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Layout Summary

The ubiquitous nature of wetting phenomenon, wteetgguid comes into contact
with a solid surface is commonly observed in evayytife. From rain droplets on
windows (macro-) to dew droplets forming on a cobwnicro-) or, to the

condensation of water on atmospheric aerosol pestihmanoscale), the quotidian

nature of wetting phenomenon is evident at anyescal

On other hand, equilibrium situations between selidfaces and fluids are rarely
found around us due to the particular nature atifiibeing sensitive to changes in
temperature and pressure, which stimulate shiftswdmn phases. Paddle
evaporation, formation of clouds and rain, dew tktspon leafs or melting of the
poles are just some of the non-equilibrium examplesent in everyday life where
water molecules are subjected to a phase chang@aio reach thermodynamic

equilibrium between mentioned phases.

An experimental investigation on the evaporatiebdviour of Nanofluids has been
carried out aiming to uncover the fundamental pisysand properties governing
these novel fluids for heat transfer purposes arthe control of the patterns
following thefree evaporation. Another part to the project is thalgtof these fluids
under Electrowetting (EW) conditions due to theligbiof manipulating liquids
without requiring mechanical parts at all. The em®ment in spreading for
nanoparticle laden fluid due to adsorption of nambples at the solid-liquid
interface under an applied voltage besides the rhoreogeneous patterns with
absence of rings-like stain are the most impoffiadings reported within this thesis.

The important contribution of this work in electretting field is evident.

In this thesis, the author aims to uncover thesd#iit mechanism governing tfree
evaporation of these novel fluids looking for thendamental science underpinning
the behaviour of these latter offering plausiblelegations where these fluids could

be implemented.



Abstract

Evaporation and wetting of droplets are a phenonpeesent in everyday life and in
many industrial, biological or medical applicatipnshus controlling and
understanding the underlying mechanisms goverriig phenomena becomes of
paramount importance. More recently, breakthroughghe fabrication of new
materials and nanomaterials have led to the syistioésovel nanoscale particulates
that dispersed into a base fluid modify the praperof this latter. Enhancement in
heat transfer or the self-assembly of the partislesuspension during evaporation,
are some of the areas in which nanofluids excelceSit is a relatively new area of
study, the interplay particle-particle, particleifl or particle-substrate at the macro-,
micro-, and nanoscale is yet poorly understoods Wurk is an essay to elucidate the
fundamental physics and mechanisms of these fldideng free evaporation, of

great importance for the manipulation and precgserol of the deposits.

The evaporative behaviour of pure fluids on sulbssraarying in hydrophobicity has
been studied and an unbalance Young's force isgsexp to explain the effect of
substrate hydrophilicity on the pinning and the idemg forces involved during

droplet evaporation. On other hand, the additiomafoparticles to a base fluid
modifies the evaporative behaviour of the latted:am more marked “stick-slip”

behaviour is observed when increasing concentrabiorhydrophobic substrates,
besides the longer pinning of the contact line reggbon hydrophilic ones when
adding nanopatrticles. A deposition theory to exptake final deposits observed, for
the outermost ring, after the complete vanishing @.1% TiQ-ethanol nanofluid

droplet has also been developed. In addition, tfsa@ation of pinned nanofluid

droplets on rough substrates at reduced pressasdsden systematically studied.

A revisited Young-Lippmann equation is proposedoae of the main findings to

explain the enhancement on electrowetting perfoomarf nanoparticle laden fluid

droplets when compared to the pure fluid case. @n dther hand, of relevant
importance is the absence of “stick-slip” behaviamd the more homogeneous
deposits found after the complete evaporation afiaaofluid droplet under an

external electric field applied when comparedré® evaporation of these fluids.

Vi
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Chapter 1 Introduction

The ubiquitous nature of wetting phenomenon, wrel&uid comes into contact
with a solid surface is commonly observed in evayytife. From rain droplets on
windows (macro-) to dew droplets forming on a cobwnicro-) or, to the
condensation of water on atmospheric aerosol pestihanoscale), the quotidian
nature of wetting phenomenon is evident at anyescéipically, when a liquid
encounters a solid surface the liquid profile eeslvuntil thermodynamic
equilibrium, i.e. state of minimum energy, betweba phases present at the triple
contact line (TCL) is reached. This equilibrium degs on the physical and
chemical binary interactions between the threestbffit phases present: solid-liquid,

liquid-gas and solid-gas.

It was more than two centuries ago when the Engl@bntist Thomas Young [1]
related the forces of attraction between the “plasi’ present within the different
phases, i.e. liquid and solid molecules, to theeolable contact angle adopted
between a liquid and the same solid surface. Sihee, many studies have been
carried out to uncover the mechanisms present eng@inena such as wetting,
dewetting, or adsorption of liquids onto solid susies. Despite the major scientific
contributions in the static and dynamics of thetaohline, mostly by Dussan [2] and
de Gennes [3], recent advances in the synthesiswfmaterials, miniaturization, or
manipulation techniques, are constantly modifying auggesting new interactions
and mechanisms around interfacial phenomena. Utadheliag the physics and
chemistry of this interfacial phenomena becomgsaphmount importance for many
pharmaceutical, biological or industrial applicagsosuch as self-cleaning surfaces

[4], crop dusting [5], photoinduced materials (@hterproofing, superspreaders [7].

On other hand, equilibrium situations between selidfaces and fluids are rarely
found around us due to the particular nature atifiibeing sensitive to changes in
temperature and pressure, which stimulate shiftswdmn phases. Paddle
evaporation, formation of clouds and rain, dew tktspon leafs or melting of the
poles are just some of the non-equilibrium examplesent in everyday life where
water molecules are subjected to a phase chang@aio reach thermodynamic
equilibrium between mentioned phases. Typicallguitls experience evaporation
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when molecules near the surface have enough etergydergo phase change from
liquid to gas, provided that the surroundings asesaturated with the latter. On the
contrary, if the energy of the gas molecules is high enough, the opposite

phenomenon takes place and gas molecules condense.

A phenomenon, at first sight, as simple as the enadjpn of a water droplet on a
surface, for instance after spilling some wateraodesk, has received important
attention in the past decades to try to understhedcomplex mechanisms and
physics present at the macro and microscale duhi@ghase change from liquid to
gas [8-11]. Evaporation of liquid droplets on sdigbstrates is an intricate transient
process where an exchange of mass and energy lbephases takes place. This
phenomenon depends on many factors such as; wiggtabntrolled by the physical

and chemical nature of the solid and liquid, adredorces within the liquid,

composition of the surroundings, temperature, asgure amongst others [1-3].
Despite all the work carried out in this topic, tb@xperimentally and theoretically
[10, 12-20], there is still much knowledge to beingd from the complete

understanding of the interactions solid-liquiduidtgas or solid-gas in both wetting
and droplet evaporation. Research carried out i dhea has been beneficial in
many industrial, biological or agricultural applicens [3] such as two-phase heat
transfer [5], spray drying [21], combustion engin&NA stretching [22] or the

characterization of solid surfaces [2] .

Another topic that has been under intensive rebeéoc more than a decade now, is
the evaporation of fluids containing particles usgension or colloidal suspensions,
which exhibit potential applications in differemtlfls including crystallography [23],
synthesis of new materials [24], self-assembly ,[25lectronics [26], optics or
patterning [27]. Indeed, the analysis of the evagee behaviour of colloidal
suspensions and the deposits left after the comdigtout, led Deegan et al. [28] to
elucidate the main mechanism responsible for thesnyxansport within the droplet
during evaporation of pinned volatile droplets. Advective liquid flow from the
bulk of a droplet towards the self-pinned triplentaxt line to replenish the liquid
evaporated was observed from the drying of a cotfemplet on a desk. How

particles organize and self-assemble at the trgoletact line during evaporation
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depends on particle-particle, particle-liquid, paetsolid, solid-liquid and liquid-gas
interactions amongst others. Understanding of thesaplays becomes of great
importance for the control and reproducibility betpatterns and deposits following
free evaporation [29-33]. Due to the complex naturehef $ystem: liquid laden with
particles evaporating on a solid substrate, mangiet have been conducted to
address the physics and the mechanisms underpirthengevaporation of these
suspensions [27, 34-39].

Figure 1. 1 — Different wetting situations including: self aléing hydrophobic fabric,

superhydrophobic substrate, antifogging coatingemiaterface modified by oil, reversing lens-like
effect of water, and droplet resting on a hydropti@ind on a hydrophilic substrate.

In the same line of research, a new type of cdllosispensions has emerged from
the dispersion of particles with at least one disi@m in the nhanometre range into a
base fluid [40-42]. The addition of these partialesdifies the properties of the base
fluid enhancing thermal conductivity [40], heat nséer [41], electrokinetic

properties [43], wetting and spreading [44], or sntransfer [45] . In the last decade,

numerous studies have suggested these novel ftardpotential applications in
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boiling [46], optics [47], electronics [48], nanodieine [49], solar energy [50],
synthesis or for the fabrication of nanostructuresterials [51] .

Despite the many applications where nanofluidskEimplemented, in this work we
are interested on the complex phenomenon of drepigporation. Special attention
is paid to the effect of nanoparticles on the dywarof the triple contact line and to
the nanoparticle deposits left after the completgperation [26, 51-53]. Although
this topic has been widely studied during the p#isten years, mostly for colloidal
suspensions, predicting the patterns left througlemaporation is a complicated
subject. Particles present in a particular systegarize and structure differently
depending on: the nature of both substrate and fuisolvent [54], as well as on the
size, concentration [55], shape [56] or type of aparticles in suspension [57],
hydrophobicit of the substrate [58] or an exterimate applied [59]. Thus, in this
experimental project, an experimental researchbleas undertaken to elucidate the
fundamental physics, chemistry and engineering igong thefree evaporation of
pure fluids and fluids containing different nandpes in suspension, aiming for the

complete understanding of this transient phenoméorodifferent applications.

The potential of manipulating liquid interfaces latit mechanical components has
also received the attention of the scientific comityuduring the past decade [59,
60]. An external voltage applied to a droplet, Hewetting (EW), has been
proposed for the control of the droplet interfagefar the manipulation of the
meniscus interface in the case of capillaries bgxernal electric field [61]. Recent
studies have reported this technique due to itsnimiag potential applications,
mainly in microfluidics [62], optics [63], internahixing [64] or droplet surgery [65]
amongst others. The combination of evaporation alfoicdal suspensions under
electrowetting conditions aims to shed further digh the mechanisms ruling the
interactions particle-particle, particle-substraparticle-liquid, or liquid-substrate
under an external voltage applied [66-69]. Despétstrowetting was proposed
more than a century ago, we are still far from toenplete understanding of the

manipulation of fluids under an external electretd applied [70-72].
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Figure 1. 2 — 3D image of the Ti@nanoparticle deposits obtained by AFM (Figure £c)2, drying

of colloidal suspension, analogy between structudhparticles and Lego bricks, electrowetting of

droplets, and liquid electro-optics based on eteattting.

This thesis is organized into 9 chapters. The finge chapters include the basic
knowledge and background in wetting, evaporatiah @lectrowetting as well as the
experimental techniques and apparatus adoptedgdtiiia experimental research.
These three introductory chapters will ease thdeemto the science underpinning
the next five experimental parts. Finally, main dosions are drawn in Chapter 9.

Chapter 1 includes a brief overview of wetting, gwmation, and electrowetting
phenomena, underlining the most important findiagdg potential applications. In
addition, a quick outline of what is found in eaflthe chapters of the present thesis
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is included along. Chapter 2 brings background knowledge required for the

understanding of the physics, chemistry and engimgeaspects surrounding
wetting, evaporation and electrowetting phenom@ihe structure is as follows; to
begin, the fundamentals of wetting on solid subssraare introduced, which are
closely linked with the droplet evaporative mode@eéd during evaporation and
depending on the hydrophobicity of the substratardl remarks are made on the
specific nature of fluids laden with nanopartickesl essential scientific background
in this area is presented. Finally, an overviewancurrent status on electrowetting
and electrowetting on dielectric including the mastportant findings and

applications bring this chapter to a close. Chaptancludes the methodology and
experimental techniques adopted this experimemisearch as well as the fluids,

substrates and apparatus used.

In Chapter 4, the dynamics of the contact line #mal pinning/depinning forces
acting at the TCL of evaporating sessile dropletssaudied for different pure fluids
and fluids containing nanoparticles on substrate/ing in hydrophobicity. The
analysis of the deposits left after the complet@pevation of Ti@-ethanol nanofluid
droplets using atomic force microscope (AFM) isliied in Chapter 5. In this
chapter the evaporative behaviour observed at theroacale is coupled with the
deposits imaged at the nanoscale through a depoditieory. In Chapter 6, a
systematic study on the evaporation of@ywater nanofluids and deionized water
on rough substrates has been conducted, to adtiressvaporative behaviour of
nanofluid and pure fluid for completely pinned caxttlines and at different sub-
atmospheric pressures.

The second part of this experimental research wegthe study of fluids and fluids
laden with nanoparticles under an external electattage applied. First, the
dynamics of the contact line under an external Eage applied (DC step voltage
test as On/Off cycles) for deionized water and ddferent TiO-water nanofluid

concentrations have been investigated. In additonwiden the experimental
research presented in Chapter 7, three differeattreletting on dielectrics
(EWOD) substrates varying in thickness of the iasof layer covering the

dielectric electrode have been studied. Additignalhe complete evaporation of
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TiO,—water nanofluid droplets at different concentmagioand under DC voltage
applied has been undertaken in Chapter 8. A ddtdikcussion on the electrokinetic

motion of the TiQ nanoparticles subjected to an external voltagecisded along.

To conclude, this thesis represents an importantribaition towards uncovering the
mechanisms present during wetting, electrowetting avaporation of fluids and
fluids laden with nanopatrticles, useful to bothustty and academia. Experimental
results coupled with extended discussions and yheave been presented to shed
further light on these phenomena for future indaktrbiological, medical or

pharmaceutical applications.

In the next chapter, the main findings and the melstvant literature in wetting and
evaporation of both pure fluids and colloidal susgens related to this work, as well

as the fundamentals of electrowetting and its &tions are presented.
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Wetting and evaporation are a complex phenomemaarpt to many industrial and
everyday applications that have attracted the dtenf the scientific community for
many years. In order to ease the reader througtwthrk included in this thesis,
firstly, the fundamentals of wetting on solid substs and the dependence of the
equilibrium contact angle on the different interéh¢ensions solid-liquid, liquid-gas
and solid-gas are presented. Secondly, the diffenexchanisms involved during the
evaporation of pure fluid droplets on substrateying in hydrophobicity is studied,
which will help to highlight the differences betweéhe evaporative behaviour of
pure fluids and nanoparticle-laden fluids. The ipaftar behaviour of theses fluids
containing particles in suspension requires a thtetion of the main mechanisms
governing the evaporation of these colloidal susmers and a description of the
potential applications in self-assembly, DNA sthatg or bioanalysis, which are
included third. The last part consists of the stadynanofluid droplets under an
external voltage applied, therefore fundamentals ebéctrowetting and the
evaporative behaviour of different fluids and camlll suspensions under an applied

external voltage are introduced last.

Figure 2. 1 — Different phenomena tackled in this work: weitibh drying colloidal suspensions such

as inks, coffee and blood; and electrowetting.

10
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2.1 Wetting

Wetting is defined as the ability of a liquid to tweither a solid surface or an
immiscible liquid. Situations where a solid is veettby a liquid are present all
around us, from rain droplets on windows to paim&s, crop dusting, or heat
transfer. Due to the common nature of this phen@mgeunderstanding the different
interactions between liquids and solids becomesiarufor many industrial,

biological, agricultural or everyday applicatios 14, 26, 73].

Wettability is governed by the different interfdci@nsions between the phases
present (solid-liquid-gas) and it has been usath&vacterize solid surfaces for years
[1-3]. Interfacial tensions are typically neglecténr fluids at the macroscale,
although these forces become extraordinarily ingmirtvhen studying liquids at the
microscale where gravitation forces are ruled @&ihce this experimental work
focuses on the study of the static and dynamiadewfetting of the contact line and
on the interactions between liquid droplets anddsslibstrates during evaporation,

an introduction to the fundamentals of wettinggsential.

It was more than two centuries ago since the patdio of “An essay on the
cohesion of fluids”by Thomas Young [1], which, despite all these geas still
considered as the foundation of modern wetting eaqoillary phenomena. Young
observed the reproducibility of the contact angleped between droplets of the
same liquid on the very same solid surface, whies wescribed in terms of the
interfacial tensions between the different phasessgmt. Thereafter, using
thermodynamics and the principle of minimum endifd, Dupré [75] introduced
the reversible work of adhesion to demonstrate wle#l known Young-Dupré
equation, Equation 2.1 . On other hand, Gaussd@®ibined Young’s [1] theoretical
description of surface tension with Laplace [7dthematical approach to develop
the Young-Laplace equation for capillary presswenvieen two immiscible liquids at

capillary equilibrium .

Immediately after the gentle deposition of a droge an ideal, flat, rigid solid

substrate, droplet profile evolves until thermodwi@ equilibrium between the

11
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phases present is reached. At equilibrium, thenatefree energy of the system is
minimized and different equilibrium profiles can laelopted depending on the
physical and chemical properties of substrate [Tig)Jid and surroundings. A
balance of the different interfacial forces actiay the triple contact line is
represented in Figure 2. 2:

Figure 2. 2 - Schematic representation of Young’s force badaatcthe triple contact line.

Where y,,, J;, andy, are the different interfacial tensions solid-dagjid-gas and

solid-liquid respectively, and, is the macroscopically equilibrium contact angle

adopted by the droplet between the solid-liquid ahe solid-gas interface,
neglecting gravity effects. This force balance jsga more than two centuries ago
by Thomas Young [1] and completed by Dupré [75%ti valid and widely used
nowadays, Equation 2.1:

Yoo Ve - oo, 2.1).

12
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Wetting and interfacial phenomena of droplets anesiered as an area of research
where the following disciplines; fundamental phgsichemistry and engineering
come together, and which have attracted the atteiofi the scientific community for
decades [5]. In the mid-sixties, Zisman [78] thayloly reviewed wetting, spreading
and adhesion of different fluids on a wide varietysubstrates ranging from low- to
high-energy surfaces. At this point the empiriagakarity betweencosé and the
surface tension of the liquid for low energy sudits was proposed [78]. Between
the seventies and eighties, the invaluable corttabs of Dussan [2] and de Gennes
[3] also led the static and dynamics of the confaw to a different level of
understanding. Dussan proposed the idea of a nompas contact angle at the
vicinity of the triple contact line different frorthe macroscopic one, whereas de
Gennes unified different concepts previously regdrion physical chemistry,
statistical physics and fluid dynamics, for the relegéerization of the static and

dynamics of the contact line.

However, and despite all the work carried out is tbpic, many of the mechanisms
present during static, wetting, or dewetting of teatact line are still not completely
understood. A brief description of wetting phenoménincluded next. On an ideal
substrate and at thermodynamic equilibrium a dtogd@ exhibit either complete or
partial wetting depending on the properties of pirases present, i.e. interactions
solid-liquid, liquid-gas and solid-gas. Typicallyn chigh-energy substrates, like
metals, where surface tension solid-gas is grethn the sum of the other two
surface tensions (liquid-gas and solid-liquid orteg triple contact line is pulled
towards the solid-gas phase and the liquid spreads the surface, i.e. complete
wetting is observed [3]. On the other hand, partietting is reported for an
observable finite contact angle between the sddidid and the liquid-gas interfaces.
Furthermore within partial wetting regime, non-weaijt is associated to contact
angles greater than 90° whereas partial wettingpserved for contact angles ranging
from 1° to 90°.

Additionally, depending on the wettability of thelisl substrate, a surface can be

considered hydrophilic when a water droplet exbilgither complete or partial

13
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wetting (equilibrium contact angles for water bel®@°), or hydrophobic when
equilibrium contact angles are above 90°. Contagteahas been used for years to
characterize the wettability of solid substrate®][7The next figure illustrates
different degrees of hydrophobicity ranging frondhgphilic to hydrophobic (from
left to right):

@)

©

W

Figure 2. 3 — Different fluids on substrates varying in hydnopicity: (a) deionized water-glass, (b)
green pH 7 buffer-silicon, (c) Tiwater nanofluid-parylene and (d) green pH 7 buffeflon.

It is worth noting that slightly different equiliimm contact angles can be observed
when placing the same liquid on real surfaces, dntrast to ideal ones. These
differences are due to the presence of physicahemical heterogeneities or defects
on the substrate such as cavities, bumps or sesatblat lead the equilibrium contact

angle to a range of values between the advancidghenreceding one [80].

In the last century, many studies have been caoigdo try to shed light on the
complex world of wetting and interfacial phenomdieween phases. For instance

different mechanisms have been successfully reppdotenhance the wettability of a

14
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liquid on a substrate such as; the addition ofastaints to a base fluid reported by
Marmur and Lelah more than three decades ago ¢§81he development of anti-fog
and self-cleaning superhydrophilic surfaces [7]. #&ddition, observing and
mimicking the phenomena present in nature haveNethhuis et al.[4] to the
development of new superhydrophobic substratesdbasethe lotus leaf with an
equilibrium contact angle for water greater thaf®.Blon-wetting substrates are also
important for self-cleaning applications or as waépellents for textiles and fibres.

On other hand, other techniques have also beeressfody reported to control the
droplet interface and to modify the extent of wegtiby an external force applied.
Electrowetting [82], dielectrowetting [83], or tlievelopment of new photoinduced
materials [6] are some of the new techniques redofbr the manipulation of the

droplet interface in absence of mechanical parts.

Based on all the latter, understanding wettabdityl spreading becomes crucial for
many industrial and everyday life applications dedpite all the work carried out in
this topic for more than two centuries, the intéoas solid-liquid, liquid-gas and
solid-gas are not completely understood yet andt mibthe scientific contributions

can only be applied to particular solid-liquid ®yss.

2.2 Droplet Evaporation

Evaporation is also a phenomenon of great impogtémcmany industrial or energy
applications such as two-phase heat transfer [Bdduction of steam to power
turbines, drying, or separation processes like nesssfer [85] amongst others.
More precisely, in this work, we are interestedha evaporative behaviour of small
volumes of liquid, i.e. the evaporation of micradidroplets. For such small droplets,
the main forces governing equilibrium contact angle surface tension, heat and

mass transfer, evaporative cooling, convection,cahges in surface tension [86].

Immediately after the deposition of a liquid drdpte a substrate and unless the

atmosphere is saturated, a droplet will experiesgme evaporation, i.e. liquid

15
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molecules are subjected to a phase change fromd jgdnase to gas phase, and heat is
removed from the substrate. This loss of mass expead by the liquid phase due to
evaporation is observed as a change in dropletl@refther by a decrease in contact
angle, a reduction in base radius or combinatiobath, depending mainly on the
nature of the substrate. The different evaporatemimes proposed by Picknett and

Bexon [8] are gathered in Figure 2. 4.
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Figure 2. 4 — Different evaporative regimes depending on diteine of the substrate and the fluid

either at (a) constant contact radius (CCR), (lmstant contact angle (CCA) or (c) mixed mode [39].

It was more than three decades ago when the ditfeegaporative regimes,
presented in Figure 2. 4, were observed [8], ajhatiwas not until few years later
that the evaporation mode was linked to the wethiabaviour. Birdi and Vu [10],
identified different evaporative modes dependinghmwettability of the substrate,
i.e. a droplet evaporates differently on a hydrbplsiubstrate than on a hydrophobic
one . Typically on hydrophilic substrates, dropeaporation proceeds at constant
contact radius (CCR) leading to a steady rate apesation over time, this being
greater for bigger droplet radiuses due to diffnsioiven evaporation as reported in
literature [9, 14]. The constant rate of evaporajwoposed for droplet evaporation

at CCR was further supported by the work of Panetaal. [16] where a linear
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decrease of mass in time, for droplets evaporatin@CR, was tracked using a
microbalance. It is worth mentioning that the lineglationship between evaporation
rate and the radius of iodine spheres was alreadgrted by Morse more than a
century ago [87]. On the other hand, on smooth hydrophobic substrates a
different evaporative regime is reported. In these; contact radius decreases
monotonically and contact angle remains constai@ACleading to a non linear
evolution of mass or volume loss in time as rembiteliterature by Mc Hale et al.
[88] and Erbil and co-workers [13].

Of great importance is also the contribution of Bmms-Monnier and Shanahan [11]
who thoroughly studied the evaporative behaviourtwbd different fluids on
substrates varying in hydrophobicity and four diéf& stages of evaporation were
identified. During the first stage, features of tireplet remain nearly unaltered since
the surroundings are saturated with the evaporaliqugd and practically no
evaporation takes places. Once the atmospherd sahoated any longer, a decrease
in both contact angle and height of the droplea¢oount for the volume of liquid
evaporated is noticed. Third, and depending onstlistrate, base radius decreases
while contact angle remains constant, and last,ntireed evaporative behaviour
observed by Picket and Bexon [8] where both cordagte and base radius decrease
in time, until the complete vanishing of the drapsefound [11].

Attending to droplet lifetime, this latter certainlepends on the evaporative mode
either at CCR or at CCA dictated by the hydrophibpicf the substrate. For a given
droplet volume, evaporation on hydrophilic substsgtroceeds quicker due to lower
equilibrium contact angle and therefore greaterebaslius than that adopted on
hydrophobic ones. Since evaporation rate is propwt to the base radius, shorter
timescales are observed for droplet evaporationhydrophilic substrates when
compare to low energy ones, as reported by Shanahah. [89]. This is also
consistent with the work of Chandra et al. [90] vehdor a given droplet volume,
quicker evaporation was reported when using swafastdue to induced spreading .
It is worth noting that irregularities and defecis the substrate play an important
role in droplet evaporation. These heterogeneittes suppress, partially or

completely, the dynamics of the contact line onrbptiobic substrates if roughness
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and defects are great enough. The evaporation eérwan superhydrophobic
substrates at CCR mode has been further addregsgelterblom et al. [91].

From the theoretical point of view, a diffusion nebdo account for the transport of
vapour molecules from the surface of a spheriogplét towards an infinite medium
analogous to that of heat diffusion, was also psedoby Maxwell long time ago
[92]. Almost a century later, Fuchs [93] confirmildxwell equation for stationary
evaporation of millimetre sized spherical dropleish radii bigger than the mean

free path of that of the vapour molecules, andais @iven as Equation 2.2:

—%—rtn =-47/RD(c, - c,,) (2.2),

where —dnydt is the loss of mass in timd} the spherical droplet radiu®) the
diffusion coefficient, andc, and c, the vapour concentration of saturation and that

of the infinite medium respectively.

Thereafter Picknett and Bexon [8] tackled the noamplex problem of evaporation
of a liquid droplet wetting a solid substrate. Acdgase in the rate of evaporation was
observed due to there is lesser liquid-gas interfaea sensitive to evaporation when
compared to that of a sphere, i.e. smaller surdaea for the diffusion of the vapour
molecules. This reduction in evaporation rate waslelled by introducing a factor,

f(6), analogous to the one used for obtaining the relsEtic potential of an

equiconvex lens. Mentioned factor is function othoalroplet contact angle and

radius of curvature [8]:

—(Z—T:—MRD(CS—cm)f(H) (2.3).
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Bringing together all the findings reported in ttegbsection, it is evident that
evaporation of sessile droplets depends stronglyhenevaporation mode either at
constant contact angle or at constant contact sadictated by the dynamics of the
contact line, and these in turn depend on the eaifithe substrate and the fluid, i.e.

substrate wettability.

In this thesis the dynamics of dewetting are tatkieterms of competition between
pinning forces anchoring the contact line to thiessate in one hand, and depinning
forces due to the free energy gained by the drdpkeiughout evaporation on the
other, which is included in Chapter 4 of the présiesis [58]. Uncovering the

interactions and interfacial forces between thdembht phases (solid-liquid-gas)
present during wetting and dewetting of evaporatraplets is of great importance

for the complete comprehension of surface-basedgrhena.

Once introduced the different mechanisms repontelitarature for the evaporation
of pure fluids on solid substrates, an overviewtt® mechanisms present during
evaporation of volatile droplets containing paggin suspension is included next.

2.3 Evaporation of Colloidal Suspensions & Nanofluids

Colloidal suspensions can be defined as a disg#rase of solid particles in the
micrometer range homogeneously mixed in a contiaunadium or base fluid. This
description was introduced more than 150 yearsbggbe Scottish scientist Thomas
Graham [94]. Colloidal suspensions are also fouhdraund us. Inks, paints, milk,
tea, coffee, or blood, are some of the most comax@mples of these suspensions,
which have been proposed for many industrial, fpomtessing, self-assembly [26],
pharmaceutical or biological applications [5] sashDNA stretching [14, 33] or as
diagnosis tools [95]. Despite the numerous apptioatwhere colloidal suspensions
can be implemented, in this work we are more isteceon the science underpinning
the mechanisms by which particles remain in suspensnteract with the solid

substrate or organize at the TCL.
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Figure 2. 5 - Examples of deposits after the complete dryeddiifferent colloidal suspensions:
blood serum [96], blue ink, Tinhanoparticle deposits [97] , Si@anoparticle deposits at the
macroscale, order -disorder transition at the T€loocron-size spherical particles [98], cDNA

microarray [99], and the well known coffee ringista

It is predictable that the presence of particleditierent shapes and sizes dispersed
into a base fluid modifies the properties of thitela enhancing thermal conductivity
[100], increasing viscosity (predicted long ago Bynstein) [101], changing
refractive index, or altering the evaporative bebaxy, when compared to the pure
fluid case [27, 46]. In this thesis special intéreas been paid to the macroscopic
evaporative performance of the droplet profiles tmthe accumulation of particles
at the TCL [58]. The latter essential to understdredinternal mechanisms governing
the patterns and deposits left during and after dbmplete dry-out of a droplet

containing colloidal particles in suspension [97].

The relatively recent interest in the evaporatiboadloidal suspensions has stemmed
mostly since the work of Deegan et al. [28] anddhelogy between evaporation of
colloidal suspensions and the coffee ring staih ddfer the complete dry-out of
coffee . It is foreseen that the evaporative behavof such suspensions becomes
more intricate than theimplevanishing of the base fluid, and despite all thekwo
carried out on this topic during the past years, diifferent interactions; particle-
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particle, particle-fluid, particle-substrate anduidksubstrate are not yet fully
understood and there is still considerable knowdetty be gained. Studyinfjee

evaporation of these suspensions potentially psrtheeunderstanding of the internal
mechanisms governing the motion of particles duewgporation. These patrticles in
suspension have been reported to have a big ingmatite dynamics of the contact

line and for self-assembly [26, 27, 36].

The heuristic problem of particle deposition follog free evaporation was tackled
for the first time by Deegan et al. [102], who deped a mathematical model to
demonstrate the averaged radial flodv, and the velocityyv, with which colloidal
particles move from the bulk of the droplet towaadself-pinned triple contact line.
In essence, for volatile droplets, there is a fapigward flow from the bulk of the
droplet towards the TCL to replenish the liquid pwated named capillary flow
[102]. Capillary flows govern the internal flow gdfarticles in suspension and
therefore the macroscopic behaviour of the conliaet Since evaporation takes
place mainly at the TCL [14], particles homogend&pssspended are dragged from
the bulk towards the contact line prompting theuamglation of solute at the edge,
thus hindering the receding movement of the coniae27, 28]. The induced radial
outward flow and the accumulation of particles la¢ tdroplet edge, besides the

evaporative flux at the droplet surface are inctlioleFigure 2. 6 (b):
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Figure 2. 6 — (a) Schematic representation of the evaporag@aviour of a droplet containing
colloidal particles on hydrophobic and hydrophdigostrates [57] and (b) evaporative and capillary

flux presented on the work of Deegan et al. [28] .

Equation 2.4 describes the radial outward velocity, based on an vertically

averaged radial flow [102]:

oty =L (), ,on
v(r,t) = prhjdrm J(r,t) 1+(arj +p (2.4),

whereh is the position of the liquid-gas interfacé, the mass flux in Kg-fits, r the

radial position, ando the fluid density. The main mechanism of transpdrsolute

towards the contact line is then identified.

Thereafter, Hu and Larsson [14] supported and ceteglthe observations proposed
by Deegan et al. [102] for the evaporation of pthsessile droplets. These authors
developed an analytical model, function of contaugle, for the description of the
nonuniform distribution of both vapour and evapeatflux at the droplet surface
during droplet evaporation. A good agreement betwde proposed analytical
solution, a finite element method (FEM) model arnxpeximental results was

reported [14]. In consequent publications, the samghors proposed and
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demonstrated a lubrication theory to describe #leocity fields within the droplet;
first, in absence of Marangoni stresses [103] &wizd, in presence of these stresses
due to surface tension gradients caused mainly byomuniform temperature
distribution along the droplet interface [18]. lasvfound that coffee ring patterns are
a combination of; pinned contact line, accumulatdmparticles at the triple contact
line and low recirculation of fluid within the bulif the droplet, i.e. low Marangoni
flow [104]. Theoretical and experimental contrilaus arising from the work of both
groups, Deegan’s and Hu and Larsson'’s, resultadl tedvards a better understanding
of the mechanisms governing the internal motiobath particles in suspension and

liquid molecules during droplet evaporation

At this point, the addition of colloidal particlés a base fluid certainly modifies the
evaporative behaviour of the pure fluid offering attractive, efficient and costless
mean to create desired patterns udneg evaporation. It is worth mentioning that
evaporation of colloidal suspensions and pattemeated depend on the specific
system studied, i.e. size, shape, concentratiomnahde of colloidal particles, type

of fluid, characteristic and nature of the substrand properties of the surroundings.

More recently current advances in miniaturizatiord ananufacturing techniques
have led to the fabrication of novel nanoscaleipaetes, that added to a base fluid
constitute a new class of colloidal suspensionted¢ahanofluids [41, 42]. These
nanofluids have been reported to exhibit uniquentla¢ electrical and mechanical
properties. In addition a different evaporative dabur when compared to those of
the base fluid or of colloidal suspensions was ofege Addressing the dynamics of
the contact line for these suspensions can heggpumdate the different mechanism
controlling the interactions particle-particle, fee-fluid, particle-substrate, or
fluid-substrate, the latter of great importance ttoe reproducibility of the deposits

and patterns formed after the complete dry-ouhe$é¢ nanoparticle-laden liquids.

Using video microscopy, Wasan and Nikolov [44] alied for the first time the
ordering of nanoparticles at the triple contactelirMentioned ordering of the
nanoparticles increases the disjoining pressutieeal CL, thus enhancing the extent

of spreading of these nanosuspensions when compardte base fluid. Another
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imaging technique such as optical fluorescenceasampy led Wong et al. [105] to
visualize three different rings according to siaad nature of three different biologic
substances. On other side, using atomic force stomy (AFM), Askounis et al.
[97] demonstrated the patterns and deposits lefhguhe evaporation of colloidal
suspensions and nanofluids, which are closely &sgsoc with the evaporative
behaviour at the macroscale [106], the latter goe@rby the type, size and
concentration of the particles present in the bulBased on all the later, the
combination of different techniques at the nanoigroa and macro-scale becomes
crucial to understand and control the depositsrfany biological, industrial, medical

or pharmaceutical applications [107].

When looking into the evaporative behaviour of ¢heevel fluids at the macroscale,
different regimes of evaporation have been repodedending on nanoparticle
concentration. On an ideal, smooth and solid satesta nanofluid droplet may
evaporate at CCR if the concentration of partieeedigh enough to prompt the
complete pinning of the contact line, leading togrlike but homogeneous stain
[107]. On other hand, “stick-slip” of the contaatd and a set of eccentric rings,
preferentially pinned on one side, were reportedMuffat et al. [106] for the
evaporation of 0.1% Ti@ethanol nanofluid droplet on hydrophobic substateast,

if the concentration of nanoparticles is decreasather close to 0%, similar
evaporative behaviour to that of the pure fluidecagth a decrease in the intensity of
jumps and rings is observed on both hydrophobic laydftophilic substrates [58].
The connection between evaporative behaviour amsbpeaticle concentration is
further discussed in Chapter 4 of the present work.

The different evaporative regimes described abodketlae patterns left depending on

nanoparticle concentration are shown in Figure 2. 7
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Figure 2. 7 —Qualitative evaporative behaviour and patterfisaféer the complete evaporation,
depending on nanoparticle concentration, obserueidig this experimental research. (a)
Homogeneous deposit, (b) “stick-slip” behaviour écida dot-like deposit.

The potential of controlling the patterns left thghoutfree evaporation is evident. It
is worth mentioning that Maenosono et al. [108] ceeded in reproducing
nanometre size arrays lixee evaporation of CdS and CdSe/Cd nanoparticles, only
two years after the analogy established betweepagation of colloidal suspension
and that of the coffee ring stain . On other hairdplet geometry was successfully
proven to separate and concentrate three diffdériefdgical substances by size due
to the curvature of the meniscus followirigee evaporation [105]. This size
segregation represents potential applications asiterseparation and concentration
for nanocromatography purposes. In addition, aintmginderstand how colloidal
particles in suspension perform and organize dugwgporation, led Askounis et al.
[97] to investigate the deposits left after the piete evaporation of a Tiethanol
nanofluid droplet using AFM. A peak of 1 micron hignd 5 microns wide was
imaged and a deposition theory that agrees faidly with experimental results was
also demonstrated (see Chapter 5). On the sameflinesearch, Marin et al. [98]

visualized the advective motion of particles atvlenity of the triple contact line, in
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this case using microparticle image velociigP(V ). In addition, analysis of the

deposits scanning electron microscopy (SEM), pteseman ordered region in a
square and hexagonal fashion at the contact liae @tiolved into disorder when
moving towards the centre of the deposits. Thisrdisr region agrees with the high
advective velocities found for the last period whgoration named “rush hour”. All
these studies aim to fully elucidate the phenomeamderpinning the evaporative
behaviour of colloidal suspensions and nanofluittyjng to understand the
reproducibility of the patterns, and to control thleposits left throughout

evaporation.

On other hand, since coffee ring stain is undesmedany industrial and biological
applications [102, 105], in the past decade, thgpmassion of this coffee ring stain
has been thoroughly investigated. Hu and Larsod][%@&re the first ones to report
both experimentally, using fluorescent tracers, gnedretically that high Marangoni
flows within the droplet can certainly reverse titdfee-ring stain . Bhardwaj et al.
[38] looked into the different deposits left aftiie complete evaporation of TiO

water nanofluids at different pHs. Uniform layenffee ring, or a bump in the
centre; were the types of structures found depegndim the different electrostatic
interactions and van der Waals forces altered whedifying the pH. Other authors
reported the suppression of the coffee ring stginding different shapes of particles
dispersed. A more homogeneous deposit rather ttmadcumulation of particles at
edge (coffee ring) was observed when using ellgsaand spherical particles
respectively [56]. In addition, Eral et al. [66, 9Q0successfully reported the
suppression of the coffee ring stain under altermatrrent (AC) electrowetting

conditions applied to a droplet containing polyste particles in the micrometer

range.

It is clear then that the addition of nanopartittea base fluid changes the dynamics
of the contact line and the deposits found at treeroy, micro- and nanoscale
depending on the evaporative mode reported; conetemact radius, “stick-slip” or
constant contact angle mode. In Chapter 4 and €h&pan attempt to underline the

most important mechanisms governing wetting andpenation of pure fluids
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besides the more complex evaporation of fluidsnasih nanoparticles is included.
Special attention is paid to the understandingos¥ hanoparticles organize and self-

assembly durinfree evaporation.

2.4 Electrowetting

Although the interplay between liquid interfaced aglectricity was observed by
Gabriel Lippmann in 1875 [61], the ability to preely manipulate and control small
volumes of liquids without requiring mechanical fgahas received important
attention in the past decade [59, 60]. Optical #eee [110], microheaters and
patterned surfaces [111], acoustic [112] or elettemnical means [113], and
electrowetting (EW) [59, 60], are some of the nresent techniques investigated for
the manipulation of fluids without mechanically nimy components. Amongst these
latter, EW has been proposed as one of the moshigirg techniques for the
manipulation of droplet interfaces for optical posps [63, 82, 114], microfluidic
applications [62], internal mixing [64], suppressiof the coffee ring stain [109],

droplet surgery [65] or for the harvesting of eryeir@m mechanical sources [115].
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Figure 2. 8 - Optical tweezers [110], electronic paper [11&h-on-a-chip [2009 Finalist: Art in
Science Award], water droplet as a lens [photogr&adi Fishel], variable-focus liquid lens [117],

coloured pixels [114], electrowetting on paper [[LlA8d hydrodynamic flows [68].

The versatility and effectiveness, with which EW& lieeen recently implemented in
many research disciplines make this technique d&racéive mean for the
manipulation of the droplet interface and the aonwf the deposits following
evaporation under an external force applied. Thémeough study of the dynamics
of spreading/receding of the contact line [119] wsll as investigating the
mechanisms present during the evaporation of natideadaden liquids under an
external voltage applied [120], are expected ta dhether light on the interactions
particle-particle, particle-fluid, particle-subgsga and fluid-substrate, under an

electric field applied .

Typically when an external voltage is applied todi@plet the thermodynamic
equilibrium is further altered, the interfacial $gon solid-liquid is modified and the
substrate becomes more hydrophilic, i.e. contagleadecreases and contact line

spreads. The interplay between electrical and leapilphenomena was firstly
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observed by Gabriel Lippmann [61] in 1875, who dasimted the accumulation of
electric energy at the solid-liquid interface. Thscumulation of energy or induced
surface charge densityq, was proven [61] by applying Laplace equation,
thermodynamics (principle of minimization of Gibldsee energy [121]) and
electrochemical (Helmoholtz layer capacitance petr @f area) principles leading to

-q=0y/d¢, where y is the interfacial tension and is the electric potential or

voltage across the interface, henceforth refermechgV . Then integrating this
accumulation of energy at the interface and combitti with Young-Dupré equation
(Equation 2.1), the well-known Young-Lippmann edpmatfor sessile droplets,

Equation 2.5, is demonstrated:

2
cosd(V) = cosb, +%£ryg—°:j/ (2.5),

lg

where 6(V) is the contact angle under an applied voltage g, is the equilibrium
contact angle,g, and &, are the permittivities of the material and of frggace

respectively, andl is the thickness of the electrode.

On other hand, electrowetting problem can also jperaximated following and

electromechanical approach at the droplet surfduéevinterfacial tensions remain
unvaried. Mugele and Buehrle [122] demonstratedeffect of electric fringe fields

at the vicinity of the contact line resulting inaldvell stresses pulling the triple
contact line outwards. At this point, a differetiba between the microscopic or
local contact angle governed by interfacial tensions iaddpendent of voltage, i.e.
Young's angle, and the macroscopicapparentone, which is well predicted by the

Young-Lippmann equation was essential.

Although electrowetting phenomenon has been widehgstigated during the past
two decades, at the present there are still soreeiapfeatures that need to be

elucidated. Contact angle saturation, deviatiomfthe Young-Lippmann equation
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when studying ionic fluids, suppression of contaogle saturation when using
dielectrowetting, or enhancement in spreading lioid$ laden with particles under
an external electric field applied are some of pgieenomena that need further

investigation.

Regarding contact angle saturation, i.e. no furitfeange in contact angle when
increasing the voltage takes place; different wdnkse been presented to try to
explain this limitation. Quinn et al. [123] propalsa thermodynamic limit of stability
related to the properties of the materials wheee itlterfacial tension solid-liquid
must always be positive. This approach was inctersisvith the electromechanical
approach described by Mugele and Buehrle few ykdes [122]. Other authors
pointed towards very strong electric fields thaemome the insulation capacity of
the dielectric, like Papathanasiou and co-workef® vgucceeded in measuring
leakage currents on the dielectric layer [124]. lignto understand the physics and
mechanisms involved during contact angle saturatibcHale et al. [83] proposed
the use of a nonuniform electric field, dielectroptsis (DEP) to manipulate droplets
of nonconductive liquids. While some authors regartontact angle saturation at
60°, McHale and co-workers managed to decrease ctmact angle under
electrowetting conditions down to 20°, due to tkergetry of the electrodes and the
type of electric field applied.

When comparing electrowetting performance betweéferdnt fluids, it has been
reported that ionic fluids and nanofluids behaveligatively, in a similar way as the
pure fluid. Although in some cases, there is a ttadive deviation from the features
predicted by the Young-Lippmann equation (Equads). Dash et al. [125] were
the first ones to study electrowetting of, Be&; nanoparticle suspensions observing
different electrowetting behaviour when comparedbtoc liquids. An enhancement
in stability and the absence in contact angle asitur for these novel fluids, for the
range of voltages tested, was found. Other autliiaesMillefiori and collaborators
[69], investigated the electrowetting behaviour @iafferent ionic liquids observing
quantitative differences between these ionic liguahd the Young-Lippmann
equation. Differences in electrowetting performamneere explained in terms of;

lower efficiency, different behaviour when compagrianionic or cationic fluids, and
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asymmetry between positive and negative voltageotBer hand, Roques-Carmes et
al. [126] looked into the electrowetting behaviaefr quantum dots dispersed in
water, observing, also, a quantitative deviatia@mnfrthe Young-Lippmann equation.
In this particular case, an enhancement in eledtiing behaviour, i.e. greater
changes in contact angle were observed for thasgsnapensions when compared to

the pure fluid case.

In addition, electrowetting on dielectric (EWOD)bstrates has been proven to
provide a superior performance than traditional EMdstrates. Initially designed to
separate the planar solid electrode from the canaudiquid to block the direct

exchange of electrons and thus preventing eleci)lfWOD substrates have also
been demonstrated to require very low-actuationtagels when compared to
traditional EW substrates [127]. An insulating lapé an amorphous fluoropolymer
(aFP) is deposited over the conductive electroddecong the hydrophobicity and

insulation properties required. This relatively neancept of EWOD substrates has
driven recent interest in studying different configtions and materials, aiming to
obtain substrates with high dielectric constantsl @ood performance against
dielectric breakdown [128, 129]. When studying EWOBasic principles of

electricity can be applied to account for the c#tpaces of the electrode and that of

the insulating material [129].

Despite the interest on controlling droplet intedanainly for optical applications,
uncovering the internal mechanisms present dutiegeiectrowetting of colloidal
suspensions has received special attention in dsefpw years. Understanding the
mechanism controlling evaporation of these suspessiunder EW conditions
definitely represents potential benefits for thenipalation and repeatability of the
deposits left by drying. Ko et al. [68] reporteddngdynamics flows inside a droplet
containing fluorescent polystyrene particles of /2n in diameter at different
alternate current (AC) frequencies. Thereafter Niigegroup [64] studied the
oscillating motion of the contact line, from high bow contact angle induced by
different AC frequencies. The internal mixing offdient fluorescent particles and

proteins due to capillary waves generated from dbetinuous movement of the
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contact line was successfully proven. Furthermitre suppression of the coffee ring
stain was effectively attained during the drying \aflatile droplets containing
particles in suspension for certain AC frequenaies voltages [66, 109].

In this work we are more interested in the effettdwect current (DC) voltage

applied to microlitre droplets containing nanopaes in suspension. The first
observations regarding the connection between thleasbour of particles in

suspensions and an external electric field apmadbe dated back to two centuries
ago. In 1809, Ferdinand Frederic Reuss [130] oleserthe migration of clay

particles suspended in solution under DC voltageliegh named electrophoresis
(EP). The fundamentals of this mechanism are basetthe surface charge acquire
by particles in suspension when suspended in a pwdgaia. This has been proven
for particles, cells and/or bacteria present impeusion, which are attracted towards
the electrode with opposite charge under an ap@i€delectric field [131, 132].

Electrophoretic deposition (EPD) has emerged fréva éxploration of EP as a
method for separating different particles and deyi€harge or size [67, 132-134]. In
this work, we propose electrokinetic transporthesrhain mechanism for the particle
motion within a droplet rather than advective motdragging the particles towards
the contact line, Chapter 8. Thus uncovering thehaeisms present during the EW
of nanofluid droplets under a DC electric field kg becomes of great importance
for the control and manipulation of the deposit$ teiring and after the complete

dry-out.

2.5 Summary

It is evident that despites all the research cdoigt on the different topics presented
within this thesis, many are still to be elucidatdte interactions and mechanisms

governing the interplay particle-particle, partifieid, fluid-substrate and fluid-gas.

Regarding wetting phenomenon, the development of materials, nanomaterials,

fluids and substrates with novel and modified ptyyshemical properties has led to
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propose new interactions and to reveal novel mashemn between the different
phases present. It is indubitable that wettabpifys a crucial role on the static and
on the dynamics of the contact line during bothtiwgt and dewetting, which

depends mainly on the hydrophilicity of the sulistr@nd the properties of the fluid.
Also wetting phenomenon has been found to be inled by the presence of
particles in suspension. Once again, singulargiess found for a particular solid-

liquid system, which have helped for the charaz&ion solid substrates.

The main evaporative regimes described in this temagepend on the forces
involved during the pinning and the depinning oé tbontact line. Macroscopic
evaporative performance of the contact line has beend to be different depending
on the hydrophobicity of the substrate and alsdhentype of fluid. In the case of
pure fluids, evaporation at CCA mode is reported somooth and hydrophobic
substrates, whereas on hydrophilic ones evaporaggims at CCR and the receding
movement of the contact line can also be obsemaesjuilibrium contact angle is
high enough. An unbalance Young force has beenogexpto explain the pinning

and depinning forces acting at the triple contax bn hydrophilic substrates.

On other hand, the addition of nanoparticles tasebfluid is found to modify the
macroscopic droplet evaporative behaviour. Thecsiring and accumulation of
nanoparticles at the triple contact line due taltzay flows was found to hinder the
receding movement of the contact line. The efféatamoparticle concentration and
substrate hydrophobicity has been systematicallgistl and, the induced intrinsic
energy barrier at the contact line impeding theedaty movement of the latter has
been seized. In addition, the structuring of nanoges at the triple contact line has
been further revealed and a deposition theory thgitees fairly well with

experimental results has been developed. Also Wapogative behaviour at sub-
atmospheric pressures for pinned contact lines been investigated for one
nanofluid concentration and for the pure fluid cddederstandindree evaporation

of these fluids offers potential applications fontrolled deposition and patterning.

The second part of the present work deals with x@ereal force applied to a

nanofluid droplet. Electrowetting has been propoasdne of the most promising
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techniques for the control of the droplet interfagthout requiring mechanical parts.
It has been demonstrated that nanofluid dropletsbeamanipulated in a similar way
as the pure fluid. Since we are also interestedthen study of the complete
evaporative behaviour under an external DC voltagplied, the aims pursued
during this part were two-fold; on one hand underding the manipulation and
control of a nanofluid droplet interface, and oa tither uncovering the mechanisms

present during the complete evaporation of thesddl

The electrowetting of different Tigwater nanofluid concentrations has been seized
and an enhancement in the extent of spreading wirpared to the pure fluid case,
for a same voltage applied, is observed. Adsorptibmanoparticles triggered by
voltage, has been proposed to account for the eehant in spreading observed
and a modified Yong-Lippmann equation where thdasar tension solid-liquid is
modified due to the addition of nanoparticles aottage applied is presented. On
the other hand, the complete evaporative behawbtinese fluids has been studied
attending to both the macroscopic evaporative hehawand the deposits found after
the complete evaporation. More homogeneous depmsitshe absence of stick-slip
behaviour has been observed under an externalgeolégoplied. Electrokinetic
transport of the nanoparticles towards the eleet@idopposite charge is reported as
the main mechanism governing the motion of padictkiring evaporation, in

contrast to the mechanisms reported under AC dondit

The next chapter describes; the fluids studiedpmagdaration method, electrowetting
setup, procedure, and the different techniquess tand approaches, adopted during
this experimental research. Furthermore, additiomedsurements and tools used for

the further characterization of both fluids andsitdtes are included along.
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Chapter 3: Experimental

Techniques and Apparatus
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The growing interest in the complete understandintipe interactions between solid
surfaces and liquids (colloidal suspensions, idigjgids, nanofluids) has led to the
development of novel and more reliable experimemiathods and techniques.
Pendant drop, sessile drop and AFM are the techrigsed during this research, to
shed further light on the binary interactions pmdetiparticle, particle-liquid, solid-

particle, solid-liquid and liquid-gas throughout aperation. In addition,

electrowetting (EW) technique has been implemeidethis experimental research

to study these interactions under an external geltgpplied.

With this aim in view, droplet shape has been awlyat the macroscale and
different evaporative behaviours [135] depending tba hydrophobicity of the
substrate, nature of the fluid, addition of nantipkes, nature of the particulate
material or an external force applied, have beentified. The study of the different
evaporative modes has helped to reveal some ofmnibehanisms present in the
dynamics of the contact line during evaporation @aodaddress the physics of
evaporation further. Besides studying the evapazaiehaviour under an external
voltage applied, the electrowetting/dewetting, spreading/receding movement of
the contact line under an applied voltage, has laéssn sized as change in contact
angle versus voltagey , for the pure fluid case and for different nanoipbe

concentrations.

In order to fully characterize the fluids and ndniafs used during this experimental
research, additional measurements using differecliniques and apparatus have

been also adopted and included in this chapter.

3.1 Experimental Techniques

3.1.1 Droplet Shape Evolution

DSA100 (droplet shape analyser) from Kriiss (GmbainHurgh, Germany) was the

apparatus used to dispense droplets of controliéaime and to capture the droplet
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profile evolution over time until the complete vsiming. DSA100 is equipped with:

an adjustable sample table, a back light, a commatetrolled dosing system and a
CCD camera with a video-digitalized board capalfléransferring a sequence of

images (up to 25 fps) to the PC. On other hand, D&A9 was the software used for
the control of the dosing system, droplet depasjtend to capture and analyze the
droplet profile based on sessile droplet technigkiest, a previously cleaned

substrate was placed on the adjustable sample, tafdea 3 pl droplet was gently
deposited on the chosen substrate using the DSADBhg system and syringe

position. Second, the recording was started andtoug00 frames per droplet

evaporated were acquired and analyzed. Last, doaate, 8, base radiusR, and

droplet height,h, were extracted over time, and plotted using Origin.

All experiments were carried out in a controllechasphere at 20 °C and relativity
humidity ca. 30%, unless stated otherwise. Figuterg&ludes the setup used during
this experimental research, besides a snapshobAfl¥1.9 software to illustrate the
optimum contrast and sharpness required betweegpletrand surroundings. Base

line and droplet fitting are included for compariso

Figure 3.1 - DSA100 from Kriiss consists of: a moveable sarglike, a back light, a CCD camera

and dosing system and DSA1 v1.9 software snapshot.
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Concerning the analysis of the droplet profile, OS¥L.9 software includes five
different methods for the fitting of the dropletagie, although only Tangent Method
1 and Circle Fitting were the methods adopted ligg &nalysis. Typically, Tangent
Method 1 was chosen for the fitting on hydrophdlidstrates whereas Circle Fitting

was used for droplets on hydrophobic ones.

3.1.2 Electrowetting of Volatile Droplets

Aiming to uncover the interactions solid-partickglid-liquid, particle-liquid and
particle-particle under an external electric fiaplplied, a self-made electrowetting
(EW) setup was implemented to the DSA100. Thissetnsisted on a DC power
supply (D100 1), a copper electrode (2t in diameter) and a substrate holder for
the EWOD substrates described in Section 3.2.2¢2ur€ 3. 2 includes the complete

setup used during the experimental research castieoh Chapter 8:

Figure 3. 2 — Electrowetting setup and DSA100. DC power suppdbgitive (red wire) and negative

(black wire) electrodes, substrate holder and EV\0Bstrate are included.

38



Chapter 3 Experimental Techniques and Appar atus

The procedure followed was analogous to the oneribesl in Section 3.1.1
although few intermediate steps were necessarydaful after the deposition of the
droplet. Firstly, EWOD substrate was fixed to thistrate holder using a screw,
with the latter in turn connected to the positiecerode of the power supply. Right
after the deposition of a droplet onto the EWODssr#tte, the negative electrode was
gently immersed into the droplet using the syripgsition control. Video recording
of the droplet profile was initiated and voltageswarned On using a manual switch.

Finally, analysis of the droplet profile was cadri@ut.

3.1.3 High Speed Camera

The dynamics of spreading/receding of the contenet Uunder EW and non-EW
conditions were also investigated. In order to gspthe instantaneous movement of
the droplet interface when an external voltagenigched On/Off repeatedly, a high
speed camera (Mikrotron MC1310 GmbH, Germany) ar tsoftware
MotionBLITZ® (Director version 3.2.0 from Mikrotron), were réd for the
acquisition of up to 200 frames per second. A kghklto achieve the optimum
contrast for the processing of the images wasiaiptemented. The same self-made
electrowetting setup described in Section 3.1.2 usesl. A sketch of the apparatus
and a cross-sectional view of the EWOD substragel ukiring the research carried

out in Chapter 7 can be seen in Figure 3. 3:
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(b)
~ Oroplet
| B
Supmter Flectrod ﬁ SV S . :

Figure 3. 3— (a) 3D view of typical experimental EWOD setiged to capture the instantaneous
movement of the contact line when switching volt@ggOff. EWOD substrate, high-speed camera,
and positive and negative electrodes connectdtktsubstrate are included. (b) Cross-sectional view

of the EWOD substrate and droplet is included.

After the deposition of a droplet and the immersbthe negative electrode into this
latter, up to 15 On/Off cycles were applied usingianual switch (DC step voltage
test). Concentration, voltage, and thickness ofitalating layer were the variables
studied. To analyze the quick electrowetting/dewgttnovement of the contact line,
images were captured using the software MotionB1&Zd processed with ImageJ
to create a video. This video was subsequentlyyaedlwith DSA1 v1.9 software.

Experiments were repeated up to three times forst#tmee concentration, identical
substrate and unvaried voltage. To exemplify thpra@ucibility and consistency of

the electrowetting/dewetting movement of the canliae Figure 3. 4 is included:
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Figure 3. 4 — Contact angle and base radius versus time fonided water at 30 volts during 7

cycles On/Off on Cytog,

3.1.4 Additional Measurements

To further characterize the fluids and substratesduduring this experimental
research, additional experimental techniques adogtel instruments and apparatus

employed are included next.

3.1.4.1 Pendant Drop Technique

In order to rule out any change in surface tenignd-gas, y;, , due to the addition

of nanoparticles to a base fluid, for the low ran§eoncentrations tested, additional
pendant drop experiments were carried out. Thesasunements are based on a
balance between interfacial forces keeping the ldtogitached to the needle and

gravitational ones pulling the droplet down.

FTAL100 from First Ten Angstroms (Portsmouth, VA)sahe equipment used for
the measurements of the interfacial tensions liguais for the different fluids tested

41



Chapter 3 Experimental Techniques and Appar atus

during this experimental research. Up to 3 diffeexperiments were carried out in a

controlled atmosphere at 15 °C for each conceatraind for the pure fluid case:

Table 3. 1 - Average surface tension liquid-gas and standexiation for water and for the following
TiO,-water concentrations by weight: 0.001%, 0.01% @ié6 at 15 °C.

Concentration Water 0.001% 0.01% 0.1%
Vi (mN/m) 73.7 73.2 73.6 73.5
Sandard Deviation +0.5 +0.5 +0.5 +0.5

Table 3. 1 shows no appreciable variation on sartaasion for the low range of
concentrations tested.

3.1.4.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) technique was adoptedharacterize some of the
substrates used during the experimental reseantlectaut in Chapter 4 and, to
image the features of the deposits left after hramete evaporation of a nanofluid
droplet included in Chapter 5. The motivation feing AFM to obtain information
of substrates and deposits, was due to the grealuteon down to the atomic scale in
both horizontal and vertical planes offered by thisvel technique. The equipment
used was a Burker Multimode/Nanoscope lla AFM (BnikSanta Barbara, CA),
with 8 nm radius LTESP Bruker cantilevers with amigal spring constant of 48
N/m and resonance frequency of 190 kHz under tgpmiade (intermediate contact
of the tip with the substrate) in air and at ro@mperature. Thereafter images were
processed using SPIP™ (Image Metrology, Hgrsholemniark). AFM experiments
were carried out by Alexandros Askounis current Rtlident at the Institute for
Materials and Processes at the University of Edigitou
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3.1.4.3 Electrophoretic Mobility (EPM)

In order to explain the more homogeneous depositsid after the complete
evaporation of a nanofluid droplet under DC voltageplied, additional

electrophoretic mobility &, or EPM) measurements of the titanium dioxide ¢)iO

nanoparticles dispersed into water at differentceotrations were carried out. These
EPM measurements aim to experimentally seize tibeur and interactions of
charged particles/cells/bacteria/proteins in susjper when subjected to an external
uniform electric voltage. ZetaPALS or Zeta PotdnAaalyzer from Brookhaven
Instrument Corporation (BIC) and the software Zé&#aP from the same

manufacturer were the means used to obtain thgse

Approximately 1.5 millilitres of the nanofluid wepaced in a cuvette, followed by
the immersion of two parallel electrodes in thigela Electrodes were connected to
the equipment using a wire and both cuvette anctreldes were placed inside the
ZetaPALS. Thereafter an AC (alternate current)tatedield, E, between 6 and 9
V/cm, was applied to the suspension inducing theillasng back and forth
movement of the charged particles. This motiorhefrianoparticles was tracked and
measured by Phase Analysis Light Scattering (PAL&) offers greater sensitivities
than the typical laser Doppler methods [136]. Sgbseatly ZetaPALS software

calculates the zeta potentidl,, of the particles in suspension using either Hlioke

Smoluchowski limits from the experimentally measurenobilities. For each
concentration a total of 20 different measurememi®e averaged. Standard deviation

was also calculated and included in Table 3. 2:
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Table 3. 2 — Electrophoretic mobility and zeta potential ©001%, 0.05% and 0.1% of TjO

nanoparticle concentration by weight in deionizexdes.

Concentration 0.01% 0.05% 0.1%
Hep ((um/s)(V/cm)l) -2.20 = 0.07 -1.65+0.11 -1.6 £0.15
¢ (mV) -43.7+1.6 -39.0+25 -37.7+3.6

3.2 Fluids and Substrates

3.2.1 Fluids

3.21.1 PureFluids

Deionized water was obtained from a Barnstead NANEbDiamond™ Analytical
ultrapure water system with a conductivity of 18@% Q/cm. On other hand,

ethanol, as low surface tension fluid, was purctids®Em Sigma Aldrich.

3.2.1.2 Nanofluids

Nanofluids used in this experimental study werepared following the two-steps

method, where particles in the nanometre rangedaeersed into a base fluid.
Titanium dioxide (TiQ) and aluminium oxide (ADs3) nanoparticles with a typical

particle size of <25 nm and <50 nm respectively evpurchased from Sigma-
Aldrich. Different concentrations by weight wereepared using a microbalance GR-
202 with an accuracy of 0.00005 grams. Thereaftarofiuids were placed in an

ultrasonic bath from Fisher Scientific (FB15047)r feeveral hours until no

agglomeration was observed. All nanofluids wereastinicated for a further hour
prior to the deposition of a nanofluid droplet onsabstrate. No salts, ions or
surfactants were added to the system.
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3.2.2 Substrates

3.2.2.1 Normal Substrates

In order to minimize contact angle hysteresis tiWing properties are required;
ideal, flat, smooth, rigid solid without chemicatterogeneities or surface defects.
Substrates were prepared at the Scottish Micraelact Centre (SMC) as follows:
approximately 1um polymer layer was deposited by spin coating oveoxddized
silicon wafer. After spin coating, annealing wasfpened in a semiconductor
industry standard furnace at 330 °C filled withragen to remove any contaminant.
The polymers deposited were; Teflon and Cytop (perihated polymer consisting
of C-C, C-F, and C-O bonds) considered as hydroghotand GFg
(octafluorocyclobutane) and parylene (poly(p-xyhg® polymer)) which show an

intermediate behaviour.

On other hand, to be able to cover wide range dafabiities, different hydrophilic
substrates were also investigated: glass, bacesiind glass cover slip (thickness of

0.1 mm from TAAB) henceforth referred as glass*.

To illustrate the degree of hydrophobicity, the ielguum contact angle for both
water and ethanol measured on the different substtasted are given in Table 3. 3:

Table 3. 3 - Equilibrium contact angleg,, measured right after the deposition of the drophe

substrate { = 0) for both water and ethanol on different subsgate

Fluid/Substrate | Glass Silicon Glass* Parylene C4,Fg Cytop  Teflon

Water (°) 28 57 71 89 104 110 114

Ethanol (°) - - 10 10 26 41 45
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For the sake of completeness, silicon and Teflobstsates have been further

characterized by AFM technique and results areided in Figure 3. 5:

1hd NH

l‘ 'v

Height (nm)

——PTFE (R _=0.8804)
Silicon (R =0.1231)} 7

T T T T T y T y T
0 5 10 15 20

Position (um)

Figure 3. 5 - Height profiles of “smooth” silicon (thick solictd line) and “rough” Teflon (thin solid
black line) showing the roughness in nanometrest Rean square of both substrates has been

calculated and included along.

Figure 3. 5 includes the height profiles of “smdosiilicon and “rough” Teflon
obtained by atomic force microscopy. Roughness moedn square values are shown
along. It is worth to mention that silicon roughsighydrophilic substrate) is 10
times smaller than that of Teflon (hydrophobic one)

3.2.2.2 EWOD Substrates

EWOD substrates were created by introducing anlatisg layer between the
electrode and the conductive liquid solving theetdysis problem and leading to a
new range of low actuation voltage substrates [1Pfi¢ relevant properties required
by these substrates are; high dielectric strengthragh dielectric constant of the

conductive electrode, besides a smooth and hydloplsulating layer coating the
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electrode that minimizes hysteresis effects, offgzed reversibility and about all

avoids electrolysis.

The fabrication of these substrates was also carmeeit at the Scottish
Microelectronic Centre (SMC) [129] and it can bensoarized as follows. Firstly, a
silicon (Si) wafer was exposed at 950 °C water uapo a high temperature furnace
to create a 500 nm silicon oxide ($)Qayer. Secondly, 500 nm of tantalum (Ta)
were sputtered onto the Si@nd thereafter the tantalum was anodized to grow a
controlled layer of 95 nm of tantalum pentoxide 4%, acting as one of the
dielectrics, i.e. positive electrode. The last duthe fabrication process involves the
spin coating of the electrode using an amorphawsrdipolymer (aFP), in this case
Cytop, to confer good reversibility and the hydrobicity required. Three different
aFP thicknesses were deposited onto th@Jt obtain a 22, 300 and 500 nm Cytop
layer, henceforth referred as CyigpCytopoo and Cytopoo

3.2.3 Chamber

A cylindrical chamber made of stainless steel wssduo conduct experiments in a
controlled nitrogen atmosphere at different subesipheric pressures, besides
impeding the contamination from the surroundingsoTborosilicate small viewing

windows allow for the recording of the droplet pi®inside the chamber. A vacuum
pump, nitrogen and helium supply, besides electiimections were also included in

the construction features of the chamber.

3.2.4 Cleaning Procedure

Prior to the deposition of a droplet, substratesewdeaned by immersion of these
latter in an ultrasonic bath from Fisher Scient{#B15047) containing isopropanol
and for ca. 15 minutes. Subsequently substrates wieised using abundant

deionized water and thereafter dried with a streamtrogen to remove any dust or
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contaminants. Syringes and needles were also waghedously with deionized

water and dried with a nitrogen stream.

3.3 Summary

The various approaches and the combination of iffereht techniques and tools at
the macro-, micro-, and nanoscale that have madsilge to seize the different

physic and chemical interactions during wettinggm@wration and electrowetting have
been included here. In the following chapters, ltssuliscussion and conclusions
regarding the most important findings gatheredrduthis experimental research are
presented next.
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Chapter 4. Effect of Substrate
Hydrophobicity and

Nanoparticle Concentration
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Wetting and droplet evaporation are a phenomenaeptein everyday life and
despites the intensive research carried out indpic, many unknowns are still to be
elucidated. It has already been reported that dte@Maporation rate is directly linked
to the contact line dynamics; either evaporationC&R (pinning) [9], at CCA
(smooth receding) [10, 13] or a mixed evaporatiehaviour can be found, mainly
depending on the hydrophobicity of the substrafie BO]. In this part of the thesis
we take a close look at the dynamics of the coniaetduring droplet evaporation
for different fluids and on substrates varying ydiophobicity, which can help to
uncover the different mechanisms present duringpdiy

During evaporation, there is a competition betwpeming forces preventing the
movement of the contact line in one hand and deminforces arising from the loss
of mass modifying the droplet shape equilibriumtlom other. A simple but effective
theoretical approach based on an unbalanced Yaucg fs adopted to explain the
minimum force for the contact line to depin on gtdies varying in hydrophobicity
[1]. The second part of the chapter involves theitamh of nanoparticles to a base
fluid and the study of both effect of concentratiand substrate hydrophobicity
during the evaporation of these novel fluid whempared to the pure fluid case

4.1 Evaporation of Pure Fluids on Different Substrates

Results concerning the evaporative behaviour ofe pflwmids on very smooth
substrates ranging from hydrophilic to hydrophobg, from wetting to non-wetting
substrates are presented next. Substrates and fhgdwell as the experimental

procedure followed were described in the previdwespter.
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4.1.1 Water

Figure 4. 1 shows the experimental behaviour oplétaprofile portrayed as contact
radius, R, and contact angled, versus time,t, [135] for deionized water on

substrates varying in hydrophobicity:
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Figure4. 1 — (a) Evolution of the contact radiuR, (mm), and (b) evolution of the contact angfe,

(deg), for water on substrates ranging from thetrhgdrophilic to the most hydrophobic.
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From the experimental results presented in Figurd,4two different modes of
evaporation can be identified for water dropletpetdwling on the hydrophobicity of
the substrate. On hydrophobic substrates, i.e. ®Cyod Teflon, base radius
decreases monotonically during most of the evamoravith a sudden decrease
towards the end as shown in Figure 4. 1 (a). Onother hand, on hydrophilic
substrates an initial pinning of the contact liaeJeast during the first 40% of the
droplet lifetime, is reported. Thereafter the pnmnstage, either a continuous or an
interrupted receding of the base radius until tommglete dry-out is observed. On

glass, there is no depinning of the contact linendumost of the droplet lifetime.

Looking at the contact angle, Figure 4. 1 (b),atedu behaviour at least during 80%
of the evaporation followed by a sharp decreas¢éhatvery end is reported on
hydrophobic substrates. In contrast, on hydroplahes, the initial pinning of the
contact line leads to a steady decrease in theacbangle until the contact line

depins.

Regarding the evaporative behaviour, on the modtdphilic of the substrates, i.e.

on glass, since there is no depinning of the cofitae, a constant rate of evaporation
until the complete vanishing of the droplet is nepd [11]. In the intermediate case
where there is pinning (first) and thereafter dapig of the contact line, rate of

evaporation deviates from linearity decreasingrmetdue to a continuous reduction
on the contact radius with time.. On the other hamdhydrophobic substrates, the
continuous receding of the contact line points toua nonlinear evolution of either

mass or volume in time [88, 137]. It is worth ngtithat a smooth receding of the
contact line is reported for the same fluid on @efeven though this latter is almost
10 times rougher than the Silicon used during ¢xigerimental research (see Figure

3. 5). Pinning isot uniquely dependent on substrate roughness.

4.1.2 Ethanol

To support the findings observed for pure watepeexnents using pure ethanol

were carried out on 4 different substrates. Théditon on the number of substrates
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is due to the low surface tension of this fluidesgaling in medium- and high-energy
substrates. Evolution of the contact radi&s, and contact angleq, versus timet,

on: glass*, GFs, Cytop and Teflon are presented in Figure 4. 2:
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Figure 4. 2 — (a) Evolution of the contact radiug, (mm), and (b) evolution of the contact angfe,

(deg), vs. timet (seconds), on different substrates.
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Smilingly to the evaporative behaviour reported fjore water (Section 4.1.1), the
evaporation of ethanol also presents two diffeexatporative behaviours depending
on the hydrophobicity of the substrate, Figure 408 hydrophobic substrates, i.e.
Teflon and Cytop, there is a continuous recedintpefcontact line, almost steady, at
constant contact angle during evaporation, followgda slight decrease and then
increase of the contact angle towards the endeoéWaporative process. This latter is
congruent with the findings reported for pure water ideal surfaces [138].
However, on the other two substrates: glass* ajte, Ghere is a slight drift of the
contact line whereas the contact angle decreasearly. The slight drift of the
contact line during most of the droplet lifetimads to a fairly constant evaporation
rate [89].

4.2 Evaporation of TiO,-water based Nanofluids

It has been widely accepted that the addition abparticles to a base fluid modifies
the properties of this latter. Enhancement in hesatsfer, better conductivity [46],

besides different evaporative behaviour when coetptr the pure fluid are some of
the features reported in the last decade whereflo@sexcel [139]. One of the most
important features of these colloidal suspensienthe difference in deposits and
patterns left during and after the drying of a deapTypically during evaporation

particles tend to accumulate at the vicinity of teatact line, causing pinning, thus

modifying the evaporative behaviour when compaceithé base fluid [102].

In what follows the effect of both nanoparticle centration and substrate
hydrophobicity on the evaporative behaviour is kdk Contact radius and contact
angle are represented versus time for 0.0005, 0.0@D5 and 0.01% TiLwater

nanofluids on silicon as shown in Figure 4. 3.
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Figure 4. 3 — (a) Evolution of contact radiug (mm), and (b) contact anglé, (deg), versus time,
(s), for 0.0005, 0.001, 0.005, and 0.01% of JF¥@ater concentration by weight besides the puiid flu

case on silicond, = 60°).

Looking at Figure 4. 3, a longer pinning of the tamh line when adding small
quantities of nanoparticles to the base fluid isesteed. On hydrophilic substrates,
the initial pinning of the contact line, reported Section 4.1 favours the
accumulation of particles at the triple contace]ithus the complete pinning of this
latter observed for concentrations equal or gretitan 0.001%. Since evaporation
takes place mainly at the triple contact line, dgrihe pinning stage, nanoparticles
deposit at the edge of the contact line acting efeatls or pillars hindering the
receding movement of this latter, as it will be @dded in depth in the Chapter 5.
When decreasing nanoparticle concentration dowd.@005%, the receding of the
contact line is observed, after 70% of the dropifetime, meaning that the amount
of nanopatrticles present is not high enough to renthe complete pinning of the

triple contact line during the dry-out on hydroph#ilicon substrates.
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On the other hand, on hydrophobic substratesCiygop and Teflon, a completely
different evaporative behaviour to that reportedsdicon was observed for all the
concentrations tested. Figure 4. 4 and Figureshdw the evaporative behaviour for
0.1, 0.05, 0.025, 0.01 and 0.001% by weight, basttle pure fluid case on Cytop

and Teflon respectively.
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Figure 4. 4 — (a) Evolution of contact radiu® (mm), and (b) contact anglg, (deg), versus time,
(s), for 0.01, 0.025, 0.05, and 0.1% of J@ater concentration by weight besides the puiid ftase
on Cytop @, =110).
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Figure 4. 5— (a) Evolution of contact radiu®g (mm), and (b) contact anglé, (deg), versus timet,
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From both Figure 4. 4 and Figure 4. 5, differenicethe evaporative behaviour for
TiO, —water nanofluids vanishing on hydrophobic suletraare evident when
compared to the base fluid. The addition of nanig@eas induces a noticeable “stick-
slip” behaviour, where jumps of the contact lined athanges in contact angle,
accordingly, are observed for the range of conedéiotrs tested. This is in contrast

with the smooth receding of the contact line obséror deionized water.

During evaporation, due to capillary flows, nandigées suspended in the droplet
accumulate at the triple contact line hindering tbeeding movement of the latter
“stick” and contact angle decreases to accountHerfluid evaporated. Thereafter
the “slip” or jump of the contact line, and the sequent change in contact angle, is
noticed. This behaviour is continued until the céetg vanishing of a droplet

containing TiQ nanoparticles.
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“Stick-slip” behaviour was already reported infggure for the system Ti&ethanol
although the effect of nanoparticle concentraticaaswot taken into account [106].
Looking closely at Figure 4. 4 and Figure 4. 5utagsteps and terraces of the base
radius together with discrete jumps of the cont@cgle are found to be more
pronounced with increasing concentration as it thasretically predicted [140]. The
transition from the evaporative behaviour of a wal®plet on an ideal, smooth and
hydrophobic surface at constant contact angle ® dghadual increase in the
magnitude of the “stick-slip” steps when increasiogncentration is certainly

noticeable.

Figure 4. 6 and Figure 4. 7 show a comparison katviee different distance jumped
by the contact linedR, and the associated changes in contact ardle,for the
different TiG,-water nanofluid concentrations on Teflon. The ltsspresented were

consistent for five independent observation caroietfor each of the concentrations.
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Figure 4. 6 — Magnitudes of the jumpgR (mm), of the contact line for the different Ti@ater
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are also included.
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Figure 4. 7 - Change in contact anglég (deg) for the different Ti@water concentrations: 0.1%,
0.05%, 0.025%, 0.01% and 0.001% on Teflon. Linesrds for each concentration are also included.

It is clearer now that “stick-slip” performance ahgely depends on TiOD
nanoparticle concentration being more marked whereasing concentration. At the

present, no theoretical explanation to accountttier magnitudes of these steps is

available. Shanahan suggested tHat must scale withR*? for a constant energy
barrier [3, 141], although in the present casedhergy barrier may evolve since
there is a locally increase in nanoparticle conegioin due to the evaporation of the
fluid. Clearly, both the amount of nanoparticles #ime hydrophobicity of the surface
play an important role in the dynamics of the conhtéine. The larger the
concentration of particles the greater the accuniaumaf these latter at the edge due

to evaporation and therefore larger jumps of theaaxt line are observed [102].

The behaviour is consistent since it was found ttiatuild-up of TiQ nanoparticles

at the contact line is proportional to nanopartmbd@centration [97] . Nanoparticles
present at the triple contact line act as irreguégr or defects and the more
nanoparticles the more marked is the pinning of dbetact line. As evaporation
takes place, Figure 4. 4 and Figure 4. 5, contagieaevolves driving the droplet out
of its thermodynamic equilibrium until the interrfeée energy of the droplet is high

59



Chapter 4 Effectof Substrate Hydrophobicity and Nanoparticle Concentration

enough to overcome the energy barrier exerted bynmoparticles and the jump

ensues, as it will be addressed in the next subsect

4.3 Evaporation of Al,Oz-water based Nanofluids

For comparison, the evaporative behaviour ofQ&lwater nanofluids was also
studied on Cytop substrates. In the case gDAhanoparticles, the concentration
required to attain the complete pinning of the aohtine is at least ten fold smaller
than for TiQ nanoparticles. Thus to observe similar “stick“slipehaviour as

presented in both Figure 4. 4 and Figure 4. 5, lemaoncentrations of these
nanofluids were required: 0.01%, 0.005%, 0.001%wjght. Figure 4. 8, includes
the evolution of both contact angle and contaciusadersus time for different

Al,Os-water nanofluid concentrations and for the punelfl
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Figure 4. 8 - (a) Evolution of contact radiu$? (mm), and (b) contact anglé, (deg), versus timet,
(s), for 0.001, 0.005, and 0.01% of,@®k-water concentration by weight besides the purid ftase on
Cytop (g, =110°).

“Stick-slip” behaviour at lower concentrations éported for AJOs-water nanofluids
when compared to Ti@water nanofluids. An longer pinning of the contloe is
observed for the highest of the concentrations aaghreviously pointed out; shorter
jumps of the contact radius and smaller changesoitact angle are noticed when

decreasing nanofluid concentration.

4.4 Interpretation and Discussion

The mechanisms underpinning the behaviour of th@etrcontact line during
evaporation for different fluids and on substratass/ing in hydrophobicity using the
results gathered in the previous section are asedasext.
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4.4.1 Pure Fluids

To elucidate the effect of substrate hydrophobiorythe pinning-depinning of the
contact line, a force balance or an energy minitienaapproach is proposed. Since
contact line remains pinned, at least during th&t fieriod of the evaporation, it is
the change in contact angle, to account for the ddsolume, what drives the droplet
out of its thermodynamic equilibrium. Thus, we try address this force looking

closely at the changes in contact angle.

Figure 4. 9 shows the region at the vicinity of ttiple contact line both at

equilibrium, g,, and after some evaporatiof#, — o6 , at constant base radius:

Air/Vapour

.
g
-
-
-
-
P
-
-
-
-
-
-
s
-
-
-
-
’
-
-
-
-
-
-

(6, - 50)

i

Figure 4. 9 — Schematic representation at the vicinity ofttipde contact line region with the liquid

interface at the equilibrium contact angég, and at a slightly smaller anglgg, - J6) -

Right after the deposition of a droplet on a swdisirat equilibrium, there is a null
force at the triple contact line given by Young'quation (Equation 2.1) and

expressed as Equation 4.1:

Frio = Ve = Vg + Vig €OSE, ~0 (4.1).
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After the deposition of a droplet, contact anglerdases following evaporation and a
net force balance at the triple contact line canchgied out. At this point, a
horizontal force towards the centre of the droglet be quantified as a force per

length, &F ; and usingy, — Ve ~ Vi, COSE,, Equation 4.2 can be demonstrated:

—

o =y, cos@, — db) - y,, cosf, = ,, sing,00 4.2).

Opposing to the force favouring the movement of tomtact line, there is an
intrinsic energy barrierJ , that hinders the receding movement of this laster
reported elsewhere [89, 106]. Taking a differenb&lmentioned energy barrier,

dU /or , the force opposing the depinning of the contaet tan be written as:

‘Z—Lr’ = &F =y, SinG,00 (4.3).

The depinning of the contact line will ocooinly when the Young unbalanced force
at the contact line will be large enough to overeothe intrinsic energy barrier
preventing the receding of the triple line. Thigorously will happen when

0U /dr <JF , i.e. for large changes in contact angle arisiognfhigh initial contact

angles. Thus, the more hydrophobic the substraes#isier for the contact line to
depin like in the case of Cytop and Teflon, whéeis high enough so the required
06 becomes very small for a giveiJ /dr . Although a continuous receding motion
of the contact line until the complete vanishingtioé droplet for both water and
ethanol is observed at the macroscale, microsgopips might be noticed [141]. On
the contrary, for small,, i.e. water on glass and ethanol on botks@nd glass*,

the unbalanced Young's force appears to be inseffi¢o allow for the depinning of

the contact line. The intermediate case is obsefoewvater on silicon, glass* and
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parylene with ag, > Irad where an initial pinning of the contact lirsereported

followed by the depinning of this latter. Depinnifayce is definitely function of the

g, [141]. An analysis of the unbalance forces atttijde contact line before the

depinning of this latter on hydrophilic substratessng Equation 4.3 is presented in
Figure 4. 10:

m Glass*+aluminium (ethanol)
: . : ® C,F, (ethanol)
6 A Glass (water)
e x @ Silicon (water)
& Glass+silicon (water)
« 5 * Glass*+aluminium (water)
o * Paryelene (water)
X
‘= 4 i
3 * d
LL
© 34 .
g [
o
I S S S S S S S S oSO o oo oo oSS S e
2 A
c
£ 14 E
o
)
[m] [ )
0 ] i
T T T T T
0.0 0.5 1.0

COS@U

Figure 4. 10 - The unbalance force right before the depinnihthe contact lineF , calculated
using Equation 4.3 on the following systems: glasgiminium-ethanol, {Fg-ethanol, glass-water,

silicon-water, glass*+silicon-water, glass*+alunimi-water and parylene-water versigsg, -

Dotted line represents the minimum energy requivethe depinning to ensue.

After the quantitative analysis presented in FigdirelO, a threshold value for the

depinning force to surmount the energy barrier rbayestablished asF ~002

N/m. Depinning force is favoured by high equilibricontact angles, the greater the
equilibrium contact angle the smaller the changedntact angle required for the
contact line to recede. It is worth noting the @iéinces in the depinning force for a

similar g, when the material inserted underneath a glass shipe(glass*) changes,
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i.e. glass*+silicon and glass*+aluminium, as shawrFigure 4. 10 and discussed

more in detail by Orejon et al. [58].

4.4.2 TiO,-water Nanofluid

The study of the dynamics of the contact line untter addition of different
quantities of TiQ nanoparticles to a base fluid on silicon, Cytoul areflon is
included below.

On hydrophilic silicon substrate, as included igufe 4. 3, the small addition of
nanoparticles to water, i.e. 0.001% by weight, oefuthe complete pinning of the
contact line during the dry-out. The combinatioranfincreased energy barrier at the
triple contact line due to nanoparticle additiorsides the low initial contact angle

reported on this substrate, maldt$/dr high enough for no depinning of the contact

line to occur. It is of great importance to mentibat decreasing the concentration of
nanoparticles below 0.001%, the number of nanapestiis not high enough to
surpass the energy threshold required for the cotitee to be completely pinned
throughout evaporation. The effect of nanopartbecentration on the pinning-

depinning of the contact line on hydrophobic sudies is also addressed.

On the completely opposite case, on hydrophobicstsates, Cytop and Teflon
(Figure 4. 4 and Figure 4. 5), several pinning-depig cycles, known as “stick-slip”
behaviour of the contact line are noticed for comi@ions equal or above 0.001%.
“Stick-slip” behaviour is more pronounced when gasing concentration as greater
amount of nanoparticles reach the vicinity of tlomtect line increasing the local

energy barrier further. An extra term can be addefiquation 4.3 to account for the

effect of nanoparticles:dF ~ G > AU /0r) g et OU/0r) Then, it is

Nanopartides *
clearer then that the change in contact angle redjdor the jump of the contact line
to ensue will be larger with increasing concentratii.e. the excess of droplet free
energy must be high enough to overcome the enemgyieb exerted by the

nanoparticles and the substrate.
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Based on the evaporative behaviour of these nadsfl an approximation of the
internal free energy required by these dropletsHerjump to ensue on Teflon can be
estimated from the evolution of both base radiud eontact angle presented in

Figure 4. 5 (a) and Figure 4. 5 (b). Two equivakexjressions of the energy barrier

per unit length of the triple contact liné&3 , have been previously derived, Equation
4.5 and Equation 4.6, to evaluate the free eneegyeg by the droplet before the
jump. This energy arises from the unbalanced Yaaurigice, i.e. free energy is

proportional to the energy barrier [141, 142]:

- in® 8, (2+cosd,)(R)?
g5 - 1S 2+ 0D ws)
2
&E:M (4.6).
2(2+cosb,)

The choice of using either Equation 4.5 or Equatiod depends on the data
available from the characterization of the drogdetfile. Since both jumps of the

base radius and changes in contact angle for ffexafit nanoparticle concentrations
are given in Figure 4. 6 and Figure 4. 7 respelstithe intrinsic energy barriers at

the triple line can be calculated using either éignaTo rule out any change in the
interfacial tension liquid-gas due to the additioh nanoparticles, pendant drop
experiments were carried out as explained duringp@hr 3. A constant value of the
surface tension liquid-gas for the low range ofamnirations prepared was found at

ca. 728 mN/m (Table 3. 1). Typical contact radius 13 pl water droplet on
Teflon, §,~114, is ca. 09 mm before the first slip of the conthice. Then

substituting these data and the values obtained ffgure 4. 6 and Figure 4. 7, an

estimation of the energy barrier versus concemwinas presented in Figure 4. 11:
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m  Excess of Free Energy (Eq. 4.5)
5 ® Excess of Free Energy (Eq. 4.6)
Polynomial Fit (Eq. 4.5) °

- — Polynomial Flt (Eq. 4.6)

Excess of Free Energy, 6G (Nx10‘7)

. T . T .
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Figure4. 11 — Excess of free energy(s, for the first jump (N-10) calculated for the different Ti©
water nanofluid concentrations tested on Teflomgi&Equation 4.5 (squares) and Equation 4.6

(circles). Polynomial fits are included to illugearends.

Figure 4. 11 allows for an easier comparison of éReess of free energy versus
concentration before a jump. It was found thatititernal free energy required for
the droplet to move towards a more favourable tlelymamic position is an

increasing function of nanoparticle concentratibarger quantities of nanoparticles
building up at the contact line hinder further tieeeding movement of this latter
[97]. As mentioned previousl, greater changes mact angle are necessary for the
jump of the contact line to ensue when increasimgcentration, as well as greater
jumps of the contact line are observed for highamcentrations. Deposits act as
heterogeneities or defects on the substrate beireptay when increasing

concentration (Chapter 5).

4.4.3 Al,Os-water Nanofluid

The results presented in Figure 4. 8 for differeil,Os-water nanofluid
concentrations on Cytop supports further, the Kssilip” behaviour reported for the

evaporation of certain colloidal suspensions. Farrtiore, the magnitude of contact
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line jumps and changes in contact angle are prigpait to the amount of
nanoparticles present. The higher the concentratiergreater the jumps observed,
which is consistent with the discussion presentedlfO.-water nanofluids. When
comparing Figure 4. 4 and Figure 4. 8, the amotiAl g0; nanoparticles required to
attain similar “stick-slip” behaviour of the contaie to that reported for Tio
water is at least one order of magnitude smalleenBf the concentration of AD;
nanoparticles is ten-fold compared to that of Jli€nergy barriers in the same order
of magnitude are reported. The next figure inclutles excess of free energy
presented in Figure 4. 11 for Ti@vater nanofluids besides the excess of free energy
calculated using both Equation 4.5 and Equationfdr.6Al,Os-water nanofluids at

different concentrations.

Excess of Free Energy TiO -water (Eq. 4.5)

u

® Excess of Free Energy TiO,-water (Eq. 4.6)

A Excess of Free Energy Alzoz-water (Eq. 4.5) T
V Excess of Free Energy ALO -water (Eq. 4.6)
Polynomial Fit TiO -water (Eq. 4.5)
8 = = Polynomial Fit TiO ,-water (Eq. 4.6) -1

Y Polynomial Fit ALO ;-water (Eq. 4.5)
N — = Polynomial Fit AL,O ;-water (Eq. 4.6)

Excess of Free Energy, 5G (Nx107)

0.00 0.02 0.04 0.06 0.08 0.10
Concentration (%)

Figure 4. 12 - Excess of free energy(s, for the first jump (N-10) calculated for the different
Al,Os-water nanofluid concentrations on Cytop and fer different TiQ-water nanofluid

concentrations on Teflon using Equation 4.5 andafiqn 4.6. Polynomial fits are also included.

From Figure 4. 12 it is obvious that the additidrAb,O3; nanoparticles to deionized
water points out towards stronger interactions ketwAbOs; nanoparticles and the

substrate at the triple contact line than on ttse ad TiQ-water nanofluids.
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45 Summary

The dynamics of the triple contact line of volatleplets for pure fluids (water and
ethanol) and for Ti@Qwater nanofluid at different concentrations hasrbstudied on

substrates varying from hydrophilic to hydrophobic.

In the case of pure fluids, a monotonic continuaceding movement of the contact
line was observed on hydrophobic substrates wheng# pinning of the contact
line at least during 40% of the droplet lifetimesna&ported on hydrophilic ones. A
force balance at the triple contact line has beepgsed to explain the forces present
during the depinning of the contact line favouredchgdrophobic substrates.

Experimental results of Tidwater nanofluids on both hydrophilic and hydropicob
substrates showed different evaporative behaviben compared to the base fluid.
Furthermore, a clearer dependence on the evapsrdiehaviour, “stick-slip”
behaviour, with concentration was reported. Usihg troplet profile and an
unbalance Young equation, droplet internal freerggnavas calculated and found to
be proportional to nanoparticle concentration. Jsiimipthe contact line and changes
in contact angle are greater when increasing cdret@n. The latter has also been
proven for the case of ADs-water nanofluids, although in this case similaergy
barriers were observed for lower concentrationserwicompared to Ti©water
nanofluids, presumably due to stronger interactiminthe ALO3; nanoparticles with

the substrate.

Since the macroscopic “stick-slip” behaviour obgseinon hydrophobic substrates is
linked to the eccentric rings observed followingaperation; in what follows, an
analysis into the detail of the deposits using a&ofarce microscopy has been

carried out and a deposition theory is presentatl ne
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Chapter 5: Sructuring of
Nanoparticlesduring Free

Evaporation
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The evaporative behaviour of colloidal suspensemt more specifically nanofluids,
has been under intensive research in the past eecddnderstandingree
evaporation of these novel suspensions: interoals] evaporative mode, effect of
substrate hydrophobicity, besides the interactigo$d-liquid, solid-particle or
particle-particle, can help to shed light on thechanisms that control the deposition
of nanoparticles during the complete dry-out of anafluid droplet. This latter
becomes of great importance for patterning or gartieposition amongst others.
Typically, TiO,-ethanol nanofluid droplets evaporate following icktslip”
behaviour where jumps of the triple contact lin€ () and changes in contact angle
are associated with a set of eccentric rings redoafter the complete evaporation
[106]. Since most of the research carried out is thpic has focused its efforts on
the study of the evaporative behaviour of colloisiaspensions at the macroscale, in
this chapter information of the fine structuringtbf deposits at the nanoscale has
been obtained by atomic force microscope (AFM). pirddile of the deposits is then
coupled with the analysis of the evaporative behaviat the macroscale and a

deposition theory has been developed.

5.1 Evaporative Behaviour

In order to understand the deposits formed durirey dvaporation of a nanofluid
droplet on a flat, hydrophobic and very smooth aef information of the
evaporative behaviour at the macroscale is impbrtanidentify some of the
underlying mechanisms that govern the structurihgamoparticles followingree
evaporation. A 3 ul droplet of Tiethanol, prepared following the two-steps
method as explained in Section 3.2.1.2, was gealgposited on a Teflon substrate.
Thereafter the complete evolution of the dropleffifr was recorded and analyzed
using a drop shape analyzer (DSA100, see Sectiofh)3Figure 5. 1 shows (a) the
complete evolution of the contact angk,(deg), and contact radiu® (mm), vs.

time, t (seconds) and (b) inverted photograph of the saliflace and deposits after

71



Chapter 5

Structuring of Nanoparticles during Free Evaporation

the complete evaporation using a Zeiss Stemi 20@0eg20 miscroscope for both
0.1% and 0.2% Ti@water nanofluids.
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Figure5. 1 — (a) Evolution of contact anglé@, (deg), and contact radiug, (mm), vs. timet
(seconds), for 0.1% Tigethanol and 0.2% Tigethanol and (b) inverted picture of solid substrat

and deposits after complete evaporation.

The evaporative behaviours presented in Figure @) Ishow typical “stick-slip”

behaviour reported recently in literature [106]damhich was predicted long time

ago [141]. Three to four steps, jumps or “slips”tbé TCL and the associated

changes in contact angle, can be clearly identifredrigure 5. 1 (a), which are

supported by the different rings-like stain showrFigure 5. 1 (b). For the system

TiOz-ethanol evaporating on hydrophobic substratesppenticles are also dragged
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towards the contact line, due to capillary flowghvi the droplet to replenish the
liquid evaporated, impeding the receding movemdnthe latter. Contact angle
decreases and droplets gains internal energy thp gnsues. “Stick-slip” behaviour
is consistent throughout evaporation. Looking atékaporative behaviour presented
in Figure 5. 1 (a), it can also be observed thafpiihning of the TCL is not complete;
there is a slight drift of the TCL or “pseudo-pingi together with a reduction in the
contact angle following evaporation. It is worthting the thickness of the outermost
ring being greater for the higher of the concerdrat tested, and that pinning of the
TCL occurs preferentially/initially in one of theraplet side presumably due to

irregularities on the surface.

Evaporation of droplets takes place mainly at td Thducing a capillary flow from
the bulk of the droplet towards the TCL in orderéplenish the liquid evaporated
[28] . In the case of colloidal suspensions, capjllfiows drive both liquid and
particles in suspension towards the triple TCL goong the pinning of this latter
due to the accumulation of solute [27, 102]. Thisuenulation of solute leads to the
build-up of particles at the TCL that might mod#ybstrate properties, acting as
artificial defects, hindering the receding movemeihthe TCL [143]. At this point,
contact angle decreases and the thermodynamialeaquit of the droplet is altered.
The droplet’s free energy is increased due to dralamce Young equation (Equation
4.3) until this energy is high enough to overcoime potential energy barrier for the
jump to ensue towards a more thermodynamic-favderrpbsition as discussed in

literature [141] and already addressed in Chapter 4

5.2 Deposition at the Nanoscale

Information on the structuring and features ofdleeosits at the nanoscale following
evaporation becomes of paramount importance ty fulderstand the mechanisms
controlling these patrticles [107] . AFM offers greasolution, down to the atomic
scale, in both horizontal and vertical planes, lideavisualize the built-up of

nanoparticles. After the complete dry-out of th&%9.TiO,-water nanofluid droplet,
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substrate and deposits were further dried at 10@©°G hours to remove any liquid.
Thereafter the imaging of different areas of theeouost ring was carried out using
AFM. For more information about the experimentalgadure followed, see Section
3.1.4.2. AFM analysis was carried out in collabaratwith Alexandros Askounis

during his MSc at the Institute for Materials antbdesses at the University of
Edinburgh.
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Figure5. 2- (a) 20 x 20m® topography image part of the outermost ring ac@ight (nm) and
width (um) of the profiles extracted from (a). (c) Three dirsional AFM image rotated 180° with

respect to (a).

Figure 5. 2 includes information extracted usingMARnd after processing the
images in SPIP™. Figure 5. 2 (a) includes a 20 x#0 AFM image representing
the topography of the outermost ring depicted iguFé 5. 1 for 0.1% Ti@water
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nanofluid. In Figure 5. 2 (b) different deposit files perpendicular to the ring
presented in Figure 5. 2 (a), white lines, areuded. It is worth noting that the
steeper part in Figure 5. 2 (b) represents theripad of the ring whereas there is a
gentle slope together with terraces when moving outwdid®]. Figure 5. 2 (c)
represents a 3D image of the same deposit showigiume 5. 2 (a) rotated 180° to be

able to observe more clearly the ring-stain deosit

5.3 Deposition Theory

In what follows the organization of nanoparticlesl ahe shape of the deposits found
after the complete dry-out of a pinned volatilepled is addressed. This theory was
developed in association with Professor Martin ESRanahan from the Institut du

Mécanique et d’'Ingénierie de Bordeaux, Universitidordeaux, France.

Considering the evolution with time of contact &jiR, and contact angled,
during a typical ‘stick’ period, Figure 5. 1 (a),ewnote that the former remains
essentially constant, as expected, although treestight, linear drift, whereas the

latter decreases quite markedly, also approximéitedarly. We may rewrite:

R(t) = R - Rt (5.1),

6(t) =6, - 6ot (5.2),

Where R and @ are respectively recession rates of the two paemn(t) and
4(t) , suffix i corresponds to the initial value at the start o$teck’ period, and
time, t, is measured from this same starting point (afséip’). Distance x

represents relative movement of the triple loheing ‘stick’, given by x = Rt .
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Because of the very nature of the ‘stick’ phenonmeri®/ 8 << R, / 8, , although we

may not ignoreR in the following.

A schematic representation of the wetting frontimiyithe ‘stick’ period is included

next.

Liquid

Deioosit

) £ " Solid

Figure5. 3 - Schematic representation of the wetting fromtrdya ‘stick’ period.

The local evaporative current near the triple lidér), given as a mass flux, will
induce an outward advective current in the liquigr) , parallel to the solid surface
[102]. These will be related by (r) =J(r)/sind. We shall assume that this
simplification is valid over an effective, smalharacteristic length, of , or height,
etan@ (Figure 5. 3). We can, at present only surmisé ¢has of the order of 100
nm, or possibly less. This flow will lead to a lolsthp of particles within the liquid
near the triple line, since liquid evaporatingeplaced by liquid flowing in, but the
nanoparticles remain in suspension. Neglectingraagion of the triple line for the

present, over height tang and per unit length of triple line, there is arvedtive

input of Ietan@, wherel is average current, or allowing for an initial fgumass
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fraction of nanoparticles off,, an accumulation rate of suspended solid of

fletand.

Assuming that the triangular region of the liquidrit, denoted by , may be treated

as of constant dimensions and taking as liquid density, it is readily found that the

mass fraction of nanoparticles as a function o&tirh(t) , is given by:

f(t)=f, (1+ Z—‘th (5.3).
pLESING

Local average evaporation currehg tan &, may be estimated from the expression

given by Deegan et al. [102]:
r2 )

in which r is the radial distance from the drop central aaisl the exponent is

represented byd = 05-(6/n), using the apparently superior form for the
exponent given by Hu and Larson [103], is the reference flux at the drop centre,

essentially constant. Allowing for the fact thae tevaporation current here being
considered is near the triple line, in the vicingf/ r = (R- x) where x << R,
expression 5.4 may be simplified and integratioerahe region of extent gives

the local average current:

J = Jo [ij (5.5).

77



Chapter 5 Structuring of Nanoparticles during Free Evaporation

Now, if evaporation is occurring (principally) ovexgion ¢ , in unit time thevolume

build-up of particles (per unit length of triplend) will be approximately
f(t)Je/ ps, where pg represents the effective density of the nanopastin the
configuration adopted in the deposit. Also in utmhe, the triple line recedes by

x = R. Thus, the local height of the deposit}) , will be given by:

f(t)Je

h(t) = o F

(5.6).

Since our experimental observation are spatidberathan temporal, it is convenient

to eliminate time in the above, and replace it lsyahce, since = x/ R. Combining

Equations 5.3 and 5.6, we obtain

h(x) = 128 (142X (5.7).
PsR Ro £siné

Equation 5.7 contains various quantities that aifécdt to quantify, but the
essential feature to explain our results is preSérg height of the deposi, x (, tan
be seen to grow (approximately) linearly with dmta along the solid during the
‘stick’ phase. Examination of Figure 5. 2 (b) susigethat often, if not always, the
deposit is slightly concave towards the liquid siles possible that this could be
related to the form ofJ. As may be seen from Equation 5.5, there i3 aower

dependence to théR/(2¢ Jerm. Sinced increases a¥ decreases, characteristics

of the ‘stick’ phase therd will increase, although rapid perusal shows thecgfto
be slight. This effect may be complicated by ‘laygt of the deposited particles: the
deposits is in fact ‘grainy’ [144].
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5.4 Quantitative Comparison and Discussion

In what follows, experimental results obtained la hanoscale are demonstrated
using the deposition theory developed above. Tawafbr the comparison between
the theoretical profile of the deposits (Equatiorr)5and the different profiles
obtained experimentally by AFM (Figure 5. 2 (b)) whall attempt to quantify the

different variables involved in the theory. Fromtadabtained at the macroscale
(DSA) R and @ are known and the average velocity of the TEL, during the

“pseudo-pinning” of the TCL is ca2.1[10°m/s. Additional experiments on free

evaporation of ethanol yielded an average valughferreference flux at the droplet
centre equal to J, =1500°kg/m?/s. Substituting R, 8, J, calculated
experimentally and different values for the characteristic le@gih Equation 5.5,
the local average currenl can be calculated. In order to obtain the theoretical
height of the deposits versus widthx (for the first ring,J, R, different angles and

radial position &) changing in time during thestick’ period were substituted in
Equation 5.7 and represented in Figure 5. 4. It is worthtioreng that the build-up

of particles, for the first ring, Jum tall after 4 um of deposits took place during the

first ‘stick’ period ca. 50 seconds.
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1400 -
1 —&— Height (Eq. 5.7 (:=80 nm))

1200 4 —&— Height (Eq. 5.7 (=100 nm))
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400
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Figure 5. 4 — Shows height of the deposits,(nm) versus timet (seconds), calculated for the

following characteristic lengthg = 80nm, £ =100hm and ¢ =150nm using Equation 5.7.

To compare the theory presented in Figure 5. 4e eixperimental height profiles
were averaged and plotted in Figure 5. 5 along whighcalculated curves shown in
Figure 5. 4. Calculated trends and experimentafilpsoallow us to estimate the
unknown characteristic lengtle, of paramount importance for modelling the

deposition of these nanofluids during free evaponat
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Figure5. 5— Comparison between experimental and theoretsallts. The curvature of the

predictions stems from a variation f as a function of1(6).

From Figure 5. 5, characteristic length values psa between 80 nm and 150 nm
agree quantitatively quite well with the final azged experimental height of the
deposits. A crude comparison of the experimental #Hreoretical slopes can be

carried out. Theoretical trend, derivingh(x) with respect to x,

2
slope~@~2fi—‘g= 024, is in very good agreement with experimental
dx p, psR°sin@
dh 1 _ .
results,slope~ o ~ 2 025, and we can certainly assure that the theory deeel
X

is able to predict the right profile of the deposit

A plausible explanation for the increase in depbsight for pinned volatile droplets
containing nanoparticles has been proposed althowginformation about what
causes the jump of the TCL after a ‘stick’ periodswobtained. At this point, we can
only hypothesize that due to the relatively higavation of the deposit, it might

interfere substantially with the advective flow, either deviating or increasing the

turbulence of the flow affecting the continuitylimfuid towards the TCLJ .
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5.5 Summary

AFM has been successfully used to identify thecstming of ring-stain deposits

from free evaporation of nanofluid droplets at the nanoscdle, also, report the

formation of steps and/or terraces, which is d ftgygestion towards the structuring
of ring-stains at the nanoscale and provide thst frlausible description of the
mechanism that lead to these resulting structtiresre is a good agreement if not
perfect between theory developed and experimentdilgp presented. Moreover, we
provide a complete description, both qualitativelgd theoretically, of the the
deposition process. Further work to identify thedenying mechanisms for the
abrupt cut off of the advective flow to replenigtetliquid evaporated at the TCL

duringfree evaporation is required.

As included in Chapter 2, heterogeneities on thestsate also might modify the
evaporative behaviour of both nanofluid and puredfl In the next chapter, the
evaporative behaviour of nanofluid and pure flurpdets on rough Aluminium
vanishing at CCR is investigated. In addition, #waporative performance under
different kinetics of evaporation, i.e. differentbsatmospheric pressures, has been

examined.

82



Chapter 6 Evapor ation of Nanofluid Droplets at Sub-Atmospheric Pressure

Chapter 6. Evaporation of
Nanofluid Droplets at Sub-

Atmospheric Pressure
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Continuing with the efforts to expand the underdiag of the mechanisms present
during evaporation of nanofluid droplets, in thisapter a systematic study on the
evaporation behaviour of these novel fluids for ptetely pinned contact lines in a
nitrogen atmosphere at different sub-atmospheriesqures is carried out.
Evaporation at pressures below atmospheric isia tdgreat importance, playing a
critical role in many applications such as separapirocesses, like flash distillation
[145]; to maintain low temperatures on the surfdoeng two-phase heat transfer
[146-148]; or to modify the kinetics of evaporatitor the structuring of particles
[149, 150]. At atmospheric conditions and if thenasphere is not saturated, a
droplet deposited on a substrate will experiencapesation until the complete
vanishing of the liquid. On other hand, if the thedynamic equilibrium of a system
is further altered, for example by reducing pressthre evaporation rate is enhanced
since pressure of the surroundings, i.e. boilingntpas lowered enhancing the
kinetics of evaporation. In this chapter, an expental investigation on the
evaporative behaviour of ADs-water nanofluid at different sub-atmospheric
pressures is carried out and a comparison withbtee fluid is included along.
Rough Aluminium was the substrate chosen sinceaserheterogeneities on the
latter ensure the complete pinning of the contaw for both fluids, i.e. same

evaporation behaviour reported.

6.1 Evaporation Behaviour of Al,Oz-water Nanofluid on

Rough Aluminium

The experimental evaporative behaviour of,@dwater nanofluid on rough
substrates is presented next. Different nanofluddumes, ensuring that droplet
radius was below the capillary length, have beeamdistl throughout complete
evaporation. Figure 6. 1, shows the evaporatioratiehr of 0.1% AJOs-water
nanofluid on rough Aluminium in nitrogen atmospheard at 80 kPa. Linear
regression of volume versus time is included tosillate the constant mass loss

during evaporation.
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Figure 6. 1 — Evolution of contact angleg (deg), base radiusz (mm), and volumey (ul), versus

time, t (sec) of 0.1% AlOs-water nanofluid on rough Aluminium in nitrogen atsphere at 80 kPa.

Looking at Figure 6. 1 it is clear that both namtipke concentration and substrate
roughness ensure the complete suppression of thendgs of the contact line at
least during 90% of the droplet lifetime. With regmthe other two droplet features
represented in Figure 6. 1, both contact angle droglet volume decrease linear
over time as expected [9, 11]. The latter is caanisfor all volumes tested with base
radii below the capillary length. It is worth nagirthat linearity observed for the

decrease in contact angle depends on the initrahcbangle [16].

Additional experiments showed that the concentnatibAl,O3; nanoparticles chosen

was high enough to attain the complete pinninghef ¢ontact line on smooth and
hydrophobic substrates such as Teflon. This medaatsthe constant contact radius
(CCR) mode reported for pure fluids on high-surfaoergy substrates (Chapter 4)
can also be observed on low-energy ones if theerdration of nanoparticles is high

enough. In the particular case of a droplet evapayan a hydrophobic substrate at
CCR, a different evolution of contact angle andd¢fmre a different evaporative rate
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rather than linear has been reported. A more @etaihalysis of this latter is included
in the work of Gelderblom et al. [91].

Since rate of evaporation certainly depends on ldtopase radius, rate of
evaporation, dV/dt (ul/s), versus base radius, for different nandfluroplet

volumes at different sub-atmospheric pressurespgesented:
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Figure6. 2 - Rate of evaporatiorgV/dt (ul/s), versus contact radiuR (mm), for 0.1% AJO;-
water in nitrogen atmosphere at 100, 80, 60, 4pa@d 10 kPa.
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Experimental results show that evaporation rateceses linearly with base radius,
and this relationship is consistent for all sub-@dpheric pressure tested and with the
literature [9, 14]. Evaporation rate is also enlmhovhen working at sub-
atmospheric pressures since pressure inside thrabemnagets closer to the vapour
pressure of the fluid, thus greater driving foroe évaporation to occur. From these
results, linear relationships between evaporaia and base radius for8k-water
nanofluid at different sub-atmospheric pressuredaawn.

6.2 Evaporation Behaviour of Pure Water

Pinning observed in Section 6.1 was due to botgutarities on the substrate and
addition of nanoparticles. On the case of deionwgater, the complete pinning of the
contact line is also reported, in this casely due to substrate irregularities. CCR is
reported for the pure fluid case throughout evapmmaallowing for an easier

comparison between nanofluid and the base fluiduré 6. 3, shows typical

evaporation behaviour of a water droplet on rougimAnium as base radius, contact
angle and volume versus time. Linear regressiorsitow the evaporation rate

behaviour is included along with experimental data.
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Figure 6. 3 — Evolution of contact anglegg (deg), base radiu® (mm), and volumey (ul), versus

time, t (sec) of pure water on rough Aluminium in nitroggmosphere at 80 kPa.

Evaporation at constant contact radius is alsortegdor the pure water case on
rough Aluminium. Contact line remains pinned throogt evaporation and both
contact angle and droplet volume decrease lineasdy time to account for the loss
of volume due to evaporation. Evaporation at caristate is evident. Figure 6. 3
also resembles the evaporative behaviour repootepuire water on very hydrophilic

substrates, i.e. glass as shown in Figure 4. 1.

Since pinning contact lines lead to constant ratevaporation, representation of the
evaporation behaviour for pure water droplets #exint volumes and at different
sub-atmospheric pressures can be carried out.d-@judé shows rate of evaporation,

dv/dt (ul/s), versus radius for deionized water in jgw atmosphere at different

sub-atmospheric pressures:
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Figure 6. 4 - Rate of evaporationgv/dt (ul/s), versus contact radiuR, (mm), for water at in

nitrogen atmosphere at 100, 80, 60, 40, 20, 157 Hid 5 kPa. Rate of evaporation in air atmosphere

is included for comparison.

From Figure 6. 4 it is clear that rate of evaporatincreases fairly linearly with
droplet radius, which is in agreement with therdtare reviewed [9, 14]. As

observed in the previous section, greater evamoratates are found when
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decreasing the pressure of the system, which isistemt for all pressures tested:
100, 80, 60, 40, 20, 15, 10, 7 and 5 kPa, as iedud Figure 6. 4. When comparing
different environments, smaller rates of evaporatice found for evaporation in air
since the presence of water vapour in the environreads to lower driving force
when compared to pure nitrogen atmosphere as glnegubrted by Sefiane et al.
[151]. It is worth mentioning the scatter observdaen decreasing pressure, below
10 kPa, due to evaporation occurring ten to twéolty quicker than at atmospheric

pressure.

Once presented the results regarding the evaporasite for both AIOs-water
nanofluid and the pure water case on rough Aluminait different sub-atmospheric
pressures, a discussion of these latter is caoued

6.3 Discussion

6.3.1 Al,Oz-water Nanofluid

Rate of evaporation divided by the base radiushiesn calculated and represented
versus base radius for each individuaj@water nanofluid droplet. Trend lines

have been included for each sub-atmospheric prssur
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Figure 6. 5 — Rate of evaporation per base radius (ul/s/mpresented versus radiuB, (mm), for

0.1% ALOs-water nanofluid in nitrogen atmosphere at difféisurb-atmospheric pressures (kPa).

The analysis above suggests that rate of evaporatiohydrophilic substrates and
pinned contact line is closely linked to the petieneof the contact line since fairly
constant values of the rate of evaporation per bedies are found. Then for bigger
droplets, greater rates of evaporation are expeaedthese in turn exhibit quicker

evaporation rates per base radius when decreassgyve.
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6.3.2 Water

The same analysis was carried out for the resddtaireed during evaporation of
deionized water. A constant evaporation rate pse badius was found for pressures
above 10 kPa as it can be extracted from the mgutefs:
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Figure 6. 6 —Evaporation rate per radius versus radius (uifg/for pure water case in nitrogen at

different sub-atmospheric pressures (kPa). Resuétsnospheric air are included for comparison.
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Similar findings to those observed for the nanaflaase are also reported in this
subsection. Looking at Figure 6. 6, a fairly consteate of evaporation per base
radius is found for the range of volumes tested anessures above 10 kPa.
Mentioned rate of evaporation per base radius mseeases when decreasing the

pressure of the system.

6.3.3 Comparisson

At this point, a comparison between the evaporataie per base radius of both

fluids in nitrogen at different sub-atmosphericga@res is presented in Figure 6. 7:

0.1
| |
\g "
e
=
=
0
=
® Y
¥ 0.01
@ ]
c
i
=
o
(@]
o
©
>
L
o = Water
C‘E e NF
Linear Flt Water
1E-3 T T T T L T T T T T 1 1 7T
1 10 100

Pressure (kPa)

Figure6. 7 — Log-log plot of rate of evaporation per unitraflius (ul/s/mm) versus pressure (kPa) for
0.1% ALOs-water nanofluid and the pure water case in nitnogfenosphere. Power law correlation

included for the pure water case to illustratedren
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A power law correlation adjusts fairly well to thete of evaporation per base radius
versus pressure for the pure water case. This muadelhelp to predict the time

required for a droplet to undergo evaporation untimplete disappearance for
pinned contact lines and pressures ranging frol@&@tk atmospheric one. Nanofluid
case has been included in Figure 6. 7, for an reasmparison, and no appreciable

change in evaporation rate when compared to the fiuid case is observed.

At this point, it can be stated that evaporatide far pinned contact lines increases
proportionally with base radius and with decreagimg pressure of the system. On
other hand, mentioned rate of evaporation is indépet of nanoparticle

concentration since the same droplet evolutiomsueed due to the features of the
substrate, i.e. roughness. Complete pinning of d¢betact line on both cases
(nanofluid and pure fluid) leads to a practicalignigar evaporative behaviour as it

can be observed from the next figure:
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Figure 6. 8 — Rate of evaporation per base radius (pl/s/mm)base radiuskR (mm), for water (solid
symbols) and 0.1% ADs-water nanofluid (open symbols) in nitrogen atmasphat different sub-

atmospheric pressures.
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6.3.4 Additional Considerations, Pinning of the Contact Line

The evaporative behaviour of pure water on rouglimihium, Figure 6. 3,
resembles the same evaporative mode reported imnided water on smooth glass,
i.e. Figure 4. 1. As it was pointed out the highface energy of the glass substrate
leads to low equilibrium contact angles and toresufficient depinning force for the
contact line to detach. On the other hand, equilibrcontact angle of pure water on
rough Aluminium being ca. 60° (Figure 6. 1) suggékat the free energy gained by
the droplet throughout evaporation will be high egio for the contact line to depin
before the complete dry-out as demonstrated ini@edt4.1. Although, in this case
there is an extra energy barrier due to the preseharegularities on the substrate

impeding the receding of the contact line evenhigh initial contact angles or big

changes of this latter, i.e?.U/ar) > dF . Then roughness of the surface is an

rough_ Al
important parameter ruling droplet evaporation sitiee heterogeneities can be great
enough to attain the complete pinning of the cdriae, evaporation at CCR, even

for really high initial contact angles, cé, ~140° [91].

In the case of ADs-water nanofluids, the concentration of nanopaticthosen
prompts the complete pinning of the contact lineewlcomparing to the base fluid,
although on the case of rough Aluminium the congpp@tning was already reported
without further particle addition. This means tiat further pinning of the contact
line is attained due to the addition of nanopaeticli.e. evaporative behaviour is
undistinguished. It is predictable that if a dragé&pure water evaporates at constant
contact radius on rough Aluminium, a water drogiehtaining particles will be

pinned as well during the whole period of evaporati

Either way, on rough Aluminium, contact line remgipinned during most of the
droplet lifetime leading to constant rate of evapon in time, Figure 6. 1 and
Figure 6. 3 [14, 152].
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6.4 Summary

In this chapter, a comparison between the evaperdiehaviour of AlOs-water
nanofluid and the pure fluid case throughout evajan on rough substrates and at
different sub-atmospheric pressures has been daoug, to try to uncover the
differences between the evaporative behaviour oé pluids and fluids containing
nanoparticles, on both cases for pinned contaeslifhe complete pinning of the
contact line reported for the pure fluid case onogto Aluminium suggests that
nanofluids will evaporate also at CCR. Linear evapion rate is reported for the
vanishing of both nanofluid and deionized waterptits at the different sub-

atmospheric pressures due to evaporation takingp @aconstant contact radius.

When representing evaporation rate per unit of lwadais versus radius, a fairly
constant value is obtained for each of the sub-gpineric pressures studied.
Representing this value versus pressure, a goaemgnt if not perfect following a
power law is reported. Moreover, since either debpvaporative behaviour or
dynamics of the contact line are not modified dgir@vaporation by the addition of
nanoparticles, no appreciable enhancement in drdpgktime in this type of
substrates is observed. On the other hand, on pltimand smooth substrates the
addition of nanoparticles led to faster evaporatiores, which can be beneficial for

cooling applications [89].

The following two chapters of the thesis include #xperimental research carried on
electrowetting of nanofluid droplets. Chapter 7ludes the effect of nanopatrticle
concentration, dielectric thickness and voltage tbe electrowetting-dewetting
movement of the contact line. In Chapter 8 a déffierevaporative behaviour was
observed for nanofluids evaporating under an eateefectric field applied when

compared tdree evaporation.
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Electrowetting has attracted attention of the gdiencommunity during the last
decade due to the ability of manipulating liquidtenfaces without requiring
mechanical parts [59]. An applied voltage to a tebpnay modify the interfacial
tension of this latter prompting spreading [61]pmlet movement [62], droplet
surgery [65], internal mixing [64] or optics [153mongst others . Despite the
intensive research carried out in the topic manstoid are still incompletely
understood, i.e. the electrowetting of fluids diffiet from water or ionic fluids, the
choice of electrodes, type of current, electrolysit€. Motivated by the potential
applications of this technique for the control oflgidal suspensions, in this chapter
the dynamics of the contact line under DC applielfage for TiQ-water nanofluids
and for pure the water case are addressed. Moresgetrowetting-on-dielectric
(EWOD) principle has been proposed for the fabiocadf a new generation of low
voltage electrowetting substrates [128]. Therefarsgt of experiments on different
EWOD substrates varying in thickness of the insudatayer were undertaken to
investigate the effect of an applied voltage on #lectrowetting-dewetting
movement of the contact line for different nanojgét concentrations. An
enhancement in wettability when adding nanopasditbethe base fluid coupled with
voltage was observed and explained in terms oftiaddi interactions between the

particles present and the dielectric substrate uadl@xternal voltage applied.

7.1 Effect of Dielectric Thickness for Pure Water

The effect of different dielectric materials andckmesses on EWOD performance
has already been addressed in literature [129,, Hifhpugh little research has been
carried out on the EW of nanofluids. In order tophiasise the main differences
between the electrowetting of nanofluids and thee gluid case, the analysis of the
behaviour of deionized water on these specific sates under EW conditions
becomes essential. Firstly Cytppvas the substrate studied and thereafter another

two different substrates varying only in amorph@lusropolymer (aFP) thickness as
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explained in Section 3.2.2.2, i.e. Cytggpand Cytogoo, Were investigated in order to

wide this experimental part.

It is well known that the overall capacitance of BWOD substrate depends on the
material properties and the thickness of the dietecthat constitute the substrate.
Then using basic electrical principles where bogtof and TgOs act as capacitor in
series and assuming no evaporation, the Young-Lgppnequation (Equation 2.5)
can be rewritten as [129]:

‘grl‘gr 2‘90 2
ylg (dlgrz + dzgrl)

cosO(V) = cos6, +% (7.1).

where ¢, are the different permittivitiesd; are the dielectric thicknesseg, is the

surface tension water-gas af}j the equilibrium contact angle. All variables are
known allowing for the calculation of theoreticednids ford(V). The experimental
electrowetting contact angle€(V , versus voltageV, on the three dielectric

substrates are shown in Figure 7. 1, along witlorétecal trends calculated using

Equation 7.1:

99



Chapter 7 Electr owetting of Nanofluids, an Amended Y oung-L ippmann Equation
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Figure 7. 1 — Electrowetting contact anglg(v) (deg), versus voltag®; (volts), for deionzied water

on: Cytop, (squares), Cytago (circles) and Cytog, (up triangles). Theoretical trends calculated

using Equation 7.1 are shown to allow comparisofiqdines).

Figure 7. 1 shows that the electrowetting contagfieaunder an applied voltage is
consistent with the features predicted by the Yeuipgpmann equation long time
ago on all three substrates [61]. From Figure Tt dan also be inferred that greater
voltages are necessary for a same observable chang®ntact angle when
increasing the thickness of the aFP, which is cbest with electrowetting equation
presented in Equation 7.1. Similar trends have Ipgeniously reported by Li et al.

[129] for the same dielectric materials but differthicknesses.

These low voltage EWOD substrates require smatitages for the manipulation of
the droplet interface in a similar way than traahial electrowetting substrates, with
resulting in energy savings. On the other hand,ntla@ipulation of the interfacial

tension becomes less precise since the actuatitageaange decreases.
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7.2 Effect of Nanoparticle Concentration

The addition of nanoparticles coupled with elecetumg is introduced in this
subsection. Different Ti@water nanofluid concentrations were prepared dmed t
final contact angle under an applied voltagé/) (deg), was measured on all three
dielectric substrates; Cytgp Cytopoo and Cytopee Figure 7. 2 (a), (b) and (c)
include nanofluid and deionized water experimentdues of (V ) plotted versus
voltage, besides theoretical trends for the puréemaase already presented on
Figure 7. 1. For each concentration and voltagemd@pendent experiments were

carried out,6(V )was averaged, and standard deviations calculateédepresented

as error bars.

(0]
Z
S 95
D

Water Cytop,,
0.001% Cytop,,

0.01% Cytop,,,
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0.1% Cytop,,

Water Cytop,, (Eq. 7.1)
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Figure7. 2 — Electrowetting contact anglg(v) (deg), versus voltag&/ (volts), on (a) Cytop

(squares), (b) Cytap, (circles) and (c) Cytapo (up-triangles) for; 0.1% (filled, dark yellow),0®%
(filled-left, wine), 0.01% (filled-right, blue) an@.001% (filled-up, red) Ti@water concentrations.
Experimental (filled-down, green) and theoreti¢siraight solid line) values for deionized wateg a

included along for comparison .
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Figure 7. 2 suggests that nanofluid droplets camhbgsipulated in a similar way as

deionized water droplets under an applied voltageJower 8(V) when increasing

voltage following Young-Lippmann equation (Equati@rb). The qualitative and

quantitative agreement between Equation 7.1 & experimental values for the

pure fluid case results quite accurate, if not perf&egarding the electrowetting of
nanofluids, an improved electrowettability is neticfor nanoparticle-laden liquids
when compared to thpure fluid case, Figure 7. 2. It is clear then that theorktica
trends presented for deionized water, EquationddXjot account for the addition of

nanoparticles.

Comparing the different nanoparticle concentratioas improved wettability is
reported when increasing concentration from 0.004%.01% and up to 0.1%. It is
worth noting that the improvement in electrowetifibifor concentrations greater
than 0.01% is not as marked as for lower conceatrait The former suggests that
there might be a critical concentration value abatéch no further enhancement in
electrowetting behaviour is observed as nanopartadncentration is increased.
Results presented in Figure 7. 2 are consistergllothree substrates tested and for

all voltages chosen.

7.3 Dynamics of the Contact Line

The dynamics of the contact line during both wettand dewetting of the contact
line, voltage switched On/Off, on the three différsubstrates are presented in this
section. A high-speed camera, described in Seétibi3, was required to capture the
very rapid movement of the contact line, up to 2@@dnes per second. Figure 7. 3
portrays the spreading-receding behaviour of theam radius,R (mm), in time,t
(seconds), for 0.001% and 0.01% 7Fi@Water nanofluids when switching voltage
On/Off. Figure 7. 3 (c) allows for the comparisdrtlee dynamics of the contact line
for a similar displacement of this latter, i.e. ntleal electrowetting contact angle
caused by different voltages applied due to thieriht aFP thicknesses.
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Figure 7. 3 — Contact radius evolutiorR (mm), versus timet (seconds), for (a) 0.001%, (b) 0.01%
TiOx-water and (c) for the same changeRnfor 0.01% TiQ-water nanofluid. AllR profiles were
averaged from the first 7 experimental On/Off shiitg cycles on Cytop (squares), Cytagy
(circles) and Cytogg (up-triangles).

Looking at Figure 7. 3, it is clear that the thieks of the aFP has a marked influence
on the dynamics of the contact line. The spreadiogement of the contact line is
very rapid ca. 0.02 seconds for voltages abovedB8 wn Cytogy, and Cytogoo, as

it can be extracted from Figure 7. 3 and whichoissistent with the work of Shapiro
et al. [155] and that of Paneru et al. [156]. Oa ¢ither hand, for the thinnest of the
aFP the contact line takes ca. 0.1 seconds to riba&cfinal electrowetting contact
angle. When switching voltage Off, droplet shagarres approximately to the initial
equilibrium contact angle, being faster for theckler of the substrates, i.e. Cyigp

It is demonstrated then that the smaller the ctgraoe the faster the advancing-
receding movement of the contact line for theséedigc substrates when switching
voltage On/Off. This latter is in agreement witlpaeitor theory where the greater

the capacitance the longer it takes to dischangey& 7. 3.
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When comparing the same change in contact anglesame displacement of the
contact line, the thicker the dielectric the fadtes relaxation, ca 0.05 seconds on
Cytopsoo as shown in Figure 7. 3 (c). On the contrary,laxadion time in the order
of few tenths of a second was measured on the @bkinof the substrates, Cytop

Intermediate behaviour is observed on Cygep

7.4 Discussion

In this subsection, a closer look at the dynamitshe contact line will help to

address the effect aFP thickness and nanopartoleeatration.

The agreement between experimental results forndmd water on all three
substrates and the predicted behaviour by Equatibnwhere both the effect of aFP
thickness and voltage applied were already takirtg account, is quasi-perfect,
Figure 7. 2. However, Equation 7.1 does not explitake into account the addition
of nanopatrticles yet, requiring additional intetpten of the phenomena governing
the enhancement of spreading for nanofluids coupidid electrowetting, henceforth

referred as®f(V,%). Then we might rewrite:

C 1 E . E LE
K(y ’gri’di): tot — — r1=r2%*0 (721)’
o 2y 2V, (A, +dig,,)
cosf(V,%) = cosf, + K(),, &:,d)) (7.2.2),

where K(,,, €,,d; ) is only function of substrate properties; andd,, and surface
tension of the fluid,),, . Additional experiments of pendant drop includedthe

Table 3.1 showed no appreciable change on surtat®on for the low range of

TiO,-water nanofluid concentrations tested. A consissemface tension of 73.5 +
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0.5 mN/m for both water and Tivater nanofluid between 0% and 0.1% by weight
at 15 °C was found. Moreover, no appreciable chamglee surface tension liquid-
gas or accumulation of nanoparticles was obserwvelgruan applied voltage. Since

K (¥ &q,d;) does not depend either on nanoparticle conceotrati voltage, fixed

values ofK(),,,&,,d, )are calculated and presented in Table 7. 1:

ri?

Table7.1- K (1/volf) values for the different dielectric substrategyirsy in aFP thicknesses.

Substrate Cytopy, Cytopamn Cytopse

K 107 (1ivolt) 3.8 0.4 0.24

The addition of nanoparticles to the base fluidsdoet modify y,,. There is no

accumulation or deposits left behind at the solid-mterface since evaporation can
be neglected due to the short duration of the éxeits and there is the continuous
advancing and receding movement of the contact tla¢ keeps the particles in
suspension. The continuous movement of the cohitectinder AC electrowetting at
high frequencies, in the kHz range, has been reg@s$ a method for preventing the

coffee ring stain [66].

At this point, all variables present in Equatio8.2.with the exception of the surface
tension at the solid-liquid,y,, have been ruled out. Then, at the present the
accumulation of particles at the triple contacelunder an applied voltage cannot be
neglected, in fact, any accumulation of particleshe liquid-solid interface will
modify this latter. This strongly suggests that tggplication of a voltage may
modify y,, thus modifying Young-Lippmann balance and thaefé(V,%). A
similar behaviour was found for tricresyl phosphatkich final equilibrium contact
angle is modified during the spreading of the contne due to the dynamic
molecular orientation of the tricresyl phosphatdeuoles present [157].
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Then, trying to solve the thermodynamic equilibriwsing Equation 7.2.2, when a
voltage is applied to a fluid containing nanopaesc an excess of the internal energy
at the solid-liquid interface is noticced. This egs of energy modifies further the

6(V,%) and the Young-Lippmann equation, which must beriakto account when

working with nanopatrticles in suspensions undeapplied voltage. Joshian Gibbs
[121] proposed, more than a century ago, that ag#an the internal energy of a
system modifies the surface energy of mentionedesysin other words, if the
thermodynamic equilibrium of a droplet is furthdteeed either by a gradient of
concentration or pressure the adsorption of moéscalt the solid-liquid interface
will take place [121, 158].

At this point of the discussion, adsorption of naadicles onto the solid-liquid
interface when coupled with electrowetting is pregm as the mechanism modifying
locally the properties of the substrate, i.e. langits surface tension. This reduction
in surface tension due to the presence of nancfestand an electric voltage applied
offers a plausible explanation of the mechanismegowng the enhancement on
spreading of these nanofluids when compared tobtse fluid. The addition of

nanoparticles under an applied voltage will modifsther y,, henceforth referred as

V4 V,%) and 8(V ,%)is modified as:

— 0,
Sg ysI(V’A)) :COSQ() + AysI(V’OA))

cosaV %) =" (7.3).
ylg y'Q

Revising Gibbs principles and the latest work esdato adsorption of molecules on
solid-liquid interfaces, Equation 7.3 is proposedtlze additional electrostatic term

reducing the interfacial tension solid-liquid arkrefore the finalé(V ,%)in our

case driven by both voltage and the presence obpaticles. An analogous
expression initially proposed by Gibbs [121] anddified in the work of Ward et al.
[158] to express the change in surface tensiag, (V #)the solid-liquid

interface is presented:
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Ay, (V%) = y, Ax AV (7.4).

This is a Gibbs-type adsorption term at the sotiditl interface, in this case,
triggered by a difference of voltag)V, instead of a gradient of pressure or
concentration. Further analysis of the data gather&ring this experimental part

showed an reduction in surface tension when ingrgasanoparticle concentration
proportional tO)(%’ where y is nanoparticle concentration. Since the spreading
the contact line was observed in only one dimensibims self-evident that the
influence of concentration/volume will affect thebic root of the volume, i.e.
i/\7~\/}~)(%. The coefficient A is an empirical value obtained using Maple

software and equal to 0.0045. This empirical vakas firstly obtained from the
experiments carried out on Cytg@nd then extended to the other two substrates, i.e

Cytopsoo and Cytopgoo, With the consequently good agreement.

Then combining Equation 7.1, Equation 7.3 and Hqnaf.4, a revisited Young-
Lippmann expression, Equation 7.5, brings togethereffect of an applied voltage

for fluids containing nanopatrticles:

cosf(V,%) = cos, + 1 £riéioo VZ+ 0.0045)(%V (7.5).

2 (€40, +£,,0,)

It is possible now to calculate theoretical trenids the different nanofluid

concentrations and thicknesses of the a#{¥,%) using Equation 7.5. Figure 7. 4,

shows theoretical trends portrayed&¥ Vé)sus voltage:
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Figure7.4 — Theoretical trends fag(v,%) calculated using the proposed Equation 7.5 argepted

for all three substrates and for the different JFiter concentrations tested; 0.1% (dashed line),
0.05% (dot-dot-dashed line), 0.01% (dot-dashed,lid®01% (dotted line) and for the pure water
case (solid line) on Cytep Cytopg, and Cytogg,.

Figure 7. 4 shows that theoretical trends certdwllpw the features predicted by the
Young-Lippmann equation when including an additloteam to account for the
addition of nanoparticles coupled with electrowgjti To confirm the agreement
between Equation 7.5 and experimental resultsréiieal trends are included next

along with experimental results for all three stdists.
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Figure 7. 5 — Electrowetting contact anglg(v,%) (degs), versus voltag¥, (volts), for 0.1%

(filled), 0.05% (filled-left), 0.01% (filled-right)0.001% (filled-up) Ti@-water nanofluid and for the
pure water case (filled-down) on Cytefisquares), Cytag, (circles) and Cytopg(triangles).

The agreement between theory, Equation 7.5, andriexental results on all three
substrates is satisfactory. The results presemtethé three different aFP dielectric
thicknesses reinforce our conjectures and definéflers a plausible explanation to
how the presence of nanoparticles coupled witht@eetting modify further the
thermodynamic equilibrium and therefore the eleg&iting behaviour.
Nanoparticles under an external electric field egaplwill modify further the
interface solid-liquid due to the additional intetian between this particles and the
dielectric substrate. The analogy between adsarmionolecules at the solid-liquid
interface due to pressure gradients presented bpsGand Ward et al., and the
adsorption of nanopatrticles at the solid-liquidenface triggered by voltage agrees
adequately. This latter opens a new understandirdeotrowetting performance of

colloidal suspensions or ionic liquids.
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Additionally, when studying the dynamics of the ottewetting/dewetting of the

contact line into detail, Figure 7. 3, a relatiopslhetween both spreading and
relaxation movement of the TCL in time can be dsthbd depending on the aFP
thickness. The electrowetting set up describedndu8ection 3.1.2 allows for the
discharge of the dielectric layer, when switchin§f @oltage, since one of the

electrodes is grounded. From basic principles @gtecity, the build-up of charge, or

the discharge of a capacitor (the dielectric salbsir will depend on both

permittivities and thicknesses of the dielectrigels. The fundamentals of capacitor
discharge relay on how quick the charges will leheesystem meaning how strong
the interactions between electric charges and thleagules present at the solid-liquid
interface will be after switching Off the voltage.

According to Figure 7. 3, the thicker the dielectithe faster the capacitor charges
and discharges, thus the faster the advancing eretling movement of the contact
line since molecules and charges present in theadtiiee layer do not interact as
vigorously as it happens when they are closerthia.aFP. From the same figure, an
exponential receding of the contact radius is okskmwhen switching voltage Off,
then applying basic electrical principles, the kieg movement of the contact line
approximates fairly well to the behaviour of expot@ decay of voltage in a
capacitor, Equation 7.6:

-t

V(t) =V, [&RC (7.6),

whereV (t) is the voltage discharge versus time that depend$e initial voltage,
V,, and on the properties of the dielectric layeesistanceR', and capacitance .

It is well know that the capacitance of a substiat#zeases when decreasing the
thickness of this latter whereas resistance deesepsoportionally when thickness
does. Due to this contrary effect of the prod®€ when decreasing thickness of

the aFP, we might considé¥'C as the relaxation time named
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Since EWOD substrates behave as capacitors, ibresden that the interactions
between charges at the dielectric and the liquideouwbes, at the liquid-solid

interface, will depend on how long the capacitéetato charge and this charge. This
suggests that contact line radius will behave singlar fashion as the discharge of a
capacitor, then, based on Equation 7.6, the dyrsaficeceding of the contact radius

can be rewritten as:

R =R, + (Rey ~R) B7 7).

Where R(t) is the contact line radius receding in tinte, R, is the initial contact
radius and R, is the contact radius under an applied voltageenTfrom the

experimental values presented in Figure 7. 3 (d) the fitting of Equation 7.7, an
empirical value of r can be calculated and used to represent thedregoas on all

three substrates as shown in Figure 7. 6:
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Figure7. 6 - Average of 7 profiles of the contact radili§,(mm), versus timet (seconds), for
0.01% TiQ-water during the receding movement of the corltaetat different voltages, (volts), on
Cytop, (squares), Cytapy (circles) and Cytapg (up-triangles) besides theoretical trends caledlat

using Equation 7.7.

Looking at Figure 7. 6, theoretical trends calcedlatising Equation 7.7 match fairly
well with experimental results on Cytpp and Cytopy, Whereas on Cytop
theoretical trend slightly deviates from experinafehaviour. The relaxation of the
contact line is definitely quicker for the thickedtthe aFP dielectrics and slower for
the thinnest one. From the atypical behaviour olegkon Cytop,, Figure 7. 6, it
seems that the thinner the aFP, the stronger thegstions between fluid molecules
and charges present in the conductive dielectyerlaThis offers a plausible
explanation of the differences in behaviour foundthe different dielectrics. Then
the study of the contact line dynamics on thin eligrics requires further research
and can help to reveal further the interactionsvben fluid molecules and charges

present in the conductive dielectric.

Of equal importance is the electrowetting movemainthe contact line when a
voltage is applied. From the findings stated abdavis,clear that aFP thickness plays
an important role on the dynamics of the contawt,liFigure 7. 3. On both Cytgp
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and Cytopoo the advancing movement of the contact line, ixarge of a capacitor,
is almost instantaneously taking ca. 0.02 secoad®dch the final electrowetting
contact radius. Saphiro et al. [155] estimatedd@ging time of a capacitor for a

slightly resistive liquid and a high resistive siodis:

: R/ (7.8),
Fana

where £, is the permittivity of the solidR the radius of the dropleh the thickness
of the dielectric, andp, and p, are the resitivities of substrate and liquid

respectively. Substituting typical values for ouyresific system, an approximate
charging time of ca. 0.001 seconds is proposedpoier of magnitude smaller than
the electrowetting time obtained in this experinaéntresearch. Although
experimental analysis may lead to experimentalrgrnt is worth noting the good
agreement of Equation 7.8, which reports smalleExegion times when increasing
the thickness of the aFP. This latter is consisiatit experimental results presented
in Figure 7. 6.

7.5 Summary

The behaviour of Ti@water nanofluids under electrowetting conditioras been

studied. It was found that nanofluids can be mdaipd in a similar fashion as
deionized water following the Young-Lippmann eqaatiMoreover an enhancement
in electrowettability is observed when adding nartples to the base fluid and this
latter is dependent on concentration. This enhaeoénm spreading of the contact
line is interpreted in terms of adsorption of naautiples at the solid-liquid interface
coupled with voltage. There is a local decreasthénsolid-liquid interface when a

difference of voltage is applied to these nanofuidn additional term has been
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added to the Young-Lippmann equation to accountHerexcess of energy due to
the addition of nanoparticles coupled with elecetimg. A correlation based on
experimental results has been proposed to prddiatitange in droplet shape.

On other hand, the dynamics of spreading/recedinth® contact line under an
applied voltage have been addressed too. Thig liattef great importance for the
development of quick and reliable switching betweelectrowetting and no
electrowetting conditions for optical and microflig applications. An instantaneous
response of the contact line was observed for liekdést of aFP, reaching the
electrowetting contact angle in approximately 0€onds, whereas a smoother
movement of the contact line was reported for thenest of the aFP coatings:
Cytop, Which is consistent on both spreading and recedfrthe contact radius. It
is worth noting that an exhaustive study of aFEkimess versus relaxation time must
be addressed since smaller thicknesses lead tartmmpenergy savings but delays
both advancing and receding movement of the cortaet with the consequent
anomalous behaviour. A balance between relaxatima &nd voltage applied must

be carried out.

The last chapter includes the differences betwéenevaporative behaviour for
different TiOQ-water nanofluid concentrations under DC extermdiage applied and
underfree evaporation. A thorough analysis of the most pldasnechanism for the
absence of “stick-slip” behaviour and for the mboemogeneous deposits observed,

is included.
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Chapter 8. Nanofluid
Evaporation under Applied DC
Electric Field
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Colloidal suspensions have been under an intenssearch in the past decades
specially since the work of Deegan et al. and tle#-known coffee ring stain [28].
Typically, the evaporative behaviour of these sosjpans are different from the base
fluid since particles are carried from the bulktbé fluid towards the edge, and
deposits are left behind after the complete dry-&adrticularly, on the case of
nanofluids, stick-slip behaviour and rings staipaigts are reported as explained in
Section 2.3 [58, 106, 141]. Therefore, revealing thteractions particle-particle,
particle-fluid and particle-substrate can help hed light on the manipulation and
control of the deposits left from colloidal suspens for biological [22], industrial,
analytical [95] or patterning purposes [159, 180has been demonstrated that the
self-assembly of nanoparticles can be controlled chyanging the pH of the
evaporating solution [38] or changing the shapthefparticles suspended leading to
the suppression of the coffee ring effect [56]. ®oecently the suppression of the
coffee ring stain has been successfully reportettuan applied AC electric field,
due to the internal flows generated within the tebattributed to the continuous
movement of the contact line keeping particles uspension [109]. It may be
predictable that the internal particle flows emieggin the bulk of a droplet when
applying a DC electric field will differ from thosproposed for AC [68, 161]. In
what follows the different evaporative behaviourd apatterns found after the
complete dry-out of different Ti@water nanofluid concentrations when DC is
applied to a droplet are compared to those dunieg &vaporation and to the pure
fluid case. A smooth and continuous receding ofcitr@act line compared to “stick-
slip” behaviour reported for nanofluids under freeaporation besides the more
regular and homogeneous patterns in contrast s rstains are presented and
discussed next.

8.1 Evaporative Behaviour and Deposits

Results concerning the evaporative behaviour of,-T¥@er nanofluids subjected to
an electric voltage during the complete dry-out presented in Figure 8. 1. The
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observed droplet profile with an electrode immergadboth EW (Figure 8. 1 (a))
and no EW (Figure 8. 1 (b)) conditions at differdnying times:t =0, t = Y4t

t=2/4t,,,, and t =34t are represented. Base line and Circle Fitting aifé

evap

included.

P
n 6o

Figure 8. 1 — Substrate, droplet and electrode immersed ift®%% TiQ-water nanofluid droplet
under (a) EW conditions and (b) no EW for 0, t =1/4t

t= 2/4tevap andt =34t Base line and

evap’

Circle Fitting Fit are included.

Both evaporative behaviours of Ti#Water nanofluid at different concentrations
under EW and no EW conditions were analyzed angi@asented below. In the case
of no applied voltage, the electrode was immerséalthe droplet in order to ensure
similar experimental geometric conditions througheuaporation. Base radiuf
(mm), height of the dropleth, (mm), and contact angleéq (deg), versus timet
(seconds), besides images of the correspondingsdepaiter the complete dry-out
for 0.1%, 0.05%, 0.025% and 0.01% of }i®ater are included in: Figure 8. 2,
Figure 8. 3, Figure 8. 4 and Figure 8. 5. To alllmmparison with the pure fluid
case, the evolution of the base radius for dei@hwater under EW and no EW

conditions is also included.
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According to the figures presented above and asrtegh during Section 2.3, tlieee
evaporation of nanofluid droplets with or without alectrode immersed into a
droplet leads to “stick-slip” behaviour, where jusnpf the contact line with the
correlated changes in contact angle are obseng&dL[®, 141]. Pictures of deposits
are in agreement with rings-like stain reportedvianesly [97, 106]. It is worth
noting that although the number of steps and thgnimades of the jumps decrease
when an electrode is immersed into a nanofluid letpfstick-slip” behaviour is still

clearly noticeable.

On the other hand, when a voltage is applied tooplet, there is a quick reduction
in both contact angle and droplet height, and dt smérease in the base radius as it
can be extracted from the figures above: Figur2 &), Figure 8. 3 (a), Figure 8. 4
(@) and Figure 8. 5 (a). Thereafter the droplejpshavolves; contact line recedes
monotonically following the same behaviour of puweater on hydrophobic

substrates (see Chapter 4) whereas contact angles shconstant value for at least
70% of the droplet lifetime. The most importanttéea during evaporation under
EW conditions is the absence of jumps or discoitigsl on the variables that

represent the droplet profile evolution. Of greatportance is the continuous
receding of the contact line and the more attractind homogeneous deposits with
the absence of rings observed. Also bigger stairs evident for greater

concentrations.

As an approximation and supported by the figureshef deposits presented, it is
likely that nanoparticles present in the bulk of tiroplet might be attracted by the
substrate under an external electric field appl®&dporative behaviour and deposits
presented for Ti@water nanofluids, suggest a net negative chardkesie particles

in suspension since the grounded electrode, eesubstrate, is charged positively as

described in Chapter 3.

In order to be able to explain the deposits preskand the suppression of the “stick-
slip” behaviour, a comparison between the forcea@tng the particles towards the
substrate and capillary flow of particles towartle tontact line to replenish the

liquid evaporated is proposed.
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8.2 Electrophoresis versus Evaporation

Considering an isolated nanoparticle in the bulla afroplet, undefree evaporation
capillary flows drive the particle towards the amttline following the features
predicted by Deegan et al. [28, 102]. On the ottard, under an applied electric
field another force comes into play: electroph@€gP), which was observed more
than two centuries ago to explain the motion oy g@articles in suspension under an
electric field [130]. More recently other authorave used EP for controlling the
deposition of colloidal particles [162, 163]. Tham analysis of the timescales of the
two main particle motions present within a droplatler an applied electric field is

carried out. Figure 8. 6 shows the different foraetsng on an isolated nanopatrticle.

Electrode

Evaporation

Advective
(\) = Force

.. Electrophoretic

Figure 8. 6 — Sketch of the different forces present duringp@ration and under an electric field

applied.

8.2.1 Advective Flow

The accumulation of particles at the TCL followitige evaporation of colloidal
suspensions under marked evaporation and pinnitigeofontact line was predicted
and mathematically demonstrated more than a deagdeEquation 8.1 [14, 102,
164]:
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oh _ : 10 3 oh 2
P2 =—p 20 (1hv,0) =3, (1.0 1+ (007 ) (8.1).

Equation 8.1 explains the averaged radial outwkna nside the droplety,,, , for

initially pinned contact lines. This equation catess the continuity of the fluid
evaporated at the contact line arising from theicarflow generated as the local
height of the dropleth(r), falls in time,t. p and J, are liquid density and
evaporative mass flux at the droplet centre respygt Since we are interested on
the region close to the droplet centre, the evdperanass flux at the top of the

droplet can be approximated to the evaporative @ua flat meniscus, i.eJ, = J,

and equal to1.7x10° Kg-nf/s (obtained by additional experiments) where
oh/ar = 0. Droplet height at the centré,, can be extracted from Figure 8. 2 (a),
Figure 8. 3 (a), Figure 8. 4 (a) and Figure 8. ), éad approximated as a constant,
i.e. dh, /0t = =K . Then Equation 8.1 can be simplified and written a

T _Jo
Vo (1) = E(K » j (8.2).

From the evaporative behaviour, values of contactius, R, K and h as
h(r) = (R-r)tand, at the beginning of the evaporative process @exiracted
and substituted in Equation 8.2. Then in the vigirof the triple contact line
(r ~R), (h~@-r)ltan(100°) mm) andK =610~ mm/s, an average radial
advective liquid or particle speed can be obtaiagdpproximately, ,, ~3 pm/s.
This advective velocity is in agreement with expmntal radial particle velocity
found by Marin et al. at the vicinity of the contdme during the last period of
evaporation where particle velocity folds [98]idtworth mentioning that Equation
8.2 does not describe the vertical flowrat O but gives an approximation of the

advective flow near the droplet centre.
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In order to validate this model built for pinnedntact lines, a comparison between
the outward flow velocity and the receding velo@fithe contact line is carried out.
From Figure 8. 2 (a), Figure 8. 3 (a), Figure 8apand Figure 8. 5 (a), the receding
movement of the contact line can be approximated/gas= 0R/0t = 0.3 pm/s.
Then the ratio particle velocity to contact line vament can be calculated as
follows: v,y /ve =3/0.3=10. Receding movement of the contact line is at least

one order of magnitude shorter than particle véjpdnence a quasi-stationary

movement of the can be considered, and Equationa® be used for our purpose.
8.2.2 Electrophoresis

During evaporation and due to the characteristituies of nanofluids, any vertical
movement of the particles can be negligible untesse latter are in suspension and
under the presence of an electric field, i.e. cds®vaporation under EW conditions.

The electric field present inside the droplet igegi by E = -9V /oy =V /h, where
V is the difference of voltage applied to the dro@ed h, the droplet height.

Nanoparticles used in this experimental researsisgss negative net surface charge,
i.e. negative zeta-potential as electrophoretic iltphmeasurements included in
Table 3. 2 show. Then under an applied electritd fig€€ , nanoparticles will be

attracted by the electrode with opposite charge,stibstrate, with a force equal to
F 1= gE, whereq is the charge of the particle. However, a Stokps-tviscous
force will oppose to this movementF t= 6mav,,, where v, is the
electrophoretic velocity of the particles towarlde substratea is the particle radius
and n the liquid viscosity. Balancing these forces, axpression of the

electrophoretic velocity is obtained:

Ve
" 6rhna

(8.3).
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Typically, the net surface charge for a sphericatiple can be expressed as [165,
166]:

- q
>¢= ArE £,a(ka +1) 8.4)

r

q
ME EB Y £O(a+ ij

And consideringka < 1, the effective chargeg, can be written as:
q=4mé £, (8.5).

If we now combine Equation 8.3 and Equation 8.8,wkell known Huckel equation,
Equation 8.6, can be demonstrated and electropboretocity calculated as [165,
167]:

(8.6).

Substituting the different dates, , =80, &, = 8850107 F/m, 7, , =1 cp,
V =18 V, h=0.0014 m and{ with an approximate value of 20 mV taken from

literature [168, 169], an electrophoretic speedgmethan 100 pum/s is reported. It is
worth mentioning that the electrophoretic speeadated above is in agreement
with electrophoresis experiments carried out by eeal. using the same system,

TiO, nanoparticles and deionized water [132].

To support the electrophoretic velocity calculatdabve using assumptions and

values from literature, additional experiments [c&ophoretic mobility, zz,,, for
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the different nanofluid concentrations tested weagied out and included in Table
3. 2. The next equation, Equation 8.7, is an aafioai between electrophoretic
mobility and electrophoretic velocity:

Vep = Hep [E = Uy, G/A (8.7).

Using the values obtained by experimental meangleT8.2, for any,, =16
(km/s)(V/cm)! under18 V applied and a distance between electrdtes cridan
Ve, ca. 200 pm/s is calculated, which is in the samueroof magnitude with the

above calculated values.

To summarize these calculations, electrophoretiocity of the particles towards the

electrode with opposite charge,(~  1@0n/s) is at least one order of magnitude

greater than the advective motion of particles towahe contact linev,, ~10

um/s) [98, 160].
8.2.3 Comparison Between the Two Motions

Although the preferential motion of TiOnanoparticles to migrate towards the
substrate instead of being swept towards the conitae has been numerically
demonstrated, a comparison between the two maimstales, advective and

electrophoretic is required. Rati®,, shows this comparison as Equation 8.8:

Loy ~ Vep daay ~ Vep 1 qVv _igre‘of\/ ~&éo

o Oy Vo 14 42marh 42 grh prh

ep

(8.9).

—
<
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Equation 8.8 shows that for large; particles takes longer to reach the vicinity of
the contact line than the substrate. In this caleetrophoretic motion of the particle
will be preferential leading to more homogenousad#p with the absence of rings
stains, pictures of deposits in Figure 8. 2 (ayjureé 8. 3 (a), Figure 8. 4 (a) and
Figure 8. 5 (a). If we now substitute reasonablkeies in Equation 8.9, obtained

either experimentally of from literature, for3apl water droplet, unlesk ~ oh, /ot

is close t010™ m/s ~01 mm/s, electrophoretic motion will be preftial to

advective one.

With this comparison we may conclude that electrekt motion net surface
charged particles suspended in a low viscous ligaider an strong applied electric
field will be preferential to advective one. Thensi-quantitative analysis suggests a
plausible explanation of the more homogeneous dspabserved under EW
conditions compared to the rings stain depositsndounderfree evaporation.
Sedimentation phenomenon (electrophoresis) regudterential to the motion of
nanoparticles towards the TCL (advective) for tifeerent nanofluid concentrations
tested. Particles are attracted towards the swbstnadering the build-up of artificial
defects at the TCL, thus preventing the “stick“shpotion, at least to some extent.
Particle speed, migration distance and charadterishe due to electrophoretic
effect, advective flow and the motion of the conhtae® are presented in Table 8. 1:
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Table8.1- Electrophoretic,vep, advective,v_,, , and contact liney., , speeds (um/s), particle

migration distance (m), and characteristic timgseconds), are included.

EP Effect Advective Effect CL Motion
Speed (um/s) ~100.0 ~10.0 ~0.3
Migration Distance (mm) 1.4 1.0 0.6
Characteristic Time (s) 10 100 2000

Table 8. 1 shows the more relevant data gatheradglthis experimental research,
clearly showing one order of magnitude of differenbetween the different
timescales proposed. The preferential electropitonedtion over the advective one
obtained by additional calculations is supportedthsy suppression of “stick-slip”
behaviour observed experimentally since fewer narimbes tend to reach the

contact line and a smooth/continuous receding®ttntact line is visible.

Although either minimum irregularities on the sedaor the small addition of
nanoparticles, i.e. 0.001% Ti@vater (Chapter 4), can prompt the pinning of the
contact line, this suggests that for high concéioima the suppression of the “stick-
slip” behaviour might not be complete. Indeed alsjomp is noticed for the highest
of the concentrations, Figure 8. 2 (a). The authould like to point out that the
suppression of “stick-slip” performance is a conabion of both electrophoretic

effect and the hydrophilicity of the wire preseniedrigure 8. 1.

Commenting on the deposits found, a typical setirgfs corresponding to “stick-

slip” behaviour is found on the case &ee evaporation. Nanoparticles are
accumulated at the TCL inducing the pinning of éhksdter. From the evaporative
behaviour shown in Figure 8. 2 (b), Figure 8. 3 fhyure 8. 4 (b) and Figure 8. 5
(b), a slight drift of the contact line is noticede to the presence of the wire that
pulls the contact line upwards. Due to both evapmmaand the pinning of the

contact line, the internal energy of the dropletréases until this energy is high
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enough for the jump to ensue, at this point pasiare left behind on the substrate

leading to rings stain as explained in Chapte®3].|

On the opposite case, under EW conditions, a moraogeneous single pattern
where particles are accumulated mainly at the eeaartd not at the edge is observed.
The suppression of the rings stain reported for,M@ter nanofluids is evident.
Results do not show the complete suppression of cibféee ring stain by
accumulation of particles at the centre as repdoiedther authors [66, 109] but it
does prevent the accumulation of particles at thetact line, which is a way of
controlling the deposits of colloidal particlessaspension under an applied electric
field. As further investigations the author woulllel to suggest the study of the
evaporative behaviour of for different nanofluidsells, bacteria under EW
conditions and the analysis of this effect on ptstructuring [150, 160].

Another aim of this research was to compare, ifsfbs, the internal flows due to
under AC electric field [66, 68] to those under Dalectric field. It is then
demonstrated that, electrophoresis is the main amesim governing the internal

flow of particles within an evaporating droplet @né DC electric field.

8.2.4 Additional Considerations

We would like to address the case in which parialesuspension will posses a zero
net surface charge. Then due to the heterogenedtures of the electric field
(droplet shape), particles in the bulk of the debpwill move following
dielectrophoresis (DEP) [170]. Due to the differelectric properties between
fluid and nanoparticles, the existence of a nondgeneous electric field will
induce a dipole in the particles inducing DEP motjnh71]. Values calculated were

in the order of nanometers per second.

Thus, from the more homogeneous patterns and tlgicadhl electrophoretic
mobility measurements, we conclude that electrogdisr is the mechanism
governing the motion of TiPnanoparticles in a non-viscous fluid under an iappl

electric field.
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8.3 Summary

Electrophoresis is proposed and demonstrated hiofitst time, as the mechanism
governing the motion of TiPnanoparticles present in the bulk of a dropletenrah
applied DC electric field during evaporation. A deo timescale for the
nanoparticles to reach the substrate has beentedpavhen compared to outward
capillary flows that swipe the particles towards tlontact line following advection.
Due to fewer particles deposit at the triple contiae, during EW no pinning of the
contact line is attained and a monotonic recedinthe contact line during almost
the complete evaporation is observed. This teclniqepresents potential
applications for the manipulation of colloidal saspions and pattern formation,
leading to more homogeneous and a single ring rpaitecontrast to the multiple
rings observed during the evaporation of Fuzater nanofluids. EP is proposed to
control nanofluid deposits without manipulating tonously the dynamics of the

contact line.

Experiments could be extended to cells, bacteriproteins due to similar surface
charge present when compared to Jif@noparticles in suspension. The negative net
surface charge of the nanoparticles can be denav@dtm plain sighonly attending

to the deposits formed.

Once presented the main results, discussions andustons dragged from this
experimental research, the main overall conclusamtswhat could be subsequently

done is included next.
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Chapter 9: Conclusions
and Further Work
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In this work, a study on the dynamics of the conliae and the mechanisms present
during wetting, evaporation and electrowetting, floids and nanoparticle laden

fluids, has been conducted. Different techniques|st approaches and methods,
have been explored pursuing to uncover the intgnpéaticle-particle, particle-solid,

particle-liquid, liquid-solid and liquid-gas at tmeacro-, micro- and nanoscale. The
main findings revealed during this experimentakegsh, aiming to shed further light
on the fundamental physics, chemistry and engingepresent during these non

equilibrium phenomena, are included next.

9.1 Wetting and Dynamics of the Contact Line throughout

Evaporation

The evaporative behaviour of pure fluids on readpsth, solid substrates varying in
hydrophobicity, has been investigated at the maates Different evaporative
modes have been identified and a simple force balamn the triple contact line has
been proposed to seize the droplet intrinsic enbegyier required for the depinning
of the contact line during evaporation. Applyingearergy-minimization approach at
the triple contact line, a threshold for the foreguired for the depinning of the
contact line is set at 0.02 N/m. The effect of lmyhobicity on the depinning of the
contact line is evident, favoured by high initiahtact angle.

The intrinsic energy barrier observed for puredtuon hydrophilic substrates, for
example water on Silicon, is increased further ley &ddition of small amount of
nanoparticles to the base fluid. The complete pigraf the contact line is reported
for concentrations as small as 0.001% JFv@ter by weight. On the other hand, on
hydrophobic substrates, Ti@ater nanofluid concentrations ranging from 0.001%
to 0.1% “stick-slip” behaviour is reported. In atioln, a clear increase in the
magnitude of the jumps of the contact line besgiesiter changes in contact angle
are visible when increasing nanoparticle concepotratsince there are larger

quantities of nanoparticles accumulating at thadrcontact line and thus hindering
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further the receding movement of the latter. Kvisrth noting that the concentration
of Al,Os—water nanofluid required for a similar “stick-slipehaviour to that found

for TiO,-water is ten-fold smaller, suggesting that@yJ nanoparticles interactions
with the substrate or between the same nanopartarke, somehow, stronger than
those of TiQ. The excess of droplet free energy before the jhagbeen seized and
compared for the different nanofluids using expental data and theoretical
expressions from literature. The dependence of acbniine dynamics on

concentration and type of nanoparticle is evident.

To fully understand the evaporative behaviour oid$ laden with nanoparticles and
the structuring of these particles following evagimm, an analysis of the deposits
left after the complete dry-out at the nanoscaleobees vital. Height, width and
profile of the ring-stain deposit followinigee evaporation of Ti@ethanol nanofluid
were successfully imaged for the first time usingMA Using the experimental data
of the droplet profile gathered at the macroscaldeposition theory to explain the
accumulation of nanoparticles at the triple conténe was developed. The
agreement between deposition theory presented laadpitofile of the deposits
imaged by AFM is evident. Thus a plausible thegegtilescription of the structuring
of TiO, nanoparticles following evaporation is presented.

The dynamics of the contact line of8k-water nanofluid and pure fluid on rough
rather than smooth substrates for different kiseti€ evaporation have been also
investigated. Heterogeneities present on the alumirtested are great enough to
attain the complete pinning of the contact line both nanofluid and pure fluid, i.e.
intrinsic energy barrier exerted by irregularities the surface overcomes the
depinning force required for the contact line tacede, for both fluids. No

appreciable differences in droplet lifetime betweevaporation of AlOs-water

nanofluid or the pure fluid case are observed spioeing contact lines ensures the
same evaporative mode. Reducing the pressure obybem also increases the
evaporation rate and a power relationship betwatmnaf evaporation per unit length
and pressure is presented, which can be used tlicparoplet lifetime on rough

substrates for any water based fluid at differebtatmospheric pressures.
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9.2 Electrowetting

The ability of manipulating droplet interfaces wath requiring mechanical parts has
received important attention in the past decadehim experimental research, we
focus on the control of the droplet interface ahd tmechanisms present during
evaporation under an external force applied. Deffiérapproaches are examined to
try to uncover some of the mechanisms, fundamepitgsics, and interactions
particle-particle, particle-liquid, particle-suketie, liquid-substrate, or liquid-gas,

present under an external voltage applied.

Preliminary studies revealed that nanofluid drapkn be manipulated in a similar
way as deionized water following the features preedi by Gabriel Lippmann more
than one century ago. However, for a same voltgg®ieal, an enhancement in
electrowetting behaviour when adding Fi@anoparticles when compared to the
base fluid was observed. In addition, greater chanig droplet interface were
observed when increasing nanoparticle concentratidn accumulation of
nanoparticles near the triple contact line thatdmnocally the interfacial tension
solid-liquid with the consequent increase in théeek of spreading is reported. A
modified Young-Lippmann equation to account for tthecrease in solid-liquid
surface tension of the dielectric layer due to finesence of nanoparticles and

triggered by voltage at the solid-liquid interfdwas been developed.

The dynamics of spreading/receding of the conta, li.e. voltage On/Off, on
substrates varying in thickness of the amorphousrdpolymer covering the
dielectric electrode have also been investigated. gaick and reliable
advancing/receding movement of the contact lineeurslectrowetting and non-
electrowetting conditions is of great importance foe fabrication of quick and
stable electro-optic switches. A quicker recedingvement of the contact line is
reported when increasing the thickness of the al&r] although greater voltages are
required for a same observable change in droplpeshThe thinner the aFP layer
covering the electrode the greater the interactibesveen nanoparticles, water

molecules and the dielectric electrode at the daidd interface. An analogy
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between the receding movement of contact line aftetching Off the voltage and
the exponential decay observed when dischargingottaps approximates fairly

well.

The last part of this experimental research coedigt uncovering the mechanisms
present during the evaporation of Bi®@ater nanofluids droplets under direct current
(DC) voltage applied. Following the complete dry-ofi these nanofluids, different
nanoparticle patterns when compared to those megamderfree evaporation were
observed. Deposits that are more homogeneousrfge abserved) and the absence
of “stick-slip” behaviour of the contact line sugte the preferential motion of
nanoparticles towards the substrate when comparedillary flows towards the
contact line. Electrophoretic mobilities and analysf the timescales confirm the
latter. The author would like to point out that tkeppression of “stick-slip”
behaviour observed for all four concentrations c®@mbination of the electrophoretic
transport of nanoparticles towards the substratietiaa hydrophilic effect of the wire
that pulls the triple contact line upwards and irdga

In conclusion, the experimental research carrigduoder electrowetting conditions
has led to two major contributions; firstly the argsion of particles onto the
dielectric substrate triggered by voltage has bpesposed, and secondly, the
electrophoretic motion of nanoparticles under D@age applied in contrast to the

hydrodynamic flows reported under AC electric fibls been demonstrated.

9.3 Future Work

Once concluded with the remarks and findings aduesturing this experimental
research, different ideas and further work is idelli next. The complexity of the
non-equilibrium phenomena studied during this eixpental research makes each
nanoparticle-liquid-substrate system, somewhatguei This certainly offers the
possibility to study and to uncover new interacsiavhen changing either substrate

or nature of the nanoparticles dispersed. Despiewtide range of substrates used
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during this experimental research and the studytved different nanoscale

particulates, research can be extended to invéstitp@ interactions on structured
substrates and for novel and ready available naticlgs. However this can be an
everlasting topic since everyday, new substratdsparticles are created. Of special
interest would be the study of the structuring #mellayering of graphene sheets to

try to seize the interactions during pinning angdideing of these fluids.

On other hand, electrowetting has been proposednasof the most promising
techniques for the manipulation of the droplet rfstee and for the control of the
deposits left following evaporation without reqogi mechanical parts. Of great
significance is the enhancement in electrowettirgaviour of TiQ nanopatrticles

triggered by voltage reported in this experimentaik. Thus the study of other
fluids rather than Ti@water and the use of different EWOD substrateseund
electrowetting conditions is of paramount imporgro expand the knowledge

regarding this phenomena.

Of great importance is the study of other nanogadi varying in size, shape or
chemistry, which might lead to novel interactioRer instance, stronger interactions
between AJO3; nanoparticles and the dielectric substrate folhmvevaporation of
Al,Os-water under an external voltage applied were ofeskrThis latter points out
towards chemisorption of these nanoparticles ongosubstrate since the standard
cleaning procedure used during this experimentsgach was not able to remove
these particles from the substrate. A more detailesearch to uncover the
mechanisms governing the interactions particleigart particle-fluid, particle-

substrate and fluid-substrate of these particiggeared by voltage is essential.

Since nanofluids have potential applications foolitm purposes, the author would
like to explore nanofluid flow in microchannels fsingle and two-phase heat
transfer. The main problem of these nanofluidsedirmentation, erosion or clogging
originated by the presence of these patrticles spension, which are exacerbated
when scaling the channels down to the microscate duthor would like to take
research substrates that will enhance the repulshagges between particles in

suspension and the substrate avoiding sedimentataislems.
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