrop = 0 as in our model
here, f(θdrop) = 4/π [32, 272]. Thus,

dM ′′

dt =
4Dv,a

π R
(cw,s − cw,∞). (5.6)

cw,s depends on the composition of the liquid mixture close to the interface
(at z = 0+) and is given by Raoult’s Law as

cw,s = a cow,s = xo ψo c
o
w,s, (5.7)

where a(w) is the thermodynamic activity of water, xo the mole fraction of
water in the liquid at z = 0+, and ψo(xo) the activity coefficient of water
corresponding to xo. As long as cw,s > cw,∞, water evaporates from the lower
interface.
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5.3.2 Numerical solution

We numerically solve the one-dimensional theoretical model that was just de-
scribed, by using Finite Element Methods simulations with an initial length of
L = 20mm, to obtain the evaporation rates and the spatio-temporal distribu-
tion of the concentration of water w in the capillary. To that end, a line mesh
initially consisting of 100 second order Lagrangian elements is created to cover
the initial length L. The motion of the top interface is realized by moving the
mesh nodes along with the top interface, i.e. by an arbitrary Lagrangian-
Eulerian method (ALE) with a Laplace-smoothed mesh. The mesh displace-
ment at the top interface z = L(t), i.e. L̇(t) = u(L, t), is enforced by a
Lagrange multiplier acting on the node position at the top. Likewise, the
evaporation at the bottom is considered, but here the Lagrange multiplier is
acting on the velocity u at z = 0, whereas the bottom node remains fixed at
z = 0.

The implementation of equations 5.2 and 5.3 along with the boundary
conditions 5.4 and 5.6 is achieved by the conventional weak formulations
of advection-diffusion equations, including the ALE corrections for the time
derivatives. A posteriori spatial adaptivity based on the jumps in the slopes
of w across the elements is considered. Also, a posteriori temporal adaptivity
is considered by calculating the difference between the freshly calculated value
of each field at each point and its prediction. For the prediction, values from
the previous time-steps are extrapolated to the current time. If the difference
is large, this means that the system changes excessively during a time step.
In that case, the current time step is rejected and calculations are made again
with a smaller time-step. The implementation has been done by the finite
element library oomph-lib by Heil et al. [115], which monolithically solves
the coupled equations with a backward differentiation formula of second order
for the temporal integration.

The variation of the diffusion coefficient D as function of the local com-
position w is considered in the simulations based on the experimental data of
D’Errico et al. [112], while the mass density ρ was fitted according to the data
of Takamura et al. [113]. The activity coefficient of water was calculated by
AIOMFAC [110]. Note that later in this article, i.e. in § 5.4.2, the variation
of these physical properties with the composition will be disregarded in the
simulations for the pure purpose of a better comparison with the successively
improved analytical considerations.

The results of the direct numerical simulations are shown by the continu-
ous lines in Figure 5.3. Excellent agreement between the experiments and the



5

5.4. ANALYTICAL MODEL 159

numerical simulations is observed. In particular, Figure 5.3b shows that the
simulations can reproduce the experimentally observed vy ∼ t−1/2 scaling for
wi = 0.2 and 0.6, and all the three velocity regimes for wi = 0.9. Interestingly,
the simulations also show that for very early times, vy is almost constant for
wi = 0.2 and 0.6 as well. However, we cannot access these time scales in exper-
iments due to limitations arising from the lack of spatio-temporal resolution.
Overall, the quantitative match between experiments and numerical simula-
tions show that our theoretical model incorporates all the relevant physics of
the problem. In the next section, we will use additional simplifying assump-
tions to formulate a simplistic model which captures the essential physics of
the system and recovers the various evaporation regimes.

5.4 Analytical model
Our one-dimensional analytical model relies on the following assumptions:
(i) Constant properties: we assume that the properties of the water-glycerol
mixture, namely, density ρ and diffusion coefficient D, are constant and equal
to the values corresponding to the initial composition. Setting density as
constant in the continuity equation (Eq. 5.2) yields that u is independent of
z and only depends on t. Hence,

u(z, t) = −vy(t). (5.8)

(ii) Linearisation of the water vapour concentration difference: the concentra-
tion of water vapour at the liquid-gas interface depends on the concentration
of water at z = 0+ (Eq. 5.7). To solve the model analytically, we linearise
the expression for the difference in concentration of the water vapour between
cw,s(wi) and cw,s(weq) in terms of w (in Eq. 5.6) as

cw,s − cw,∞ = c0w,s

xi ψi −Hr

wi − weq
(w|z=0 − weq), (5.9)

where xi, ψi, and wi are the initial mole fraction, activity coefficient, and
weight fraction of water in the liquid mixture, respectively, and weq the weight
fraction of water at equilibrium, i.e. when cw,s becomes equal to cw,∞ and
evaporation stops. In Eq. 5.9, we have effectively linearised (cw,s − cw,∞) in
terms of w, between the initial (w = wi) and final (w = weq) concentration of
water. Combining equations 5.6 and 5.9, we get

dM ′′

dt = h∗ (w|z=0 − weq), (5.10)
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where h∗, defined as

h∗ =
4Dv,a

π R
c0w,s

xi ψi −Hr

wi − weq
, (5.11)

is a modified mass transfer coefficient. We put an asterisk in h∗ to denote
that its units (kg m−2 s−1) are different from those of the conventional mass
transfer coefficient h, which is related to h∗ as h = h∗/ρ (unit of m s−1).
(iii) Velocity of meniscus: The velocity vy of the meniscus is related to the
mass transfer rate through the following relations:

dM ′′

dt =
d
dt

∫ z=L

z=0
ρw dz , (5.12)

dM ′′

dt = ρ|z=Lw|z=L vy +

∫ z=L

z=0

∂

∂t
(ρw) dz. (5.13)

We will assume that Eq. 5.13 can be approximated, similar to the exact
expression Eq. 5.1, as

vy =
1

ρw

dM ′′

dt . (5.14)

We define a diffusive length scale lD based on the mass transfer coeffi-
cient by considering a balance between evaporation and diffusion at the lower
interface (Eq. 5.4 and Eq. 5.10) as

lD =
D

h
. (5.15)

Based on the aforementioned considerations, we non-dimensionalise the
variables as follows:

w̃ =
w − wi

weq − wi
, t̃ =

t

l2D/D
=
h2 t

D
, z̃ =

z

lD
=
h z

D
, L̃ =

L

lD
=
hL

D
.

(5.16)
Further, since the velocity of the interface is in fact a proxy for the mass
transfer (evaporation) rate of water, we can describe the system in terms of the
Sherwood number (Sh, denoting non-dimensional velocity or non-dimensional
mass transfer rate):

Sh =
ρw vy

h∗(wi − weq)
(5.17)
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Substituting equations 5.8-5.16 into equations 5.2, 5.3, and 5.4, we get the
following system of equations, and initial and boundary conditions:

∂w̃

∂t̃
− α

∂w̃

∂z̃
=
∂2w̃

∂z̃2
, (5.18)

w̃ = 0 at t̃ = 0,

∂w̃

∂z̃
= 0 at z̃ = L̃,

∂w̃

∂z̃
− (1− α) w̃ + β = 0 at z̃ = 0 .

(5.19)

Here α is the Peclet number of the problem, defined as

α =
vylD
D

=
vy
h

(5.20)

and

β = 1− ρ vy wi

h∗(wi − weq)
= 1− α

wi

wi − weq
. (5.21)

Finally, for the case of pure water, we do not need to solve the model for
the binary mixture, since there is no change in the concentration. The velocity
of the interface can then be directly obtained by substituting wi = 1 in Eq.
5.10:

vy =
4Dv,a

π Rρw
c0w,s (1−Hr) . (5.22)

5.4.1 Semi-infinite transient diffusion model
As the zeroth order simplification, we assume that the advection is negligibly
small. Further, we approximate the liquid column as a semi-infinite medium.
Thus, the governing equation and the initial and boundary conditions (equa-
tions 5.18 and 5.19) can be reduced to:

∂w̃

∂t̃
=
∂2w̃

∂z̃2
, (5.23)

with
w̃ = 0 at t̃ = 0,

∂w̃

∂z̃
= 0 at z̃ → ∞,

∂w̃

∂z̃
= w̃ − 1 at z̃ = 0.

(5.24)
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This is a classical transient diffusion problem with mixed boundary condition,
whose solution is given by Incropera et al. [31]:

w̃
(
z̃, t̃
)
= erfc

(
z̃

2
√
t̃

)
− exp

(
t̃+ z̃

)
erfc

(
z̃

2
√
t̃
+
√
t̃

)
. (5.25)

The velocity of the top interface can be now evaluated from the evaporation
rate of water (using equations 5.10, 5.14, and 5.25) to yield

vy =
h∗(wi − weq)

ρw
exp(t̃) erfc

(√
t̃
)
, (5.26)

or
Sh = exp

(
t̃
)

erfc
(√

t̃
)
. (5.27)

For t̃→ 0, Sh→ 1, whereas for t̃≫ 1, Sh ≈ 1/
√
πt̃.

The predictions of the semi-infinite transient diffusion model (Eq. 5.27)
are compared in Figure 5.4a with the experimental measurements (discrete
datapoints) and the numerical simulations (continuous lines). It can be ob-
served that Eq. 5.27 correctly predicts the early time limit of Sh = 1 for all
cases, and Sh ∼ 1/

√
t̃ at intermediate times for wi = 0.2 and 0.6. Further-

more, Figure 5.4a also shows that the predicted value of Sh from the model
agrees reasonably well with the experiments and the simulations for wi = 0.2
and 0.6. However, Eq. 5.27 severely underpredicts the Sherwood number for
wi = 0.9 until t̃ ≈ 80. Moreover, Eq. 5.27 also fails to capture the steep
decay in Sh seen in the simulations for wi = 0.9 at long times (Figure 5.5a).
This calls for a careful re-examination of the assumptions made in the model,
starting with the semi-infinite assumption.

For the semi-infinite assumption to hold, the penetration depth of the
diffusion front δ(t) =

√
Dt should be much smaller than the length of the

liquid column L(t). We plot the variation of δ/L with t̃ as obtained from the
experiments and numerical simulations in Figure 5.4b for different wi. It can
be observed that for wi = 0.9, δ/L = 1 at t̃ ≈ 60, which approximately agrees
with the time when the slope of Sh

(
t̃
)

starts to deviate from Sh ∼ t̃−1/2.
Thus we conclude that although the semi-infinite assumption holds at early
times, finite length effects should be included at later times for wi = 0.9 to
accurately capture the physics of the problem.

5.4.2 Transient diffusion model with finite length effects
To include the effects of the finite length, we use the original boundary con-
ditions of Eq. 5.4. We note that, for early times, since the penetration depth
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Figure 5.4: (a) Comparison of the normalised evaporation rates (Sherwood num-
ber, Sh) against normalised time (t̃) obtained from experiments (discrete datapoints)
and numerical simulations (continuous lines) with theoretical values (dashed lines)
obtained using the semi-infinite transient diffusion model. (b) Variation of the size
of the penetration depth (normalised with the length of the liquid column) with the
normalised time (t̃).
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Figure 5.5: Plots comparing the normalised evaporation rates (Sherwood number,
Sh) versus normalised time (t̃) obtained from experiments (discrete datapoints) and
numerical simulations (continuous lines) with theoretical values obtained using the
(a) semi-infinite transient diffusion model (dashed line), (b) transient diffusion model
with finite length effects (dash-dotted line), and (c) semi-infinite transient diffusion
model with quasi-steady advection (dotted line) for initial weight fraction of water wi

= 0.9.

of the diffusion front δ(t) is much smaller than the length of the liquid col-
umn L(t), the changes in L do not affect the evaporation rate significantly.
Further, at later times, since dL/dt is small, changes in L are slow enough to
not affect w|z=0 (and consequently the evaporation rate, based on Eq. 5.10).
Moreover, we still do not consider the effect of advection. Thus, we formulate
a quasi-constant-length transient diffusion model.

In the non-dimensional space, the governing equations, and the initial and
boundary conditions can now be written as

∂w̃

∂t̃
=
∂2w̃

∂z̃2
, (5.28)

w̃ = 0 at t̃ = 0,

∂w̃

∂z̃
= 0 at z̃ = L̃,

∂w̃

∂z̃
= w̃ − 1 at z̃ = 0.

(5.29)
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The solution of this system of equations is given by [273]:

w̃(z̃, t̃, L̃) = 1−
∞∑
n=1

2L̃ cos
(
ζn

(
1− z̃/L̃

))
exp

(
−ζ2n t̃/L̃2

)
(
ζ2n + L̃2 + L̃

)
cos(ζn)

 , (5.30)

where ζn is the nth root of the equation ζ tan(ζ) = L̃. The velocity of the top
interface can be written as

dL
dt = vy =

h∗(wi − weq)

ρw

∞∑
n=1

2L̃ exp
(
−ζ2n t̃/L̃2

)
(
ζ2n + L̃2 + L̃

)
cos(ζn)

, (5.31)

or

Sh =
∞∑
n=1

2L̃ exp
(
−ζ2n t̃/L̃2

)
(
ζ2n + L̃2 + L̃

)
cos(ζn)

. (5.32)

Eq. 5.31 is integrated in time using the built-in Matlab function ode45 (which
implements an adaptive-time-step Runge-Kutta algorithm of fourth order) to
obtain L(t), and subsequently the variation of the Sherwood number Sh with
the normalised time t̃ (Figure 5.5b). For t̃ → ∞, vy can be approximated by
the first term in the series:

vy =
h∗(wi − weq)

ρw

2L̃ exp
(
−ζ21 t̃/L̃2

)
(
ζ21 + L̃2 + L̃

)
cos(ζ1)

. (5.33)

When the change in length L of the liquid column is small, the velocity de-
creases exponentially with time (Eq. 5.33), thus correctly predicting the late
time v(t) behaviour of wi = 0.9 (Figure 5.5b). Thus this model captures all
the three regimes of evaporation, i.e. the regimes of Sh(t̃), as observed in the
experiments and simulations.

However, Figure 5.5b indicates that there is still a difference in the pre-
dicted values of Sherwood number between the model and the actual val-
ues obtained from experiments and simulations. In particular, Eq. 5.32 still
severely underpredicts the Sherwood number for wi = 0.9 until t̃ ≈ 80 (Fig-
ure 5.5b). It is not clear a priori whether the transient diffusion and finite
length effects are sufficient to explain the whole phenomenon. We need to
test whether the remaining deviations in the theoretical model simply origi-
nate from the assumptions of a linear concentration difference (Eq. 5.9) and
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constant properties of the mixture. To answer this question, we can impose
the approximations that were used in the analytical model in the numerical
simulations as well, and see if the predictions from the simulation match the
analytical model.

Figure 5.6 shows the weight fraction of water at the lower interface, as
obtained in the idealised simulations (black solid line) and in the analytical
model (red dash-dotted line) for three different initial concentrations. It can
be observed that even with the simplifications of constant material properties
and linearised concentration difference, the weight fraction of water at the
lower interface is much higher in the idealised simulations as compared to the
analytical model. This difference leads to a higher mass transfer rate in the
simulations as compared to the analytical model (according to Eq. 5.10).

The biggest difference between the idealised simulation and the analytical
model is the presence of advection in the numerical simulation. In the idealised
simulations shown in Figure 5.6, both advection and diffusion contribute to the
replenishment of the water that was lost to evaporation at the liquid boundary
z = 0. On the contrary, in the analytical model thus far, water is replenished
at the lower interface only by diffusion. Therefore, we hypothesise that the
difference between the simulations and the analytical model is mainly due
to the presence of advection in the simulations which was disregarded in the
simplistic analytical model.

To estimate the significance of advection quantitatively, we turn our at-
tention to the advective term, proportional to the Peclet number α, in the
non-dimensional governing equation (Eq. 5.18). As can be observed from the
inset of Figure 5.6a, α is large for high wi and at initial times, suggesting that
to accurately predict the evaporation rates in these situations, the advective
contribution to the mass transfer process should be included in the analytical
model as well.

5.4.3 Semi-infinite transient diffusion model with quasi-steady
advection

To quantitatively predict the evaporation including the effect of advection,
we propose an improvement over our simplistic model. However, to avoid
combining the effects of finite length and advection, we will model our system
as a semi-infinite medium while including advection. Further, we assume that
the changes in velocity are slow, such that it can be considered quasi-steady
for the purpose of analysis. Thus, we develop a transient diffusion model with
quasi-steady advection.
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Figure 5.6: Plots comparing the normalised mass transfer rates of idealised numer-
ical simulations and the quasi constant-length model, where the largest deviation is
observed for wi = 0.9.

We use the full form of Eq. 5.18 with the initial and boundary conditions
given in Eq. 5.4, except that we modify the boundary condition at z̃ = L̃ to

∂w̃

∂z̃
= 0 at z̃ → ∞, (5.34)

Solving the system of equations (see appendix 5.6.2), we get

Sh = 1− β

(
1 +

α

2(1− α)
erfc

(
α
√
t̃

2

)

− 2− α

2(1− α)
exp

(
(1− α)t̃

)
erfc

((
1− α

2

)√
t̃
))

.

(5.35)

In the early time limit (t̃→ 0) we get Sh→ 1. Similarly, in the late time
limit (t̃→ ∞), the velocities are very low. Thus, as the Peclet numner α→ 0,
we get β → 1 and Sh → exp

(
t̃
)

erfc
(√

t̃
)

, which is the result obtained for

pure diffusion. Thus, for t̃ → ∞, we get Sh → exp
(
t̃
)

erfc
(√

t̃
)

≈ 1/
√
πt̃.

Hence, the quasi-steady advection model recovers the scaling laws for early
time and late time limits observed in the experiments and simulations. The
results of the quasi constant-advection transient diffusion model are shown in
Figure 5.7, indicating a better quantitative agreement with experiments and
full numerical simulations. Thus, the model recovers the relevant scaling laws
and also provides a better quantitative agreement with the experiments and
simulations.
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Figure 5.7: Variation of the normalised evaporation rates (Sherwood number, Sh)
with normalised time (t̃) obtained from experiments (discrete datapoints) and nu-
merical simulations (continuous lines) with theoretical values (dashed lines) obtained
using semi-infinite transient diffusion model with quasi-steady advection, for different
initial weight fractions of water wi.
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5.5 Conclusions and outlook

In this work, we studied the evaporation of aqueous glycerol solutions in circu-
lar capillaries. We characterised the drying behaviour in terms of a normalised
mass transfer rate (Sherwood number Sh) and a normalised time t̃. Time
is normalised with a diffusive time scale based on mass transfer coefficient.
Our experiments quantitatively show how the addition of glycerol reduces the
evaporation rate of water. The corresponding direct numerical simulations
indicate that modelling the system as a one-dimensional advection-diffusion
mass transfer problem with composition-dependent properties can quantita-
tively reproduce the evaporation behaviour observed in the experiments. The
evaporation of water shows three main regimes: (a) Sh = 1, (b) Sh ∼ 1/

√
t̃,

and (c) Sh ∼ exp
(
−t̃
)
. We describe the physical origins of these regimes

using a one-dimensional simplistic analytical model with constant material
properties and a linearised composition-dependent activity of water.

Modelling the system as a problem of pure diffusion in a semi-infinite
medium reproduces Sh = 1 and Sh ∼ 1/

√
t̃ as the early time and late time

behaviours, respectively. Sh = 1 in the early-time limit corresponds to a rapid
replenishment of water at the evaporating interface, leading to a constant evap-
oration rate and constant interfacial concentration of water. In the late time
regime, replenishment of the interfacial concentration of water is limited by
diffusion, leading to the classical diffusion-like Sh ∼ 1/

√
t̃ behaviour. How-

ever, if the diffusive penetration depth δ =
√
Dt becomes equal to the length

L of the system, then the late time behaviour is modified to Sh ∼ exp(−t̃).
This change in the evaporation regime essentially shows the effect of the finite
size of the liquid column.

Finally, we show that even if the pure diffusion model captures the scal-
ing relations of Sh(t̃) correctly, advective replenishment of water needs to be
considered for precise prediction of the evaporation rates. A Peclet number
defined as α = ρ vy/h

∗ = (w|z=0 −weq)ρ/ρw, is the relevant parameter dictat-
ing the importance of advection. Thus, advection is small when the interfacial
concentration of water w|z=0 is close to the equilibrium concentration weq,
and high otherwise.

Even though a model with constant material properties was used to de-
scribe the evaporation of a binary mixture, the spatio-temporal changes in
properties such as density and diffusion coefficient affect the precise quanti-
tative prediction of evaporation rates. The direct numerical simulations are
devoid of these deficiencies. However, the simplified analytical models provide
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insight into the essential physics of the system and can provide predictions for
more complex liquid mixtures.

We also note that for predicting the evaporation rate, we have used the
expression corresponding to a thin droplet on a substrate (θdrop = 0◦), giving
excellent predictions that match the experimental observations. However, one
can include corrections to the mass transfer coefficient h∗ to account for the
difference between the air-liquid interface of a droplet and the air-liquid inter-
face at the mouth of a capillary tube [254]. Furthermore, during evaporation,
the shape of the lower interface changes (θ < 90◦), until the meniscus depins.
This change in the shape of the interface might also require a small correction
to h∗, and might explain the very small decrease in Sherwood number seen
in experiments of pure water (Figure 5.3 b). However, further studies are
required in this direction, along the lines of D’Ambrosio et al. [227].

Finally, all measurements were limited to the time when the lower menis-
cus was pinned to the mouth of the capillary. When the lower meniscus
depins and propagates into the capillary, the rate-limiting step of evaporation
would change from 3-D vapour diffusion to 1-D vapour diffusion. In the case
of a single component liquid evaporating from a square capillary, there have
been efforts to predict the time when the lower meniscus depins [41]. Further
studies are required to predict the same for multi-component liquids and cap-
illaries of various geometries and configurations (e.g. inclination with respect
to gravity).

Porous structures and membranes can be modelled as a bundle of thin
tubes. Thus these results can be directly applied to predict the evaporation of
multi-component liquids from porous structures. Evaporation from capillaries
can also help us to understand the evaporative behaviour of biological fluids
(such as blood, saliva or liquids in respiratory droplets [4, 235]) or novel liq-
uid mixtures (for applications such as evaporative cooling and spray drying).
Lastly, studying evaporation from capillaries can also be useful in the case
of inkjet printing, where the evaporation from the tip of the printing nozzle
can lead to changes in the composition of the ink [230]. Our model can give
insight into the changes in the composition at the nozzle tip for a given time
scale and assist in carefully choosing the properties of the ink.
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5.6 Appendix

5.6.1 Evaporation from the upper interface

The evaporative flux from the top interface is given by [28]:

dM ′′

dt =
Dv,a

L

p

RT
ln
(
p− pw,L

p− pw,s

)
, (5.36)

where p is the atmospheric pressure, pw,s the partial pressure of water vapour
at the surface of the upper meniscus, pw,L the partial pressure of water vapour
at the upper end of the capillary tube, and L the length of the capillary tube
above the upper meniscus. Since pw,s is much smaller than p, the above
expression can be simplified as

dM ′′

dt =
Dv,a

L

(pw,s

RT
−
pw,L

RT

)
=
Dv,a

L
(cw,s − cw,L) . (5.37)

Thus the ratio of evaporative flux from the top interface to the bottom interface
can be estimated as

dM ′′
top

dt
dM ′′

bottom
dt

=

Dv,a

L (cw,s − cw,L)top
4Dv,a

πR (cw,s − cw,L)bottom
(5.38)

Thus, even if the top of the capillary is subjected to the same humidity as
the bottom, the evaporation from the top is lower by a factor of πR

4L = 0.005.
Hence, the evaporation from the upper interface can be neglected.
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5.6.2 Derivation of semi-infinite transient diffusion model with
quasi-steady advection

We start with the Laplace transform of equations 5.18, 5.19, and 5.34, to
obtain

sŵ − w̃(t̃ = 0)− α
∂ŵ

∂z̃
=
∂2ŵ

∂z̃2
, (5.39)

∂ŵ

∂z̃
= 0 at z̃ → ∞,

∂ŵ

∂z̃
− (1− α)ŵ +

β

s
= 0 at z̃ = 0,

(5.40)

where ŵ is the Laplace transform of w̃ and s is the variable in the Laplace
domain. Solving this system of equations, we get

ŵ =
−β
s

1

α
2 − 1−

√
s+ α2

4

exp
(
−αz̃

2
− z̃

√
α2

4
+ s

)
. (5.41)

Taking the inverse Laplace transform, we arrive at

L−1 [ŵ] = w̃ = β exp
(
−αz̃
2

)
L−1

1
s

1

α
2 − 1−

√
s+ α2

4

exp
(
−z̃
√
α2

4
+ s

) .
(5.42)

Using the identity

L−1[F (s− b)] = exp (bt)L−1F (s), (5.43)

with b = −α2/4, we obtain

w̃ = β exp
(
−αz̃
2

)
exp

(
−α2t̃

4

)
L−1

[
1

s− α2

4

1

1− α
2 +

√
s

exp
(
−z̃

√
s
)]
.

(5.44)
Further, we can write [274]

L−1

(
exp

[
−x

√
s

(s− µ2)(ξ + s)

])
=

C

2(µ+ ξ)
− D

2(µ− ξ)
+ E, (5.45)

where
C = exp(µ2t− µx) erfc

(
x

2
√
t
− µ

√
t

)
, (5.46)
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D = exp(µ2t+ µx) erfc
(

x

2
√
t
+ µ

√
t

)
, (5.47)

and
E =

ξ

µ2 − ξ2
exp(ξ2t+ ξx) erfc

(
x

2
√
t
+ ξ

√
t

)
, (5.48)

where having µ = α/2 and ξ = 1− α/2, we get

w̃ = F +G+H, (5.49)

where

F =
β

2
exp(−αz̃)erfc

(
z̃

2
√
t̃
− α

√
t̃

2

)
, (5.50)

G = − β

2(α− 1)
erfc

(
z̃

2
√
t̃
+
α
√
t̃

2

)
, (5.51)

and

H =
β

2

2− α

α− 1
exp

(
(1− α)t̃

)
exp ((1− α)z̃) erfc

(
z̃

2
√
t̃
+
(
1− α

2

)√
t̃

)
.

(5.52)
Combining with Eq. 5.17, we finally obtain

Sh = 1− β

(
1 +

α

2(1− α)
erfc

(
α
√
t̃

2

)

− 2− α

2(1− α)
exp

(
(1− α)t̃

)
erfc

((
1− α

2

)√
t̃
))

.

(5.53)





Conclusions and Outlook

In this thesis, we studied the physicochemical hydrodynamics triggered by the
evaporation of aqueous multicomponent liquid mixtures in confined geometries
– namely, droplets and capillaries. In Chapters 2-4, we studied the transport
of colloidal particles in evaporating binary and ternary sessile droplets, which is
controlled by the physicochemical hydrodynamics triggered by evaporation. In
Chapter 5, we studied how the evaporation from a capillary tube is modified
when we use a binary liquid mixture as compared to a pure liquid. We showed
how evaporation triggers physicochemical hydrodynamics inside the capillary,
which in turn affects the evaporation itself.

Chapter 2
System: Particles dispersed in an evaporating water-glycerol droplet.

In Chapter 2, we showed that the particles dispersed in an evaporat-
ing water-glycerol droplet accumulate to form a ring, which we termed the
‘Marangoni ring’. We use the name ‘Marangoni ring’ to stress the role of
evaporation-induced Marangoni flow in the formation of the particle ring. The
solutal Marangoni flow is directed from the contact line towards the apex of
the droplet, advecting the particles along with it. However, in experiments,
the strength of the Marangoni flow diminishes before reaching the apex of the
droplet, leaving the particles in between the contact line and the drop apex,
thus forming the Marangoni ring.

Even though simulations show a fair agreement with experiments in the
volume evolution and the general structure of the Marangoni flow, it fails to
predict the formation of the Marangoni ring. We show that the presence of
surfactants and/or non-hydrodynamic interactions might be crucial to com-
prehensively explain the formation of the Marangoni ring. Our experiments
show the formation of spectacular iridescent colloidal crystals, pointing to-
wards the importance of non-hydrodynamic interactions in the system. In
addition to studying particle transport, we were able to formulate a simplified
analytical model for the evaporation of a binary droplet.
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However, there are further questions that can be raised at the close of
this chapter. Can we find a suitable surfactant for experiments that can be ac-
curately modelled in simulations? If so, one can perform a one-to-one compar-
ison of particle transport between experiments and simulations for surfactant-
laden water-glycerol droplets and probe the role of surfactants in Marangoni
ring formation. It would be interesting to know if there are upper and lower
limits to the droplet contact angle, droplet size, and particle size for the for-
mation of the Marangoni ring. Can we also extend the analytical model of
binary evaporation to account for other contact line motions? What is the role
of surface charge and polydispersity of the particles in the formation of the
Marangoni ring and the iridescent crystals? Further studies to answer these
questions would require carefully designed experiments and simulations.

Chapter 3
System: Particles dispersed in an evaporating ternary ouzo droplet.

In Chapter 3, we showed that the shape of the supraparticles produced
from self-lubricating colloidal ouzo droplets can be altered by changing the
size of the silica particles. During evaporation, the silica particles accumulate
at the rapidly moving air-water and oil-water interfaces of the droplet, form-
ing a shell. The particle size controls the time when the silica shell ceases
to contract, which we call as ceasing time tc0. tc0 is lower for smaller parti-
cles, leading to pancake-like supraparticles compared to American football-like
supraparticles in the case of larger particles. Furthermore, we showed that by
controlling the mixing ratio of small and large particles in a single droplet, we
can tune the shape of the supraparticle and also obtain supraparticles that
display a spatial variation in particle distribution.

There are many interesting questions that one can attempt to further
answer. For instance, can we disentangle the effects of contact line pinning and
particle aggregation on the ceasing time tc0? Can we predict the shape of the
supraparticles using Neumann triangle under some suitable approximations?
How can we model the particle-laden ternary droplet in numerics? The wide
range of scales and the complex phenomena such as phase separation, contact
line motion, role of the oil ring, particle aggregation, Marangoni flows, and
evaporation make the problem very challenging to model and probe further.
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Chapter 4

System: Particles dispersed in an evaporating ternary ouzo droplet.

In Chapter 4, we showed that modifying the surface properties of colloidal
particles can affect and even impede the formation of supraparticles in self-
lubricating droplets. We used silica particles that were sterically stabilized or
electrostatically stabilized (positively and negatively charged). Additionally,
we altered the hydration of the particles. Experiments showed that hydrated
negatively charged particles and sterically stabilized particles form supraparti-
cles. However, dehydrated negatively charged particles and positively charged
particles form flat deposits. We showed that the surface modifications alter
the spatial distribution of particles as well as the contact line motion of the
droplet, which ultimately causes the shift from supraparticles to flat deposits.

Surface modifications increase the number of relevant interactions playing
a role in a self-lubricating droplet (e.g. particle-oil interactions) and thus raise
a plethora of follow-up questions. For instance, as changes in initial compo-
sition can change the amount of oil available to form Pickering microdroplets,
can changing the initial composition affect the particle transport? Do the
particle surface modifications also alter the fluid flow inside the droplet? Is
there any correlation between the porosity and the size distribution of Picker-
ing microdroplets seen in the parent droplet? How will the particle transport
be modified if we mix different particles? Finding answers to these questions
would be important for gaining more understanding of the physicochemical
processes in a particle-laden self-lubricating droplet and using the process of
self-lubrication for the production of supraparticles for applications.

Chapter 5

System: Binary mixture of water and glycerol in thin capillaries.

In Chapter 5, we showed, using experiments and simulations, that adding
glycerol reduces the evaporation rate of water from a capillary tube compared
to the evaporation rate of pure water. The evaporation dynamics can be
expressed in terms of a non-dimensional evaporation rate (Sherwood number,
Sh) and a non-dimensional time

(
t̃
)
. Using a parsimonious analytical model,

we explained the three regimes of evaporation, characterized as: (a) Sh = 1,
(b) Sh ∼ 1/

√
t̃, and (c) Sh ∼ exp

(
−t̃
)
. The first regime corresponds to the

instantaneous replenishment of water at the mouth of the capillary; the second
regime corresponds to the classical diffusion-limited mass transfer in a semi-
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infinite medium; the third regime shows the effect of the finite size of the liquid
column. Finally, we showed that even if a pure diffusion model can reproduce
the essential scaling relations of Sh(t̃), advective contribution (quantified by a
Peclet number) should be considered to obtain a quantitative match between
the model and the experiments/direct numerical simulations.

There are intriguing follow-up questions that one can ask at the con-
clusion of this chapter. For instance, how can we include corrections to the
mass transfer coefficient h∗ to include the effects of the shape of the air-liquid
interface at the mouth of the capillary? If the non-volatile liquid has a lower
density, it will lead to an unstable density stratification at the mouth of the
capillary. How will the evaporation behavior change in such a condition?
Can we extend the model to more than one volatile liquid while retaining the
simplicity of the approach? It would also be interesting to know if an analyti-
cal solution without the quasi-steady approximations can yield any additional
insights into the physics of the system.

A common question pertaining to all Chapters 2 - 5 is the role of the
system size. Will the observations in these chapters change as the diameter of
the droplet or the capillary is reduced below hundreds of microns? Further-
more, in Chapters 2 - 5, we studied simplified systems such as an individual
droplet or an individual capillary. In practical applications, the droplets or
capillaries might not be present in isolation but with many other neighboring
droplets or capillaries. Thus, it would be interesting to study the multi-droplet
or multi-capillary interactions. We believe that the insights obtained in each
chapter of this thesis on the various ‘single’ systems can serve as excellent
starting points for future studies into the effects of ‘neighboring’ droplets or
‘neighboring’ capillaries.

To conclude, in this thesis, we have studied capillaries and colloidal droplets
containing multicomponent liquids. We showed how evaporation triggers in-
teresting transport of liquids and colloidal particles in these systems. In short,
this thesis tries to extend the limits of what is understood about the physic-
ochemical hydrodynamics triggered by the evaporation of multicomponent
liquids in confinement [25]. We hope that, as pointed out in the introduc-
tion, the study of physicochemical hydrodynamics presented in this thesis con-
tributes to both technological advancements and satisfying the ‘curious mind’.
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Summary

Evaporation of multicomponent liquids plays a crucial role in industrial ap-
plications as well as biological and physical phenomena. We begin this thesis
by discussing the importance of evaporation and describing the physicochem-
ical hydrodynamics triggered by the evaporation of confined multicomponent
liquids (Chapter 1).

In Chapter 2, we study droplets containing water, glycerol, and colloidal
particles using experiments, simulations, and analytical modelling. We show
that the solutal Marangoni flow triggered by the evaporation of water leads to
the formation of a ‘Marangoni ring’. However, we also show that surfactants
and non-hydrodynamic interactions might be crucial to fully explain all the
processes in this system.

In Chapters 3 and 4, we study the formation of supraparticles created
by evaporating ternary (Ouzo) droplets containing colloidal particles. In par-
ticular, we show that changing the size of individual particles changes the
final shape of the supraparticle (Chapter 3). Moreover, we also show that
changes in surface charge and hydration of the particles could even suppress
the formation of supraparticles (Chapter 4). Thus, we can tune the forma-
tion of supraparticles in colloidal ternary droplets by carefully choosing the
properties of the constituent particles.

In Chapter 5, we show, using experiments and simulations, that adding
glycerol slows down the evaporation of water from a capillary tube. Using
a simplified analytical model, we show how diffusion, advection, size of the
liquid column, and changes in interfacial concentration of water determine the
different evaporation regimes.

In short, we studied the spectacular and intriguing physicochemical hy-
drodynamics triggered by the evaporation of multicomponent liquids from two
complementary systems: droplets and capillaries. These studies can be ex-
tended to produce novel multifunctional supraparticles, to have a deeper un-
derstanding of the drying of respiratory droplets, and for further technological
advancements in inkjet printing.
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Samenvatting †

De verdamping van vloeistoffen met meerdere componenten speelt een cruciale
rol in industriële toepassingen, evenals in biologische en fysische verschijnselen.
We beginnen dit proefschrift met een bespreking van het belang van verdamp-
ing en een beschrijving van de fysisch-chemische hydrodynamica die in gang
wordt gezet door de verdamping van opgesloten vloeistoffen met meerdere
componenten (Hoofdstuk 1).

In Hoofdstuk 2 bestuderen we druppels bestaande uit water, glycerol en
colloïdale deeltjes door middel van experimenten, simulaties en analytische
modellering. We laten zien dat de Marangoni stroming die wordt veroorza-
akt door de verdamping van water leidt tot de vorming van een ‘Marangoni
ring’. We laten echter ook zien dat oppervlakte-actieve stoffen en niet-hydro-
dynamische interacties cruciaal kunnen zijn om alle processen in dit systeem
volledig te verklaren.

In Hoofdstukken 3 en 4 bestuderen we de vorming van supradeeltjes door
de verdamping van ternaire (Ouzo) druppels die colloïdale deeltjes bevat-
ten. Specifiek laten we zien dat verandering van de grootte van de afzon-
derlijke deeltjes de uiteindelijke vorm van het supradeeltje verandert (Hoofd-
stuk 3). Bovendien laten we zien dat veranderingen in oppervlaktelading en
hydratatie van de deeltjes de vorming van supradeeltjes zelfs kunnen onder-
drukken (Hoofdstuk 4). Oftewel, we kunnen de vorming van supradeeltjes in
colloïdale ternaire druppels afstemmen door de eigenschappen van de samen-
stellende deeltjes zorgvuldig te kiezen.

In Hoofdstuk 5 laten we met behulp van experimenten en simulaties zien
dat het toevoegen van glycerol de verdamping van water uit een capillaire buis
vertraagt. Met behulp van een vereenvoudigd analytisch model laten wij zien
hoe diffusie, advectie, de grootte van de vloeistofkolom en veranderingen in de
concentratie van water aan het grensvlak de verschillende verdampingsregimes
bepalen.

Kortom, we hebben de spectaculaire en intrigerende fysisch-chemische hy-
drodynamica bestudeerd die in gang wordt gezet door de verdamping van

†Thanks to Daniël Fassen and Martin Essink for proofreading the Dutch summary.
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opgesloten vloeistoffen met meerdere componenten in twee complementaire
systemen: druppels en capillairen. Deze studies kunnen worden uitgebreid
voor de productie van nieuwe multifunctionele supradeeltjes, voor een beter
begrip van het drogen van ademhalingsdruppels en voor verdere technologische
vooruitgang in inkjet printen.
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Epilogue

A correct understanding of physicochemical hydrodynamics is not only essential in
many industrial scenarios (Chapter 1) but can also help produce impressive artworks.
As an example, the image below shows the picture of an imprint made by paints
floating on a layer of watery solution that was transferred to a sheet of paper. What
does that mean? To know more about this art form, let me encourage you to look up
Suminagashi (‘floating ink’).

However, to a fluid mechanics engineer/researcher, the physicochemical hydro-
dynamics involved in such (multicomponent) art starts emerging quickly: what is
the optimum viscosity of the aqueous solution, how do the different colors spread
on water and mix with each other, what kind of paper will best accept the floating
pattern upon itself, what is the optimum drying rate? One has to also think about
similar questions if one wants to print such images using inkjet printing in sustainable
ways and on newer surfaces. To conclude, a good understanding of the physicochemi-
cal hydrodynamics of multicomponent liquids can further extend human ingenuity in
technological capabilities as well as art forms.

219






	Front_Cover
	Thesis_Inside
	Contents
	1 Introduction
	1.1 Water and evaporation
	1.2 Physicochemical hydrodynamics
	1.3 Evaporation of pure liquids
	1.4 Evaporation of multicomponent liquids
	1.5 Evaporation-induced self-assembly of particles

	2 Evaporation of a Sessile Colloidal Water-Glycerol Droplet: Marangoni Ring Formation
	2.1 Introduction
	2.2 Experiments and Methods
	2.3 Results and Discussions
	2.4 Conclusions
	2.5 Appendix

	3 Particle Size Determines the Shape of Supraparticles in Self-Lubricating Ternary Droplets
	3.1 Introduction
	3.2 Result and discussion
	3.3 Conclusion
	3.4 Materials and methods
	3.5 Appendix

	4 Surface Properties of Colloidal Particles Affect Colloidal Self-Assembly in Evaporating Self-Lubricating Ternary Droplets
	4.1 Introduction
	4.2 Results and discussion
	4.3 Conclusion
	4.4 Materials and methods
	4.5 Appendix

	5 Evaporation of Binary Liquids from a Capillary Tube
	5.1 Introduction
	5.2 Experiments
	5.3 Problem formulation
	5.4 Analytical model
	5.5 Conclusions and outlook
	5.6 Appendix

	Conclusions and Outlook
	References
	Summary
	Samenvatting
	Acknowledgements
	Epilogue

	Back_Cover

