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Layout Summary 

The ubiquitous nature of wetting phenomenon, where a liquid comes into contact 

with a solid surface is commonly observed in everyday life. From rain droplets on 

windows (macro-) to dew droplets forming on a cobweb (micro-) or, to the 

condensation of water on atmospheric aerosol particles (nanoscale), the quotidian 

nature of wetting phenomenon is evident at any scale.  

On other hand, equilibrium situations between solid surfaces and fluids are rarely 

found around us due to the particular nature of fluids being sensitive to changes in 

temperature and pressure, which stimulate shifts between phases. Paddle 

evaporation, formation of clouds and rain, dew droplets on leafs or melting of the 

poles are just some of the non-equilibrium examples present in everyday life where 

water molecules are subjected to a phase change, aiming to reach thermodynamic 

equilibrium between mentioned phases.  

 An experimental investigation on the evaporative behaviour of Nanofluids has been 

carried out aiming to uncover the fundamental physics and properties governing 

these novel fluids for heat transfer purposes or for the control of the patterns 

following the free evaporation. Another part to the project is the study of these fluids 

under Electrowetting (EW) conditions due to the ability of manipulating liquids 

without requiring mechanical parts at all. The enhancement in spreading for 

nanoparticle laden fluid due to adsorption of nanoparticles at the solid-liquid 

interface under an applied voltage besides the more homogeneous patterns with 

absence of rings-like stain are the most important findings reported within this thesis. 

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

In this thesis, the author aims to uncover the different mechanism governing the free 

evaporation of these novel fluids looking for the fundamental science underpinning 

the behaviour of these latter offering plausible applications where these fluids could 

be implemented. 



 vi 

Abstract 

Evaporation and wetting of droplets are a phenomena present in everyday life and in 

many industrial, biological or medical applications; thus controlling and 

understanding the underlying mechanisms governing this phenomena becomes of 

paramount importance. More recently, breakthroughs in the fabrication of new 

materials and nanomaterials have led to the synthesis of novel nanoscale particulates 

that dispersed into a base fluid modify the properties of this latter. Enhancement in 

heat transfer or the self-assembly of the particles in suspension during evaporation, 

are some of the areas in which nanofluids excel. Since it is a relatively new area of 

study, the interplay particle-particle, particle-fluid or particle-substrate at the macro-, 

micro-, and nanoscale is yet poorly understood. This work is an essay to elucidate the 

fundamental physics and mechanisms of these fluids during free evaporation, of 

great importance for the manipulation and precise control of the deposits. 

The evaporative behaviour of pure fluids on substrates varying in hydrophobicity has 

been studied and an unbalance Young’s force is proposed to explain the effect of 

substrate hydrophilicity on the pinning and the depinning forces involved during 

droplet evaporation. On other hand, the addition of nanoparticles to a base fluid 

modifies the evaporative behaviour of the latter and: a more marked “stick-slip” 

behaviour is observed when increasing concentration on hydrophobic substrates, 

besides the longer pinning of the contact line reported on hydrophilic ones when 

adding nanoparticles. A deposition theory to explain the final deposits observed, for 

the outermost ring, after the complete vanishing of a 0.1% TiO2-ethanol nanofluid 

droplet has also been developed. In addition, the evaporation of pinned nanofluid 

droplets on rough substrates at reduced pressures has been systematically studied. 

A revisited Young-Lippmann equation is proposed as one of the main findings to 

explain the enhancement on electrowetting performance of nanoparticle laden fluid 

droplets when compared to the pure fluid case. On the other hand, of relevant 

importance is the absence of “stick-slip” behaviour and the more homogeneous 

deposits found after the complete evaporation of a nanofluid droplet under an 

external electric field applied when compared to free evaporation of these fluids. 
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Chapter 1: Introduction 



Chapter 1 Introduction 

 2 

The ubiquitous nature of wetting phenomenon, where a liquid comes into contact 

with a solid surface is commonly observed in everyday life. From rain droplets on 

windows (macro-) to dew droplets forming on a cobweb (micro-) or, to the 

condensation of water on atmospheric aerosol particles (nanoscale), the quotidian 

nature of wetting phenomenon is evident at any scale. Typically, when a liquid 

encounters a solid surface the liquid profile evolves until thermodynamic 

equilibrium, i.e. state of minimum energy, between the phases present at the triple 

contact line (TCL) is reached. This equilibrium depends on the physical and 

chemical binary interactions between the three different phases present: solid-liquid, 

liquid-gas and solid-gas. 

It was more than two centuries ago when the English scientist Thomas Young [1] 

related the forces of attraction between the “particles” present within the different 

phases, i.e. liquid and solid molecules, to the observable contact angle adopted 

between a liquid and the same solid surface. Since then, many studies have been 

carried out to uncover the mechanisms present in phenomena such as wetting, 

dewetting, or adsorption of liquids onto solid substrates. Despite the major scientific 

contributions in the static and dynamics of the contact line, mostly by Dussan [2] and 

de Gennes [3], recent advances in the synthesis of new materials, miniaturization, or 

manipulation techniques, are constantly modifying and suggesting new interactions 

and mechanisms around interfacial phenomena. Understanding the physics and 

chemistry of this interfacial phenomena becomes of paramount  importance for many 

pharmaceutical, biological or industrial applications such as self-cleaning surfaces 

[4], crop dusting [5], photoinduced materials [6], waterproofing, superspreaders [7]. 

On other hand, equilibrium situations between solid surfaces and fluids are rarely 

found around us due to the particular nature of fluids being sensitive to changes in 

temperature and pressure, which stimulate shifts between phases. Paddle 

evaporation, formation of clouds and rain, dew droplets on leafs or melting of the 

poles are just some of the non-equilibrium examples present in everyday life where 

water molecules are subjected to a phase change, aiming to reach thermodynamic 

equilibrium between mentioned phases. Typically, liquids experience evaporation 
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when molecules near the surface have enough energy to undergo phase change from 

liquid to gas, provided that the surroundings are not saturated with the latter. On the 

contrary, if the energy of the gas molecules is not high enough, the opposite 

phenomenon takes place and gas molecules condense. 

A phenomenon, at first sight, as simple as the evaporation of a water droplet on a 

surface, for instance after spilling some water on a desk, has received important 

attention in the past decades to try to understand the complex mechanisms and 

physics present at the macro and microscale during the phase change from liquid to 

gas [8-11]. Evaporation of liquid droplets on solid substrates is an intricate transient 

process where an exchange of mass and energy between phases takes place. This 

phenomenon depends on many factors such as; wettability controlled by the physical 

and chemical nature of the solid and liquid, adhesive forces within the liquid, 

composition of the surroundings, temperature, or pressure amongst others [1-3]. 

Despite all the work carried out in this topic, both experimentally and theoretically 

[10, 12-20], there is still much knowledge to be gained from the complete 

understanding of the interactions solid-liquid, liquid-gas or solid-gas in both wetting 

and droplet evaporation. Research carried out in this area has been beneficial in 

many industrial, biological or agricultural applications [3] such as two-phase heat 

transfer [5], spray drying [21], combustion engines, DNA stretching [22] or the 

characterization of solid surfaces [2] . 

Another topic that has been under intensive research, for more than a decade now, is 

the evaporation of fluids containing particles in suspension or colloidal suspensions, 

which exhibit potential applications in different fields including crystallography [23], 

synthesis of new materials [24], self-assembly [25],  electronics [26], optics or 

patterning [27]. Indeed, the analysis of the evaporative behaviour of colloidal 

suspensions and the deposits left after the complete dry-out, led Deegan et al. [28] to 

elucidate the main mechanism responsible for the mass transport within the droplet 

during evaporation of pinned volatile droplets. An advective liquid flow from the 

bulk of a droplet towards the self-pinned triple contact line to replenish the liquid 

evaporated was observed from the drying of a coffee droplet on a desk. How 

particles organize and self-assemble at the triple contact line during evaporation 
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depends on particle-particle, particle-liquid, particle-solid, solid-liquid and liquid-gas 

interactions amongst others. Understanding of these interplays becomes of great 

importance for the control and reproducibility of the patterns and deposits following 

free evaporation [29-33]. Due to the complex nature of the system: liquid laden with 

particles evaporating on a solid substrate, many studies have been conducted to 

address the physics and the mechanisms underpinning the evaporation of these 

suspensions [27, 34-39]. 

 

Figure 1. 1 – Different wetting situations including: self cleaning hydrophobic fabric, 

superhydrophobic substrate, antifogging coating, water interface modified by oil, reversing lens-like 

effect of water, and droplet resting on a hydrophobic and on a hydrophilic substrate. 

In the same line of research, a new type of colloidal suspensions has emerged from 

the dispersion of particles with at least one dimension in the nanometre range into a 

base fluid [40-42]. The addition of these particles modifies the properties of the base 

fluid enhancing thermal conductivity [40], heat transfer [41], electrokinetic 

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

numerous studies have suggested these novel fluids for potential applications in 
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boiling [46], optics [47], electronics [48], nanomedicine [49], solar energy [50], 

synthesis or for the fabrication of nanostructured materials [51] . 

Despite the many applications where nanofluids can be implemented, in this work we 

are interested on the complex phenomenon of droplet evaporation. Special attention 

is paid to the effect of nanoparticles on the dynamics of the triple contact line and to 

the nanoparticle deposits left after the complete evaporation [26, 51-53]. Although 

this topic has been widely studied during the past fifteen years, mostly for colloidal 

suspensions, predicting the patterns left throughout evaporation is a complicated 

subject. Particles present in a particular system organize and structure differently 

depending on: the nature of both substrate and fluid or solvent [54], as well as on the 

size, concentration [55], shape [56] or type of nanoparticles in suspension [57], 

hydrophobicit of the substrate [58] or an external force applied [59]. Thus, in this 

experimental project, an experimental research has been undertaken to elucidate the 

fundamental physics, chemistry and engineering governing the free evaporation of 

pure fluids and fluids containing different nanoparticles in suspension, aiming for the 

complete understanding of this transient phenomenon for different applications. 

The potential of manipulating liquid interfaces without mechanical components has 

also received the attention of the scientific community during the past decade [59, 

60]. An external voltage applied to a droplet, Electrowetting (EW), has been 

proposed for the control of the droplet interface or for the manipulation of the 

meniscus interface in the case of capillaries by an external electric field [61]. Recent 

studies have reported this technique due to its promising potential applications, 

mainly in microfluidics [62], optics [63], internal mixing [64] or droplet surgery [65] 

amongst others. The combination of evaporation of colloidal suspensions under 

electrowetting conditions aims to shed further light in the mechanisms ruling the 

interactions particle-particle, particle-substrate, particle-liquid, or liquid-substrate 

under an external voltage applied [66-69]. Despites electrowetting was proposed 

more than a century ago, we are still far from the complete understanding of the 

manipulation of fluids under an external electric field applied [70-72]. 



Chapter 1 Introduction 

 6 

 

Figure 1. 2 – 3D image of the TiO2 nanoparticle deposits obtained by AFM (Figure 5. 2 (c)), drying 

of colloidal suspension, analogy between structuring of particles and Lego bricks, electrowetting of 

droplets, and liquid electro-optics based on electrowetting. 

This thesis is organized into 9 chapters. The first three chapters include the basic 

knowledge and background in wetting, evaporation and electrowetting as well as the 

experimental techniques and apparatus adopted during this experimental research. 

These three introductory chapters will ease the reader into the science underpinning 

the next five experimental parts. Finally, main conclusions are drawn in Chapter 9. 

Chapter 1 includes a brief overview of wetting, evaporation, and electrowetting 

phenomena, underlining the most important findings and potential applications. In 

addition, a quick outline of what is found in each of the chapters of the present thesis 
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is included along. Chapter 2 brings background and knowledge required for the 

understanding of the physics, chemistry and engineering aspects surrounding 

wetting, evaporation and electrowetting phenomena. The structure is as follows; to 

begin, the fundamentals of wetting on solid substrates are introduced, which are 

closely linked with the droplet evaporative mode adopted during evaporation and 

depending on the hydrophobicity of the substrate. Third, remarks are made on the 

specific nature of fluids laden with nanoparticles and essential scientific background 

in this area is presented. Finally, an overview on the current status on electrowetting 

and electrowetting on dielectric including the most important findings and 

applications bring this chapter to a close. Chapter 3 includes the methodology and 

experimental techniques adopted this experimental research as well as the fluids, 

substrates and apparatus used. 

In Chapter 4, the dynamics of the contact line and the pinning/depinning forces 

acting at the TCL of evaporating sessile droplets are studied for different pure fluids 

and fluids containing nanoparticles on substrates varying in hydrophobicity. The 

analysis of the deposits left after the complete evaporation of TiO2-ethanol nanofluid 

droplets using atomic force microscope (AFM) is included in Chapter 5. In this 

chapter the evaporative behaviour observed at the macroscale is coupled with the 

deposits imaged at the nanoscale through a deposition theory. In Chapter 6, a 

systematic study on the evaporation of Al2O3-water nanofluids and deionized water 

on rough substrates has been conducted, to address the evaporative behaviour of 

nanofluid and pure fluid for completely pinned contact lines and at different sub-

atmospheric pressures. 

The second part of this experimental research involves the study of fluids and fluids 

laden with nanoparticles under an external electric voltage applied. First, the 

dynamics of the contact line under an external DC voltage applied (DC step voltage 

test as On/Off cycles) for deionized water and for different TiO2-water nanofluid 

concentrations have been investigated. In addition to widen the experimental 

research presented in Chapter 7, three different electrowetting on dielectrics 

(EWOD) substrates varying in thickness of the insulating layer covering the 

dielectric electrode have been studied. Additionally, the complete evaporation of 
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TiO2–water nanofluid droplets at different concentrations and under DC voltage 

applied has been undertaken in Chapter 8. A detailed discussion on the electrokinetic 

motion of the TiO2 nanoparticles subjected to an external voltage is included along. 

To conclude, this thesis represents an important contribution towards uncovering the 

mechanisms present during wetting, electrowetting and evaporation of fluids and 

fluids laden with nanoparticles, useful to both industry and academia. Experimental 

results coupled with extended discussions and theory have been presented to shed 

further light on these phenomena for future industrial, biological, medical or 

pharmaceutical applications. 

 

In the next chapter, the main findings and the most relevant literature in wetting and 

evaporation of both pure fluids and colloidal suspensions related to this work, as well 

as the fundamentals of electrowetting and its limitations are presented. 
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Wetting and evaporation are a complex phenomena relevant to many industrial and 

everyday applications that have attracted the attention of the scientific community for 

many years. In order to ease the reader through the work included in this thesis, 

firstly, the fundamentals of wetting on solid substrates and the dependence of the 

equilibrium contact angle on the different interfacial tensions solid-liquid, liquid-gas 

and solid-gas are presented. Secondly, the different mechanisms involved during the 

evaporation of pure fluid droplets on substrates varying  in hydrophobicity is studied, 

which will help to highlight the differences between the evaporative behaviour of 

pure fluids and nanoparticle-laden fluids. The particular behaviour of theses fluids 

containing particles in suspension requires a introduction of the main mechanisms 

governing the evaporation of these colloidal suspensions and a description of the 

potential applications in self-assembly, DNA stretching or bioanalysis, which are 

included third. The last part consists of the study of nanofluid droplets under an 

external voltage applied, therefore fundamentals of electrowetting and the 

evaporative behaviour of different fluids and colloidal suspensions under an applied 

external voltage are introduced last. 

 

Figure 2. 1 – Different phenomena tackled in this work: wettability; drying colloidal suspensions such 

as inks, coffee and blood; and electrowetting. 



Chapter 2 Background and Literature Review 

 11 

2.1 Wetting 

Wetting is defined as the ability of a liquid to wet either a solid surface or an 

immiscible liquid. Situations where a solid is wetted by a liquid are present all 

around us, from rain droplets on windows to paints, inks, crop dusting, or heat 

transfer. Due to the common nature of this phenomenon, understanding the different 

interactions between liquids and solids becomes crucial for many industrial, 

biological, agricultural or everyday applications [5, 14, 26, 73].  

Wettability is governed by the different interfacial tensions between the phases 

present (solid-liquid-gas) and it has been used to characterize solid surfaces for years 

[1-3]. Interfacial tensions are typically neglected for fluids at the macroscale, 

although these forces become extraordinarily important when studying liquids at the 

microscale where gravitation forces are ruled out. Since this experimental work 

focuses on the study of the static and dynamics of dewetting of the contact line and 

on the interactions between liquid droplets and solid substrates during evaporation, 

an introduction to the fundamentals of wetting is essential. 

It was more than two centuries ago since the publication of “An  essay on the 

cohesion of fluids” by Thomas Young [1], which, despite all these years, is still 

considered as the foundation of modern wetting and capillary phenomena. Young 

observed the reproducibility of the contact angle adopted between droplets of the 

same liquid on the very same solid surface, which was described in terms of the 

interfacial tensions between the different phases present. Thereafter, using 

thermodynamics and the principle of minimum energy [74], Dupré [75] introduced 

the reversible work of adhesion to demonstrate the well known Young-Dupré 

equation, Equation 2.1 . On other hand, Gauss [76] combined Young’s [1] theoretical 

description of surface tension  with Laplace [77] mathematical approach  to develop 

the Young-Laplace equation for capillary pressure between two immiscible liquids at 

capillary equilibrium . 

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

substrate, droplet profile evolves until thermodynamic equilibrium between the 
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phases present is reached. At equilibrium, the internal free energy of the system is 

minimized and different equilibrium profiles can be adopted depending on the 

physical and chemical properties of substrate [78], liquid and surroundings. A 

balance of the different interfacial forces acting at the triple contact line is 

represented in Figure 2. 2: 

 

Figure 2. 2 - Schematic representation of Young’s force balance at the triple contact line. 

Where sgγ , lgγ  and slγ  are the different interfacial tensions solid-gas, liquid-gas and 

solid-liquid respectively, and 0θ  is the macroscopically equilibrium contact angle 

adopted by the droplet between the solid-liquid and the solid-gas interface, 

neglecting gravity effects. This force balance proposed more than two centuries ago 

by Thomas Young [1] and completed by Dupré [75] is still valid and widely used 

nowadays, Equation 2.1: 

0
lg

cosθ
γ

γγ
=

− slsg        (2.1). 
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Wetting and interfacial phenomena of droplets are considered as an area of research 

where the following disciplines; fundamental physics, chemistry and engineering 

come together, and which have attracted the attention of the scientific community for 

decades [5]. In the mid-sixties, Zisman [78] thoroughly reviewed wetting, spreading 

and adhesion of different fluids on a wide variety of substrates ranging from low- to 

high-energy surfaces. At this point the empirical linearity between θcos  and the 

surface tension of the liquid for low energy substrates was proposed [78]. Between 

the seventies and eighties, the invaluable contributions of Dussan [2] and de Gennes 

[3] also led the static and dynamics of the contact line to a different level of 

understanding. Dussan proposed the idea of a microscopic contact angle at the 

vicinity of the triple contact line different from the macroscopic one, whereas de 

Gennes unified different concepts previously reported on physical chemistry, 

statistical physics and fluid dynamics, for the characterization of the static and 

dynamics of the contact line.  

However, and despite all the work carried out in this topic, many of the mechanisms 

present during static, wetting, or dewetting of the contact line are still not completely 

understood. A brief description of wetting phenomena is included next. On an ideal 

substrate and at thermodynamic equilibrium a droplet can exhibit either complete or 

partial wetting depending on the properties of the phases present, i.e. interactions 

solid-liquid, liquid-gas and solid-gas. Typically on high-energy substrates, like 

metals, where surface tension solid-gas is greater than the sum of the other two 

surface tensions (liquid-gas and solid-liquid one), the triple contact line is pulled 

towards the solid-gas phase and the liquid spreads over the surface, i.e. complete 

wetting is observed [3]. On the other hand, partial wetting is reported for an 

observable finite contact angle between the solid-liquid and the liquid-gas interfaces. 

Furthermore within partial wetting regime, non-wetting is associated to contact 

angles greater than 90º whereas partial wetting is observed for contact angles ranging 

from 1º to 90º.  

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

considered hydrophilic when a water droplet exhibits either complete or partial 
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wetting (equilibrium contact angles for water below 90º), or hydrophobic when 

equilibrium contact angles are above 90º. Contact angle has been used for years to 

characterize the wettability of solid substrates [79]. The next figure illustrates 

different degrees of hydrophobicity ranging from hydrophilic to hydrophobic (from 

left to right): 

 

Figure 2. 3 – Different fluids on substrates varying in hydrophobicity: (a) deionized water-glass, (b) 

green pH 7 buffer-silicon, (c) TiO2-water nanofluid-parylene and (d) green pH 7 buffer-Teflon. 

It is worth noting that slightly different equilibrium contact angles can be observed 

when placing the same liquid on real surfaces, in contrast to ideal ones. These 

differences are due to the presence of physical or chemical heterogeneities or defects 

on the substrate such as cavities, bumps or scratches that lead the equilibrium contact 

angle to a range of values between the advancing and the receding one [80]. 

In the last century, many studies have been carried out to try to shed light on the 

complex world of wetting and interfacial phenomena between phases. For instance 

different mechanisms have been successfully reported to enhance the wettability of a 
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liquid on a substrate such as; the addition of surfactants to a base fluid reported by 

Marmur and Lelah more than three decades ago [81], or the development of anti-fog 

and self-cleaning superhydrophilic surfaces [7]. In addition, observing and 

mimicking the phenomena present in nature have led Neinhuis et al.[4] to the 

development of new superhydrophobic substrates based on the lotus leaf with an 

equilibrium contact angle for water greater than 150º. Non-wetting substrates are also 

important for self-cleaning applications or as water repellents for textiles and fibres.  

On other hand, other techniques have also been successfully reported to control the 

droplet interface and to modify the extent of wetting by an external force applied. 

Electrowetting [82], dielectrowetting [83], or the development of new photoinduced 

materials [6] are some of the new techniques reported for the manipulation of the 

droplet interface in absence of mechanical parts.  

Based on all the latter, understanding wettability and spreading becomes crucial for 

many industrial and everyday life applications and despite all the work carried out in 

this topic for more than two centuries, the interactions solid-liquid, liquid-gas and 

solid-gas are not completely understood yet and most of the scientific contributions 

can only be applied to particular solid-liquid systems. 

2.2 Droplet Evaporation 

Evaporation is also a phenomenon of great importance for many industrial or energy 

applications such as two-phase heat transfer [84], production of steam to power 

turbines, drying, or separation processes like mass transfer [85] amongst others. 

More precisely, in this work, we are interested in the evaporative behaviour of small 

volumes of liquid, i.e. the evaporation of microlitre droplets. For such small droplets, 

the main forces governing equilibrium contact angle are surface tension, heat and 

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

Immediately after the deposition of a liquid droplet on a substrate and unless the 

atmosphere is saturated, a droplet will experience some evaporation, i.e. liquid 
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molecules are subjected to a phase change from liquid phase to gas phase, and heat is 

removed from the substrate. This loss of mass experienced by the liquid phase due to 

evaporation is observed as a change in droplet profile; either by a decrease in contact 

angle, a reduction in base radius or combination of both, depending mainly on the 

nature of the substrate. The different evaporation regimes proposed by Picknett and 

Bexon [8] are gathered in Figure 2. 4: 

 

Figure 2. 4 – Different evaporative regimes depending on the nature of the substrate and the fluid 

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

It was more than three decades ago when the different evaporative regimes, 

presented in Figure 2. 4, were observed [8], although it was not until few years later 

that the evaporation mode was linked to the wetting behaviour. Birdi and Vu [10], 

identified different evaporative modes depending on the wettability of the substrate, 

i.e. a droplet evaporates differently on a hydrophilic substrate than on a hydrophobic 

one . Typically on hydrophilic substrates, droplet evaporation proceeds at constant 

contact radius (CCR) leading to a steady rate of evaporation over time, this being 

greater for bigger droplet radiuses due to diffusion-driven evaporation as reported in 

literature [9, 14]. The constant rate of evaporation proposed for droplet evaporation 

at CCR was further supported by the work of Panwar et al. [16] where a linear 
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decrease of mass in time, for droplets evaporating at CCR, was tracked using a 

microbalance. It is worth mentioning that the linear relationship between evaporation 

rate and the radius of iodine spheres was already reported by Morse more than a 

century ago [87]. On the other hand, on smooth and hydrophobic substrates a 

different evaporative regime is reported. In this case, contact radius decreases 

monotonically and contact angle remains constant (CCA) leading to a non linear 

evolution of mass or volume loss in time as reported in literature by Mc Hale et al. 

[88] and  Erbil and co-workers [13].  

Of great importance is also the contribution of Bourgès-Monnier and Shanahan [11] 

who thoroughly studied the evaporative behaviour of two different fluids on 

substrates varying in hydrophobicity and four different stages of evaporation were 

identified. During the first stage, features of the droplet remain nearly unaltered since 

the surroundings are saturated with the evaporating liquid and practically no 

evaporation takes places. Once the atmosphere is not saturated any longer, a decrease 

in both contact angle and height of the droplet to account for the volume of liquid 

evaporated is noticed. Third, and depending on the substrate, base radius decreases 

while contact angle remains constant, and last, the mixed evaporative behaviour 

observed by Picket and Bexon [8] where both contact angle and base radius decrease 

in time, until the complete vanishing of the droplet is found [11]. 

Attending to droplet lifetime, this latter certainly depends on the evaporative mode 

either at CCR or at CCA dictated by the hydrophobicity of the substrate. For a given 

droplet volume, evaporation on hydrophilic substrates proceeds quicker due to lower 

equilibrium contact angle and therefore greater base radius than that adopted on 

hydrophobic ones. Since evaporation rate is proportional to the base radius, shorter 

timescales are observed for droplet evaporation on hydrophilic substrates when 

compare to low energy ones, as reported by Shanahan et al. [89]. This is also 

consistent with the work of Chandra et al. [90] where, for a given droplet volume, 

quicker evaporation was reported when using surfactants due to induced spreading . 

It is worth noting that irregularities and defects on the substrate play an important 

role in droplet evaporation. These heterogeneities can suppress, partially or 

completely, the dynamics of the contact line on hydrophobic substrates if roughness 
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and defects are great enough. The evaporation of water on superhydrophobic 

substrates at CCR mode has been further addressed by Gelderblom et al. [91]. 

From the theoretical point of view, a diffusion model to account for the transport of 

vapour molecules from the surface of a spherical droplet towards an infinite medium 

analogous to that of heat diffusion, was also proposed by Maxwell long time ago 

[92]. Almost a century later, Fuchs [93] confirmed Maxwell equation for stationary 

evaporation of millimetre sized spherical droplets with radii bigger than the mean 

free path of that of the vapour molecules, and it was given as Equation 2.2: 

)(4 ∞−−=− ccRD
dt

dm
sπ       (2.2), 

where dtdm−  is the loss of mass in time, R  the spherical droplet radius, D  the 

diffusion coefficient, and sc  and ∞c  the vapour concentration of saturation and that 

of the infinite medium respectively. 

Thereafter Picknett and Bexon [8] tackled the more complex problem of evaporation 

of a liquid droplet wetting a solid substrate. A decrease in the rate of evaporation was 

observed due to there is lesser liquid-gas interface area sensitive to evaporation when 

compared to that of a sphere, i.e. smaller surface area for the diffusion of the vapour 

molecules. This reduction in evaporation rate was modelled by introducing a factor, 

)(θf , analogous to the one used for obtaining the electrostatic potential of an 

equiconvex lens. Mentioned factor is function of both droplet contact angle and 

radius of curvature [8]: 

)()(4 θπ fccRD
dt

dm
s ∞−−=−      (2.3). 
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Bringing together all the findings reported in this subsection, it is evident that 

evaporation of sessile droplets depends strongly on the evaporation mode either at 

constant contact angle or at constant contact radius dictated by the dynamics of the 

contact line, and these in turn depend on the nature of the substrate and the fluid, i.e. 

substrate wettability.  

In this thesis the dynamics of dewetting are tackled in terms of competition between 

pinning forces anchoring the contact line to the substrate in one hand, and depinning 

forces due to the free energy gained by the droplet throughout evaporation on the 

other, which is included in Chapter 4 of the present thesis [58]. Uncovering the 

interactions and interfacial forces between the different phases (solid-liquid-gas) 

present during wetting and dewetting of evaporating droplets is of great importance 

for the complete comprehension of surface-based phenomena. 

Once introduced the different mechanisms reported in literature for the evaporation 

of pure fluids on solid substrates, an overview of the mechanisms present during 

evaporation of volatile droplets containing particles in suspension is included next. 

2.3 Evaporation of Colloidal Suspensions & Nanofluids 

Colloidal suspensions can be defined as a disperse phase of solid particles in the 

micrometer range homogeneously mixed in a continuous medium or base fluid. This 

description was introduced more than 150 years ago by the Scottish scientist Thomas 

Graham [94]. Colloidal suspensions are also found all around us. Inks, paints, milk, 

tea, coffee, or blood, are some of the most common examples of these suspensions, 

which have been proposed for many industrial, food processing, self-assembly [26], 

pharmaceutical or biological applications [5] such as DNA stretching [14, 33] or as 

diagnosis tools [95]. Despite the numerous applications where colloidal suspensions 

can be implemented, in this work we are more interested on the science underpinning 

the mechanisms by which particles remain in suspension, interact with the solid 

substrate or organize at the TCL. 
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Figure 2. 5 – Examples of deposits after the complete dry-out of different colloidal suspensions: 

blood serum [96], blue ink, TiO2 nanoparticle deposits [97] , SiO2 nanoparticle deposits at the 

macroscale, order -disorder transition at the TCL of  micron-size spherical particles [98], cDNA 

microarray [99], and the well known coffee ring stain. 

It is predictable that the presence of particles of different shapes and sizes dispersed 

into a base fluid modifies the properties of the latter; enhancing thermal conductivity 

[100], increasing viscosity (predicted long ago by Einstein) [101], changing 

refractive index, or altering the evaporative behaviour, when compared to the pure 

fluid case [27, 46]. In this thesis special interest has been paid to the macroscopic 

evaporative performance of the droplet profiles and to the accumulation of particles 

at the TCL [58]. The latter essential to understand the internal mechanisms governing 

the patterns and deposits left during and after the complete dry-out of a droplet 

containing colloidal particles in suspension [97]. 

The relatively recent interest in the evaporation of colloidal suspensions has stemmed 

mostly since the work of Deegan et al. [28] and the analogy between evaporation of 

colloidal suspensions and the coffee ring stain left after the complete dry-out of 

coffee . It is foreseen that the evaporative behaviour of such suspensions becomes 

more intricate than the simple vanishing of the base fluid, and despite all the work 

carried out on this topic during the past years, the different interactions; particle-
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particle, particle-fluid, particle-substrate and fluid-substrate are not yet fully 

understood and there is still considerable knowledge to be gained. Studying free 

evaporation of these suspensions potentially pursues the understanding of the internal 

mechanisms governing the motion of particles during evaporation. These particles in 

suspension have been reported to have a big impact on the dynamics of the contact 

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

The heuristic problem of particle deposition following free evaporation was tackled 

for the first time by Deegan et al. [102], who developed a mathematical model to 

demonstrate the averaged radial flow, J , and the velocity, v , with which colloidal 

particles move from the bulk of the droplet towards a self-pinned triple contact line. 

In essence, for volatile droplets, there is a radial outward flow from the bulk of the 

droplet towards the TCL to replenish the liquid evaporated named capillary flow 

[102]. Capillary flows govern the internal flow of particles in suspension and 

therefore the macroscopic behaviour of the contact line. Since evaporation takes 

place mainly at the TCL [14], particles homogeneously suspended are dragged from 

the bulk towards the contact line prompting the accumulation of solute at the edge, 

thus hindering the receding movement of the contact line [27, 28]. The induced radial 

outward flow and the accumulation of particles at the droplet edge, besides the 

evaporative flux at the droplet surface are included in Figure 2. 6 (b): 
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Figure 2. 6 – (a) Schematic representation of the evaporative behaviour of a droplet containing 

colloidal particles on hydrophobic and hydrophilic substrates [57] and (b) evaporative and capillary 

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

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

averaged radial flow [102]:  

∫ 













∂
∂+









∂
∂+⋅−=

t

h

r

h
trJrdr

rh
trv ρ

ρ

2

1),(
1

),(    (2.4), 

where h  is the position of the liquid-gas interface, J  the mass flux in Kg·m2/s, r  the 

radial position, and ρ  the fluid density. The main mechanism of transport of solute 

towards the contact line is then identified. 

Thereafter, Hu and Larsson [14] supported and completed the observations proposed 

by Deegan et al. [102] for the evaporation of pinned sessile droplets. These authors 

developed an analytical model, function of contact angle, for the description of the 

nonuniform distribution of both vapour and evaporative flux at the droplet surface 

during droplet evaporation. A good agreement between the proposed analytical 

solution, a finite element method (FEM) model and experimental results was 

reported [14]. In consequent publications, the same authors proposed and 
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demonstrated a lubrication theory to describe the velocity fields within the droplet; 

first, in absence of Marangoni stresses [103] and second, in presence of these stresses 

due to surface tension gradients caused mainly by a nonuniform temperature 

distribution along the droplet interface [18]. It was found that coffee ring patterns are 

a combination of; pinned contact line, accumulation of particles at the triple contact 

line and low recirculation of fluid within the bulk of the droplet, i.e. low Marangoni 

flow [104]. Theoretical and experimental contributions arising from the work of both 

groups, Deegan’s and Hu and Larsson’s, resulted vital towards a better understanding 

of the mechanisms governing the internal motion of both particles in suspension and 

liquid molecules during droplet evaporation 

At this point, the addition of colloidal particles to a base fluid certainly modifies the 

evaporative behaviour of the pure fluid offering an attractive, efficient and costless 

mean to create desired patterns using free evaporation. It is worth mentioning that 

evaporation of colloidal suspensions and patterns created depend on the specific 

system studied, i.e. size, shape, concentration and nature of colloidal particles, type 

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

More recently current advances in miniaturization and manufacturing techniques 

have led to the fabrication of novel nanoscale particulates, that added to a base fluid 

constitute a new class of colloidal suspensions called nanofluids [41, 42]. These 

nanofluids have been reported to exhibit unique thermal, electrical and mechanical 

properties. In addition a different evaporative behaviour when compared to those of 

the base fluid or of colloidal suspensions was observed. Addressing the dynamics of 

the contact line for these suspensions can help to elucidate the different mechanism 

controlling the interactions particle-particle, particle-fluid, particle-substrate, or 

fluid-substrate, the latter of great importance for the reproducibility of the deposits 

and patterns formed after the complete dry-out of these nanoparticle-laden liquids.  

Using video microscopy, Wasan and Nikolov [44] observed for the first time the 

ordering of nanoparticles at the triple contact line. Mentioned ordering of the 

nanoparticles increases the disjoining pressure at the TCL, thus enhancing the extent 

of spreading of these nanosuspensions when compared to the base fluid. Another 
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imaging technique such as optical fluorescence microscopy led Wong et al. [105] to 

visualize three different rings according to sizes and nature of three different biologic 

substances. On other side, using atomic force microscopy (AFM), Askounis et al. 

[97] demonstrated the patterns and deposits left during the evaporation of colloidal 

suspensions and nanofluids, which are closely associated with the evaporative 

behaviour at the macroscale [106], the latter governed by the type, size and 

concentration of the particles present in the bulk . Based on all the later, the 

combination of different techniques at the nano-, micro- and macro-scale becomes 

crucial to understand and control the deposits for many biological, industrial, medical 

or pharmaceutical applications [107]. 

When looking into the evaporative behaviour of these novel fluids at the macroscale, 

different regimes of evaporation have been reported depending on nanoparticle 

concentration. On an ideal, smooth and solid substrate a nanofluid droplet may 

evaporate at CCR if the concentration of particles is high enough to prompt the 

complete pinning of the contact line, leading to ring-like but homogeneous stain 

[107]. On other hand, “stick-slip” of the contact line and a set of eccentric rings, 

preferentially pinned on one side, were reported by Moffat et al. [106] for the 

evaporation of 0.1% TiO2-ethanol nanofluid droplet on hydrophobic substrates . Last, 

if the concentration of nanoparticles is decreased further close to 0%, similar 

evaporative behaviour to that of the pure fluid case with a decrease in the intensity of 

jumps and rings is observed on both hydrophobic and hydrophilic substrates [58]. 

The connection between evaporative behaviour and nanoparticle concentration is 

further discussed in Chapter 4 of the present work. 

The different evaporative regimes described above and the patterns left depending on 

nanoparticle concentration are shown in Figure 2. 7: 
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Figure 2. 7 –Qualitative evaporative behaviour and patterns left after the complete evaporation, 

depending on nanoparticle concentration, observed during this experimental research. (a) 

Homogeneous deposit, (b) “stick-slip” behaviour and (c) a dot-like deposit. 

The potential of controlling the patterns left throughout free evaporation is evident. It 

is worth mentioning that Maenosono et al. [108] succeeded in reproducing 

nanometre size arrays by free evaporation of CdS and CdSe/Cd nanoparticles, only 

two years after the analogy established between evaporation of colloidal suspension 

and that of the coffee ring stain . On other hand, droplet geometry was successfully 

proven to separate and concentrate three different biological substances by size due 

to the curvature of the meniscus following free evaporation [105]. This size 

segregation represents potential applications as on-site separation and concentration 

for nanocromatography purposes. In addition, aiming to understand how colloidal 

particles in suspension perform and organize during evaporation, led Askounis et al. 

[97] to investigate the deposits left after the complete evaporation of a TiO2-ethanol 

nanofluid droplet using AFM. A peak of 1 micron high and 5 microns wide was 

imaged and a deposition theory that agrees fairly well with experimental results was 

also demonstrated (see Chapter 5). On the same line of research, Marin et al. [98] 

visualized the advective motion of particles at the vicinity of the triple contact line, in 
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this case using microparticle image velocity (PIVµ ). In addition, analysis of the 

deposits scanning electron microscopy (SEM), presented an ordered region in a 

square and hexagonal fashion at the contact line that evolved into disorder when 

moving towards the centre of the deposits. This disorder region agrees with the high 

advective velocities found for the last period of evaporation named “rush hour”. All 

these studies aim to fully elucidate the phenomena underpinning the evaporative 

behaviour of colloidal suspensions and nanofluids, trying to understand the 

reproducibility of the patterns, and to control the deposits left throughout 

evaporation. 

On other hand, since coffee ring stain is undesired in many industrial and biological 

applications [102, 105], in the past decade, the suppression of this coffee ring stain 

has been thoroughly investigated. Hu and Larson [104] were the first ones to report 

both experimentally, using fluorescent tracers, and theoretically that high Marangoni 

flows within the droplet can certainly reverse the coffee-ring stain . Bhardwaj et al. 

[38] looked into the different deposits left after the complete evaporation of TiO2-

water nanofluids at different pHs. Uniform layer, coffee ring, or a bump in the 

centre; were the types of structures found depending on the different electrostatic 

interactions and van der Waals forces altered when modifying the pH. Other authors 

reported the suppression of the coffee ring stain by using different shapes of particles 

dispersed. A more homogeneous deposit rather than the accumulation of particles at 

edge (coffee ring) was observed when using ellipsoids and spherical particles 

respectively [56]. In addition, Eral et al. [66, 109] successfully reported the 

suppression of the coffee ring stain under alternate current (AC) electrowetting 

conditions applied to a droplet containing polystyrene particles in the micrometer 

range. 

It is clear then that the addition of nanoparticles to a base fluid changes the dynamics 

of the contact line and the deposits found at the macro-, micro- and nanoscale 

depending on the evaporative mode reported; constant contact radius, “stick-slip” or 

constant contact angle mode. In Chapter 4 and Chapter 5, an attempt to underline the 

most important mechanisms governing wetting and evaporation of pure fluids 
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besides the more complex evaporation of fluids laden with nanoparticles is included. 

Special attention is paid to the understanding of how nanoparticles organize and self-

assembly during free evaporation. 

2.4 Electrowetting 

Although the interplay between liquid interfaces and electricity was observed by 

Gabriel Lippmann in 1875 [61], the ability to precisely manipulate and control small 

volumes of liquids without requiring mechanical parts has received important 

attention in the past decade [59, 60]. Optical tweezers [110], microheaters and 

patterned surfaces [111], acoustic [112] or electrochemical means [113], and 

electrowetting (EW) [59, 60], are some of the most recent techniques investigated for 

the manipulation of fluids without mechanically moving components. Amongst these 

latter, EW has been proposed as one of the most promising techniques for the 

manipulation of droplet interfaces for optical purposes [63, 82, 114], microfluidic 

applications [62], internal mixing [64], suppression of the coffee ring stain [109], 

droplet surgery [65] or for the harvesting of energy from mechanical sources [115]. 
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Figure 2. 8 - Optical tweezers [110], electronic paper [116], lab-on-a-chip [2009 Finalist: Art in 

Science Award], water droplet as a lens [photograph: Gadi Fishel], variable-focus liquid lens [117], 

coloured pixels [114], electrowetting on paper [118] and hydrodynamic flows [68]. 

The versatility and effectiveness, with which EW has been recently implemented in 

many research disciplines make this technique an attractive mean for the 

manipulation of the droplet interface and the control of the deposits following 

evaporation under an external force applied. Then a thorough study of the dynamics 

of spreading/receding of the contact line [119] as well as investigating the 

mechanisms present during the evaporation of nanoparticle-laden liquids under an 

external voltage applied [120], are expected to shed further light on the interactions 

particle-particle, particle-fluid, particle-substrate, and fluid-substrate, under an 

electric field applied .  

Typically when an external voltage is applied to a droplet the thermodynamic 

equilibrium is further altered, the interfacial tension solid-liquid is modified and the 

substrate becomes more hydrophilic, i.e. contact angle decreases and contact line 

spreads. The interplay between electrical and capillary phenomena was firstly 
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observed by Gabriel Lippmann [61] in 1875, who demonstrated the accumulation of 

electric energy at the solid-liquid interface. This accumulation of energy or induced 

surface charge density, q , was proven [61] by applying Laplace equation, 

thermodynamics (principle of minimization of Gibbs free energy [121]) and 

electrochemical (Helmoholtz layer capacitance per unit of area) principles leading to 

ϕγ ∂∂=− q , where γ  is the interfacial tension and ϕ  is the electric potential or 

voltage across the interface, henceforth referred to as V . Then integrating this 

accumulation of energy at the interface and combining it with Young-Dupré equation 

(Equation 2.1), the well-known Young-Lippmann equation for sessile droplets, 

Equation 2.5, is demonstrated: 
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where  )(Vθ  is the contact angle under an applied voltage, V , 0θ  is the equilibrium 

contact angle, rε  and 0ε  are the permittivities of the material and of free space 

respectively, and d  is the thickness of the electrode.  

On other hand, electrowetting problem can also be approximated following and 

electromechanical approach at the droplet surface while interfacial tensions remain 

unvaried. Mugele and Buehrle [122] demonstrated the effect of electric fringe fields 

at the vicinity of the contact line resulting  in Maxwell stresses pulling the triple 

contact line outwards. At this point, a differentiation between the microscopic or 

local contact angle governed by interfacial tensions and independent of voltage, i.e. 

Young’s angle, and the macroscopic or apparent one, which is well predicted by the 

Young-Lippmann equation was essential. 

Although electrowetting phenomenon has been widely investigated during the past 

two decades, at the present there are still some special features that need to be 

elucidated.  Contact angle saturation, deviation from the Young-Lippmann equation 
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when studying ionic fluids, suppression of contact angle saturation when using 

dielectrowetting, or enhancement in spreading for fluids laden with particles under 

an external electric field applied are some of the phenomena that need further 

investigation. 

Regarding contact angle saturation, i.e. no further change in contact angle when 

increasing the voltage takes place; different works have been presented to try to 

explain this limitation. Quinn et al. [123] proposed a thermodynamic limit of stability 

related to the properties of the materials where the interfacial tension solid-liquid 

must always be positive. This approach was inconsistent with the electromechanical 

approach described by Mugele and Buehrle few years later [122]. Other authors 

pointed towards very strong electric fields that overcome the insulation capacity of 

the dielectric, like Papathanasiou and co-workers who succeeded in measuring 

leakage currents on the dielectric layer [124]. Aiming to understand the physics and 

mechanisms involved during contact angle saturation, McHale et al. [83] proposed 

the use of a nonuniform electric field, dielectrophoresis (DEP) to manipulate droplets 

of nonconductive liquids. While some authors reported contact angle saturation at 

60º, McHale and co-workers managed to decrease the contact angle under 

electrowetting conditions down to 20º, due to the geometry of the electrodes and the 

type of electric field applied. 

When comparing electrowetting performance between different fluids, it has been 

reported that ionic fluids and nanofluids behave, qualitatively, in a similar way as the 

pure fluid. Although in some cases, there is a quantitative deviation from the features 

predicted by the Young-Lippmann equation (Equation 2.5). Dash et al. [125] were 

the first ones to study electrowetting of Bi2Te3 nanoparticle suspensions observing 

different electrowetting behaviour when compared to ionic liquids. An enhancement 

in stability and the absence in contact angle saturation for these novel fluids, for the 

range of voltages tested, was found. Other authors like Millefiori and collaborators 

[69], investigated the electrowetting behaviour for different ionic liquids observing 

quantitative differences between these ionic liquids and the Young-Lippmann 

equation. Differences in electrowetting performance were explained in terms of; 

lower efficiency, different behaviour when comparing anionic or cationic fluids, and 
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asymmetry between positive and negative voltage. On other hand, Roques-Carmes et 

al. [126] looked into the electrowetting behaviour of quantum dots dispersed in 

water, observing, also, a quantitative deviation from the Young-Lippmann equation. 

In this particular case, an enhancement in electrowetting behaviour, i.e. greater 

changes in contact angle were observed for these nanosuspensions when compared to 

the pure fluid case. 

In addition, electrowetting on dielectric (EWOD) substrates has been proven to 

provide a superior performance than traditional EW substrates. Initially designed to 

separate the planar solid electrode from the conductive liquid to block the direct 

exchange of electrons and thus preventing electrolysis; EWOD substrates have also 

been demonstrated to require very low-actuation voltages when compared to 

traditional EW substrates [127]. An insulating layer of an amorphous fluoropolymer 

(aFP) is deposited over the conductive electrode conferring the hydrophobicity and 

insulation properties required. This relatively new concept of EWOD substrates has 

driven recent interest in studying different configurations and materials, aiming to 

obtain substrates with high dielectric constants and good performance against 

dielectric breakdown [128, 129]. When studying EWOD, basic principles of 

electricity can be applied to account for the capacitances of the electrode and that of 

the insulating material [129]. 

Despite the interest on controlling droplet interface mainly for optical applications, 

uncovering the internal mechanisms present during the electrowetting of colloidal 

suspensions has received special attention in the past few years. Understanding the 

mechanism controlling evaporation of these suspensions under EW conditions 

definitely represents potential benefits for the manipulation and repeatability of the 

deposits left by drying. Ko et al. [68] reported hydrodynamics flows inside a droplet 

containing fluorescent polystyrene particles of 2 mµ  in diameter at different 

alternate current (AC) frequencies. Thereafter Mugele’s group [64] studied the 

oscillating motion of the contact line, from high to low contact angle induced by 

different AC frequencies. The internal mixing of different fluorescent particles and 

proteins due to capillary waves generated from the continuous movement of the 
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contact line was successfully proven. Furthermore, the suppression of the coffee ring 

stain was effectively attained during the drying of volatile droplets containing 

particles in suspension for certain AC frequencies and voltages [66, 109]. 

In this work we are more interested in the effect of direct current (DC) voltage 

applied to microlitre droplets containing nanoparticles in suspension. The first 

observations regarding the connection between the behaviour of particles in 

suspensions and an external electric field applied can be dated back to two centuries 

ago. In 1809, Ferdinand Frederic Reuss [130] observed the migration of clay 

particles suspended in solution under DC voltage applied, named electrophoresis 

(EP). The fundamentals of this mechanism are based on the surface charge acquire 

by particles in suspension when suspended in a polar media. This has been proven 

for particles, cells and/or bacteria present in suspension, which are attracted towards 

the electrode with opposite charge under an applied DC electric field [131, 132]. 

Electrophoretic deposition (EPD) has emerged from the exploration of EP as a 

method for separating different particles and cells by charge or size [67, 132-134]. In 

this work, we propose electrokinetic transport as the main mechanism for the particle 

motion within a droplet rather than advective motion dragging the particles towards 

the contact line, Chapter 8. Thus uncovering the mechanisms present during the EW 

of nanofluid droplets under a DC electric field applied becomes of great importance 

for the control and manipulation of the deposits left during and after the complete 

dry-out. 

2.5 Summary 

It is evident that despites all the research carried out on the different topics presented 

within this thesis, many are still to be elucidated; the interactions and mechanisms 

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

Regarding wetting phenomenon, the development of new materials, nanomaterials, 

fluids and substrates with novel and modified physicochemical properties has led to 
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propose new interactions and to reveal novel mechanisms between the different 

phases present. It is indubitable that wettability plays a crucial role on the static and 

on the dynamics of the contact line during both wetting and dewetting, which 

depends mainly on the hydrophilicity of the substrate and the properties of the fluid. 

Also wetting phenomenon has been found to be influenced by the presence of 

particles in suspension. Once again, singularities are found for a particular solid-

liquid system, which have helped for the characterization solid substrates. 

The main evaporative regimes described in this chapter depend on the forces 

involved during the pinning and the depinning of the contact line. Macroscopic 

evaporative performance of the contact line has been found to be different depending 

on the hydrophobicity of the substrate and also on the type of fluid. In the case of 

pure fluids, evaporation at CCA mode is reported on smooth and hydrophobic 

substrates, whereas on hydrophilic ones evaporation begins at CCR and the receding 

movement of the contact line can also be observed, if equilibrium contact angle is 

high enough. An unbalance Young force has been proposed to explain the pinning 

and depinning forces acting at the triple contact line on hydrophilic substrates.  

On other hand, the addition of nanoparticles to a base fluid is found to modify the 

macroscopic droplet evaporative behaviour. The structuring and accumulation of 

nanoparticles at the triple contact line due to capillary flows was found to hinder the 

receding movement of the contact line. The effect of nanoparticle concentration and 

substrate hydrophobicity has been systematically studied and, the induced intrinsic 

energy barrier at the contact line impeding the receding movement of the latter has 

been seized. In addition, the structuring of nanoparticles at the triple contact line has 

been further revealed and a deposition theory that agrees fairly well with 

experimental results has been developed. Also the evaporative behaviour at sub-

atmospheric pressures for pinned contact lines has been investigated for one 

nanofluid concentration and for the pure fluid case. Understanding free evaporation 

of these fluids offers potential applications for controlled deposition and patterning.  

The second part of the present work deals with an external force applied to a 

nanofluid droplet. Electrowetting has been proposed as one of the most promising 
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techniques for the control of the droplet interface without requiring mechanical parts. 

It has been demonstrated that nanofluid droplets can be manipulated in a similar way 

as the pure fluid. Since we are also interested on the study of the complete 

evaporative behaviour under an external DC voltage applied, the aims pursued 

during this part were two-fold; on one hand understanding the manipulation and 

control of a nanofluid droplet interface, and on the other uncovering the mechanisms 

present during the complete evaporation of these fluids.  

The electrowetting of different TiO2-water nanofluid concentrations has been seized 

and an enhancement in the extent of spreading when compared to the pure fluid case, 

for a same voltage applied, is observed. Adsorption of nanoparticles triggered by 

voltage, has been proposed to account for the enhancement in spreading observed 

and a modified Yong-Lippmann equation where the surface tension solid-liquid is 

modified due to the addition of nanoparticles and voltage applied is presented. On 

the other hand, the complete evaporative behaviour of these fluids has been studied 

attending to both the macroscopic evaporative behaviour and the deposits found after 

the complete evaporation. More homogeneous deposits and the absence of stick-slip 

behaviour has been observed under an external voltage applied. Electrokinetic 

transport of the nanoparticles towards the electrode of opposite charge is reported as 

the main mechanism governing the motion of particles during evaporation, in 

contrast to the mechanisms reported under AC conditions. 

 

The next chapter describes; the fluids studied and preparation method, electrowetting 

setup, procedure, and the different techniques, tools, and approaches, adopted during 

this experimental research. Furthermore, additional measurements and tools used for 

the further characterization of both fluids and substrates are included along. 
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The growing interest in the complete understanding of the interactions between solid 

surfaces and liquids (colloidal suspensions, ionic liquids, nanofluids) has led to the 

development of novel and more reliable experimental methods and techniques. 

Pendant drop, sessile drop and AFM are the techniques used during this research, to 

shed further light on the binary interactions particle-particle, particle-liquid, solid-

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

electrowetting (EW) technique has been implemented to this experimental research 

to study these interactions under an external voltage applied.  

With this aim in view, droplet shape has been analyzed at the macroscale and 

different evaporative behaviours [135] depending on the hydrophobicity of the 

substrate, nature of the fluid, addition of nanoparticles, nature of the particulate 

material or an external force applied, have been identified. The study of the different 

evaporative modes has helped to reveal some of the mechanisms present in the 

dynamics of the contact line during evaporation and to address the physics of 

evaporation further. Besides studying the evaporative behaviour under an external 

voltage applied, the electrowetting/dewetting, i.e. spreading/receding movement of 

the contact line under an applied voltage, has also been sized as change in contact 

angle versus voltage, V , for the pure fluid case and for different nanoparticle 

concentrations.  

In order to fully characterize the fluids and nanofluids used during this experimental 

research, additional measurements using different techniques 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 Krüss (GmbH, Hamburgh, Germany) was the 

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

an adjustable sample table, a back light, a computer controlled dosing system and a 

CCD camera with a video-digitalized board capable of transferring a sequence of 

images (up to 25 fps) to the PC. On other hand, DSA1 v1.9 was the software used for 

the control of the dosing system, droplet deposition, and to capture and analyze the 

droplet profile based on sessile droplet technique. First, a previously cleaned 

substrate was placed on the adjustable sample table, and a 3 µl droplet was gently 

deposited on the chosen substrate using the DSA100 dosing system and syringe 

position. Second, the recording was started and up to 400 frames per droplet 

evaporated were acquired and analyzed. Last, contact angle, θ , base radius, R , and 

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

All experiments were carried out in a controlled atmosphere at 20 ºC and relativity 

humidity ca. 30%, unless stated otherwise. Figure 3.1 includes the setup used during 

this experimental research, besides a snapshot of DSA1 v1.9 software to illustrate the 

optimum contrast and sharpness required between droplet and surroundings. Base 

line and droplet fitting are included for comparison. 

 

Figure 3. 1 – DSA100 from Krüss consists of: a moveable sample table, 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, DSA1 v1.9 software includes five 

different methods for the fitting of the droplet shape, although only Tangent Method 

1 and Circle Fitting were the methods adopted for this analysis. Typically, Tangent 

Method 1 was chosen for the fitting on hydrophilic substrates whereas Circle Fitting 

was used for droplets on hydrophobic ones. 

3.1.2 Electrowetting of Volatile Droplets 

Aiming to uncover the interactions solid-particle, solid-liquid, particle-liquid and 

particle-particle under an external electric field applied, a self-made electrowetting 

(EW) setup was implemented to the DSA100. This setup consisted on a DC power 

supply (D100 1), a copper electrode (91 mµ  in diameter) and a substrate holder for 

the EWOD substrates described in Section 3.2.2.2. Figure 3. 2 includes the complete 

setup used during the experimental research carried out in Chapter 8: 

 

Figure 3. 2 – Electrowetting setup and DSA100. DC power supply, positive (red wire) and negative 

(black wire) electrodes, substrate holder and EWOD substrate are included. 
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The procedure followed was analogous to the one described in Section 3.1.1 

although few intermediate steps were necessary before and after the deposition of the 

droplet. Firstly, EWOD substrate was fixed to the substrate holder using a screw, 

with the latter in turn connected to the positive electrode of the power supply. Right 

after the deposition of a droplet onto the EWOD substrate, the negative electrode was 

gently immersed into the droplet using the syringe position control. Video recording 

of the droplet profile was initiated and voltage was turned On using a manual switch. 

Finally, analysis of the droplet profile was carried out. 

3.1.3 High Speed Camera 

The dynamics of spreading/receding of the contact line under EW and non-EW 

conditions were also investigated. In order to capture the instantaneous movement of 

the droplet interface when an external voltage is switched On/Off repeatedly, a high 

speed camera (Mikrotron MC1310 GmbH, Germany) and the software 

MotionBLITZ® (Director version 3.2.0 from Mikrotron), were required for the 

acquisition of up to 200 frames per second. A backlight to achieve the optimum 

contrast for the processing of the images was also implemented. The same self-made 

electrowetting setup described in Section 3.1.2 was used. A sketch of the apparatus 

and a cross-sectional view of the EWOD substrate used during the research carried 

out in Chapter 7 can be seen in Figure 3. 3: 
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Figure 3. 3 – (a) 3D view of typical experimental EWOD setup used to capture the instantaneous 

movement of the contact line when switching voltage On/Off. EWOD substrate, high-speed camera, 

and positive and negative electrodes connected to the substrate are included. (b) Cross-sectional view 

of the EWOD substrate and droplet is included. 

After the deposition of a droplet and the immersion of the negative electrode into this 

latter, up to 15 On/Off cycles were applied using a manual switch (DC step voltage 

test). Concentration, voltage, and thickness of the insulating layer were the variables 

studied. To analyze the quick electrowetting/dewetting movement of the contact line, 

images were captured using the software MotionBLITZ® and processed with ImageJ 

to create a video. This video was subsequently analyzed with DSA1 v1.9 software. 

Experiments were repeated up to three times for the same concentration, identical 

substrate and unvaried voltage. To exemplify the reproducibility and consistency of 

the electrowetting/dewetting movement of the contact line Figure 3. 4 is included: 
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Figure 3. 4 – Contact angle and base radius versus time for deionized water at 30 volts during 7 

cycles On/Off on Cytop300. 

3.1.4 Additional Measurements 

To further characterize the fluids and substrates used during this experimental 

research, additional experimental techniques adopted and instruments and apparatus 

employed are included next. 

3.1.4.1 Pendant Drop Technique 

In order to rule out any change in surface tension liquid-gas, lgγ , due to the addition 

of nanoparticles to a base fluid, for the low range of concentrations tested, additional 

pendant drop experiments were carried out. These measurements are based on a 

balance between interfacial forces keeping the droplet attached to the needle and 

gravitational ones pulling the droplet down. 

FTA100 from First Ten Angstroms (Portsmouth, VA) was the equipment used for 

the measurements of the interfacial tensions liquid-gas for the different fluids tested 
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during this experimental research. Up to 3 different experiments were carried out in a 

controlled atmosphere at 15 ºC for each concentration and for the pure fluid case: 

Table 3. 1 - Average surface tension liquid-gas and standard deviation for water and for the following 

TiO2-water concentrations by weight: 0.001%, 0.01% and 0.1% at 15 ºC. 

Concentration Water 0.001% 0.01% 0.1% 

lgγ  (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 surface tension for the low range of 

concentrations tested. 

3.1.4.2 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) technique was adopted to characterize some of the 

substrates used during the experimental research carried out in Chapter 4 and, to 

image the features of the deposits left after the complete evaporation of a nanofluid 

droplet included in Chapter 5. The motivation for using AFM to obtain information 

of substrates and deposits, was due to the great resolution down to the atomic scale in 

both horizontal and vertical planes offered by this novel technique. The equipment 

used was a Burker Multimode/Nanoscope IIa AFM (Bruker, Santa Barbara, CA), 

with 8 nm radius LTESP Bruker cantilevers with a nominal spring constant of 48 

N/m and resonance frequency of 190 kHz under tapping mode (intermediate contact 

of the tip with the substrate) in air and at room temperature. Thereafter images were 

processed using SPIP™ (Image Metrology, Hørsholm, Denmark). AFM experiments 

were carried out by Alexandros Askounis current PhD student at the Institute for 

Materials and Processes at the University of Edinburgh. 
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3.1.4.3 Electrophoretic Mobility (EPM) 

In order to explain the more homogeneous deposits found after the complete 

evaporation of a nanofluid droplet under DC voltage applied, additional 

electrophoretic mobility ( epµ  or EPM) measurements of the titanium dioxide (TiO2) 

nanoparticles dispersed into water at different concentrations were carried out. These 

EPM measurements aim to experimentally seize the behaviour and interactions of 

charged particles/cells/bacteria/proteins in suspension, when subjected to an external 

uniform electric voltage. ZetaPALS or Zeta Potential Analyzer from Brookhaven 

Instrument Corporation (BIC) and the software ZetaPALS from the same 

manufacturer were the means used to obtain these epµ . 

Approximately 1.5 millilitres of the nanofluid were placed in a cuvette, followed by 

the immersion of two parallel electrodes in this latter. Electrodes were connected to 

the equipment using a wire and both cuvette and electrodes were placed inside the 

ZetaPALS. Thereafter an AC (alternate current) electric field, E , between 6 and 9 

V/cm, was applied to the suspension inducing the oscillating back and forth 

movement of the charged particles. This motion of the nanoparticles was tracked and 

measured by Phase Analysis Light Scattering (PALS) that offers greater sensitivities 

than the typical laser Doppler methods [136]. Subsequently ZetaPALS software 

calculates the zeta potential, ζ , of the particles in suspension using either Hückel or 

Smoluchowski limits from the experimentally measured mobilities. For each 

concentration a total of 20 different measurements were averaged. Standard deviation 

was also calculated and included in Table 3. 2: 
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Table 3. 2 – Electrophoretic mobility and zeta potential for 0.01%, 0.05% and 0.1% of TiO2 

nanoparticle concentration by weight in deionized water. 

Concentration 0.01% 0.05% 0.1% 

epµ  ((µm/s)(V/cm)-1) -2.20 ± 0.07 -1.65 ± 0.11 -1.6 ± 0.15 

ζ  (mV) -43.7 ± 1.6 -39.0 ± 2.5 -37.7 ± 3.6 

3.2 Fluids and Substrates 

3.2.1 Fluids 

3.2.1.1 Pure Fluids 

Deionized water was obtained from a Barnstead NANOpure® Diamond™ Analytical 

ultrapure water system with a conductivity of 18.2x10-6  cm/Ω . On other hand, 

ethanol, as low surface tension fluid, was purchased from Sigma Aldrich. 

3.2.1.2 Nanofluids 

Nanofluids used in this experimental study were prepared following the two-steps 

method, where particles in the nanometre range are dispersed into a base fluid. 

Titanium dioxide (TiO2) and aluminium oxide (Al2O3) nanoparticles with a typical 

particle size of <25 nm and <50 nm respectively were purchased from Sigma-

Aldrich. Different concentrations by weight were prepared using a microbalance GR-

202 with an accuracy of 0.00005 grams. Thereafter nanofluids were placed in an 

ultrasonic bath from Fisher Scientific (FB15047) for several hours until no 

agglomeration was observed. All nanofluids were ultrasonicated for a further hour 

prior to the deposition of a nanofluid droplet on a substrate. 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 the following properties are required; 

ideal, flat, smooth, rigid solid without chemical heterogeneities or surface defects. 

Substrates were prepared at the Scottish Microelectronic Centre (SMC) as follows: 

approximately 1 mµ  polymer layer was deposited by spin coating over an oxidized 

silicon wafer. After spin coating, annealing was performed in a semiconductor 

industry standard furnace at 330 ºC filled with nitrogen to remove any contaminant. 

The polymers deposited were; Teflon and Cytop (perfluorinated polymer consisting 

of C-C, C-F, and C-O bonds) considered as hydrophobic, and C4F8 

(octafluorocyclobutane) and parylene (poly(p-xylylene) polymer)) which show an 

intermediate behaviour. 

On other hand, to be able to cover wide range of wettabilities, different hydrophilic 

substrates were also investigated: glass, bare silicon and glass cover slip (thickness of 

0.1 mm from TAAB) henceforth referred as glass*.  

To illustrate the degree of hydrophobicity, the equilibrium contact angle for both 

water and ethanol measured on the different substrates tested are given in Table 3. 3: 

Table 3. 3 - Equilibrium contact angle, 0θ , measured right after the deposition of the drop on the 

substrate ( 0=t ) for both water and ethanol on different substrates. 

Fluid/Substrate Glass Silicon Glass* Parylene C4F8 Cytop Teflon 

Water (º) 28 57 71 89 104 110 114 

Ethanol (º) - - 10 10 26 41 45 
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For the sake of completeness, silicon and Teflon substrates have been further 

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

 

Figure 3. 5 - Height profiles of “smooth” silicon (thick solid red line) and “rough” Teflon (thin solid 

black line) showing the roughness in nanometres. Root mean square of both substrates has been 

calculated and included along. 

Figure 3. 5 includes the height profiles of “smooth” silicon and “rough” Teflon 

obtained by atomic force microscopy. Roughness root mean square values are shown 

along. It is worth to mention that silicon roughness (hydrophilic substrate) is 10 

times smaller than that of Teflon (hydrophobic one). 

3.2.2.2 EWOD Substrates 

EWOD substrates were created by introducing an insulating layer between the 

electrode and the conductive liquid solving the electrolysis problem and leading to a 

new range of low actuation voltage substrates [127]. The relevant properties required 

by these substrates are; high dielectric strength and high dielectric constant of the 

conductive electrode, besides a smooth and hydrophobic insulating layer coating the 
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electrode that minimizes hysteresis effects, offers good reversibility and about all 

avoids electrolysis. 

The fabrication of these substrates was also carried out at the Scottish 

Microelectronic Centre (SMC) [129] and it can be summarized as follows. Firstly, a 

silicon (Si) wafer was exposed at 950 ºC water vapour in a high temperature furnace 

to create a 500 nm silicon oxide (SiO2) layer. Secondly, 500 nm of tantalum (Ta) 

were sputtered onto the SiO2 and thereafter the tantalum was anodized to grow a 

controlled layer of 95 nm of tantalum pentoxide (Ta2O5), acting as one of the 

dielectrics, i.e. positive electrode. The last part of the fabrication process involves the 

spin coating of the electrode using an amorphous fluoropolymer (aFP), in this case 

Cytop, to confer good reversibility and the hydrophobicity required. Three different 

aFP thicknesses were deposited onto the Ta2O5 to obtain a 22, 300 and 500 nm Cytop 

layer, henceforth referred as Cytop22, Cytop300 and Cytop500. 

3.2.3 Chamber 

A cylindrical chamber made of stainless steel was used to conduct experiments in a 

controlled nitrogen atmosphere at different sub-atmospheric pressures, besides 

impeding the contamination from the surroundings. Two borosilicate small viewing 

windows allow for the recording of the droplet profile inside the chamber. A vacuum 

pump, nitrogen and helium supply, besides electric connections were also included in 

the construction features of the chamber. 

3.2.4 Cleaning Procedure 

Prior to the deposition of a droplet, substrates were cleaned by immersion of these 

latter in an ultrasonic bath from Fisher Scientific (FB15047) containing isopropanol 

and for ca. 15 minutes. Subsequently substrates were rinsed using abundant 

deionized water and thereafter dried with a stream of nitrogen to remove any dust or 
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contaminants. Syringes and needles were also washed vigorously with deionized 

water and dried with a nitrogen stream. 

3.3 Summary 

The various approaches and the combination of the different techniques and tools at 

the macro-, micro-, and nanoscale that have made possible to seize the different 

physic and chemical interactions during wetting, evaporation and electrowetting have 

been included here. In the following chapters, results, discussion and conclusions 

regarding the most important findings gathered during this experimental research are 

presented next. 
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Wetting and droplet evaporation are a phenomena present in everyday life and 

despites the intensive research carried out in this topic, many unknowns are still to be 

elucidated. It has already been reported that droplet evaporation rate is directly linked 

to the contact line dynamics; either evaporation at CCR (pinning) [9], at CCA 

(smooth receding) [10, 13] or a mixed evaporation behaviour can be found, mainly 

depending on the hydrophobicity of the substrate [11, 89]. In this part of the thesis 

we take a close look at the dynamics of the contact line during droplet evaporation 

for different fluids and on substrates varying in hydrophobicity, which can help to 

uncover the different mechanisms present during dry-out.  

During evaporation, there is a competition between pinning forces preventing the 

movement of the contact line in one hand and depinning forces arising from the loss 

of mass modifying the droplet shape equilibrium on the other. A simple but effective 

theoretical approach based on an unbalanced Young force is adopted to explain the 

minimum force for the contact line to depin on substrates varying in hydrophobicity 

[1]. The second part of the chapter involves the addition of nanoparticles to a base 

fluid and the study of both effect of concentration and substrate hydrophobicity 

during the evaporation of these novel fluid when compared to the pure fluid case 

4.1 Evaporation of Pure Fluids on Different Substrates 

Results concerning the evaporative behaviour of pure fluids on very smooth 

substrates ranging from hydrophilic to hydrophobic, i.e. from wetting to non-wetting 

substrates are presented next. Substrates and fluids as well as the experimental 

procedure followed were described in the previous chapter. 
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4.1.1 Water 

Figure 4. 1 shows the experimental behaviour of droplet profile portrayed as contact 

radius, R , and contact angle, θ , versus time, t , [135] for deionized water on 

substrates varying in hydrophobicity: 

 

 

Figure 4. 1 – (a) Evolution of the contact radius, R  (mm), and (b) evolution of the contact angle, θ  

(deg), for water on substrates ranging from the most hydrophilic to the most hydrophobic. 
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From the experimental results presented in Figure 4. 1, two different modes of 

evaporation can be identified for water droplets depending on the hydrophobicity of 

the substrate. On hydrophobic substrates, i.e. Cytop and Teflon, base radius 

decreases monotonically during most of the evaporation with a sudden decrease 

towards the end as shown in Figure 4. 1 (a). On the other hand, on hydrophilic 

substrates an initial pinning of the contact line, at least during the first 40% of the 

droplet lifetime, is reported. Thereafter the pinning stage, either a continuous or an 

interrupted receding of the base radius until the complete dry-out is observed. On 

glass, there is no depinning of the contact line during most of the droplet lifetime. 

Looking at the contact angle, Figure 4. 1 (b), a plateau behaviour at least during 80% 

of the evaporation followed by a sharp decrease at the very end is reported on 

hydrophobic substrates. In contrast, on hydrophilic ones, the initial pinning of the 

contact line leads to a steady decrease in the contact angle until the contact line 

depins.  

Regarding the evaporative behaviour, on the most hydrophilic of the substrates, i.e. 

on glass, since there is no depinning of the contact line, a constant rate of evaporation 

until the complete vanishing of the droplet is reported [11]. In the intermediate case 

where there is pinning (first) and thereafter depinning of the contact line, rate of 

evaporation deviates from linearity decreasing in time due to a continuous reduction 

on the contact radius with time.. On the other hand, on hydrophobic substrates, the 

continuous receding of the contact line points out to a nonlinear evolution of either 

mass or volume in time [88, 137]. It is worth noting that a smooth receding of the 

contact line is reported for the same fluid on Teflon even though this latter is almost 

10 times rougher than the Silicon used during this experimental research (see Figure 

3. 5). Pinning is not uniquely dependent on substrate roughness. 

4.1.2 Ethanol 

To support the findings observed for pure water, experiments using pure ethanol 

were carried out on 4 different substrates. The limitation on the number of substrates 
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is due to the low surface tension of this fluid spreading in medium- and high-energy 

substrates. Evolution of the contact radius, R , and contact angle, θ , versus time, t , 

on: glass*, C4F8, Cytop and Teflon are presented in Figure 4. 2: 

 

 

Figure 4. 2 – (a) Evolution of the contact radius, R  (mm), and (b) evolution of the contact angle, θ  

(deg), vs. time, t  (seconds), on different substrates. 
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Smilingly to the evaporative behaviour reported for pure water (Section 4.1.1), the 

evaporation of ethanol also presents two different evaporative behaviours depending 

on the hydrophobicity of the substrate, Figure 4. 2. On hydrophobic substrates, i.e. 

Teflon and Cytop, there is a continuous receding of the contact line, almost steady, at 

constant contact angle during evaporation, followed by a slight decrease and then 

increase of the contact angle towards the end of the evaporative process. This latter is 

congruent with the findings reported for pure water on ideal surfaces [138]. 

However, on the other two substrates: glass* and C4F8, there is a slight drift of the 

contact line whereas the contact angle decreases linearly. The slight drift of the 

contact line during most of the droplet lifetime leads to a fairly constant evaporation 

rate [89]. 

4.2 Evaporation of TiO2-water based Nanofluids 

It has been widely accepted that the addition of nanoparticles to a base fluid modifies 

the properties of this latter. Enhancement in heat transfer, better conductivity [46], 

besides different evaporative behaviour when compared to the pure fluid are some of 

the features reported in the last decade where nanofluids excel [139]. One of the most 

important features of these colloidal suspensions is the difference in deposits and 

patterns left during and after the drying of a droplet. Typically during evaporation 

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

modifying the evaporative behaviour when compared to the base fluid [102]. 

In what follows the effect of both nanoparticle concentration and substrate 

hydrophobicity on the evaporative behaviour is tackled. Contact radius and contact 

angle are represented versus time for 0.0005, 0.001, 0.005 and 0.01% TiO2-water 

nanofluids on silicon as shown in Figure 4. 3. 
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Figure 4. 3 – (a) Evolution of contact radius, R  (mm), and (b) contact angle, θ  (deg), versus time, t  

(s), for 0.0005, 0.001, 0.005, and 0.01% of TiO2-water concentration by weight besides the pure fluid 

case on silicon ( °≈ 600θ ). 

Looking at Figure 4. 3, a longer pinning of the contact line when adding small 

quantities of nanoparticles to the base fluid is observed. On hydrophilic substrates, 

the initial pinning of the contact line, reported in Section 4.1 favours the 

accumulation of particles at the triple contact line, thus the complete pinning of this 

latter observed for concentrations equal or greater than 0.001%. Since evaporation 

takes place mainly at the triple contact line, during the pinning stage, nanoparticles 

deposit at the edge of the contact line acting as defects or pillars hindering the 

receding movement of this latter, as it will be addressed in depth in the Chapter 5. 

When decreasing nanoparticle concentration down to 0.0005%, the receding of the 

contact line is observed, after 70% of the droplet lifetime, meaning that the amount 

of nanoparticles present is not high enough to ensure the complete pinning of the 

triple contact line during the dry-out on hydrophilic silicon substrates. 
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On the other hand, on hydrophobic substrates, i.e. Cytop and Teflon, a completely 

different evaporative behaviour to that reported on silicon was observed for all the 

concentrations tested. Figure 4. 4 and Figure 4. 5 show the evaporative behaviour for 

0.1, 0.05, 0.025, 0.01 and 0.001% by weight, besides the pure fluid case on Cytop 

and Teflon respectively. 

 

Figure 4. 4 – (a) Evolution of contact radius, R (mm), and (b) contact angle, θ  (deg), versus time, t  

(s), for 0.01, 0.025, 0.05, and 0.1% of TiO2-water concentration by weight besides the pure fluid case 

on Cytop ( °≈1100θ ). 
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Figure 4. 5 – (a) Evolution of contact radius, R  (mm), and (b) contact angle, θ  (deg), versus time, t  

(s), for 0.01, 0.025, 0.05, and 0.1% of TiO2-water concentration by weight besides the pure fluid case 

on Teflon ( °≈1150θ ). 

From both Figure 4. 4 and Figure 4. 5, differences in the evaporative behaviour for 

TiO2 –water nanofluids vanishing on hydrophobic substrates are evident when 

compared to the base fluid. The addition of nanoparticles induces a noticeable “stick-

slip” behaviour, where jumps of the contact line and changes in contact angle, 

accordingly, are observed for the range of concentrations tested. This is in contrast 

with the smooth receding of the contact line observed for deionized water.  

During evaporation, due to capillary flows, nanoparticles suspended in the droplet 

accumulate at the triple contact line hindering the receding movement of the latter 

“stick” and contact angle decreases to account for the fluid evaporated. Thereafter 

the “slip” or jump of the contact line, and the consequent change in contact angle, is 

noticed. This behaviour is continued until the complete vanishing of a droplet 

containing TiO2 nanoparticles. 
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“Stick-slip” behaviour was already reported in literature for the system TiO2-ethanol 

although the effect of nanoparticle concentration was not taken into account [106]. 

Looking closely at Figure 4. 4 and Figure 4. 5, regular steps and terraces of the base 

radius together with discrete jumps of the contact angle are found to be more 

pronounced with increasing concentration as it was theoretically predicted [140]. The 

transition from the evaporative behaviour of a water droplet on an ideal, smooth and 

hydrophobic surface at constant contact angle to the gradual increase in the  

magnitude of the “stick-slip” steps when increasing concentration is certainly 

noticeable. 

Figure 4. 6 and Figure 4. 7 show a comparison between the different distance jumped 

by the contact line, Rδ , and the associated changes in contact angle, δθ , for the 

different TiO2-water nanofluid concentrations on Teflon. The results presented were 

consistent for five independent observation carried out for each of the concentrations. 

 

Figure 4. 6 – Magnitudes of the jumps, Rδ  (mm), of the contact line for the different TiO2-water 

concentrations: 0.1%, 0.05%, 0.025, 0.01 and 0.001% on Teflon. Linear trends for each concentration  

are also included. 
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Figure 4. 7 - Change in contact angle, δθ  (deg) for the different TiO2-water concentrations: 0.1%, 

0.05%, 0.025%, 0.01% and 0.001% on Teflon. Linear trends for each concentration are also included. 

It is clearer now that “stick-slip” performance absolutely depends on TiO2 

nanoparticle concentration being more marked when increasing concentration. At the 

present, no theoretical explanation to account for the magnitudes of these steps is 

available. Shanahan suggested that Rδ  must scale with 21R  for a constant energy 

barrier [3, 141], although in the present case the energy barrier may evolve since 

there is a locally increase in nanoparticle concentration due to the evaporation of the 

fluid. Clearly, both the amount of nanoparticles and the hydrophobicity of the surface 

play an important role in the dynamics of the contact line. The larger the 

concentration of particles the greater the accumulation of these latter at the edge due 

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

The behaviour is consistent since it was found that the build-up of TiO2 nanoparticles 

at the contact line is proportional to nanoparticle concentration [97] . Nanoparticles 

present at the triple contact line act as irregularities or defects and the more 

nanoparticles the more marked is the pinning of the contact line. As evaporation 

takes place, Figure 4. 4 and Figure 4. 5, contact angle evolves driving the droplet out 

of its thermodynamic equilibrium until the internal free energy of the droplet is high 
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enough to overcome the energy barrier exerted by the nanoparticles and the jump 

ensues, as it will be addressed in the next subsection. 

4.3 Evaporation of Al2O3-water based Nanofluids 

For comparison, the evaporative behaviour of Al2O3-water nanofluids was also 

studied on Cytop substrates. In the case of Al2O3 nanoparticles, the concentration 

required to attain the complete pinning of the contact line is at least ten fold smaller 

than for TiO2 nanoparticles. Thus to observe similar “stick-slip” behaviour as 

presented in both Figure 4. 4 and Figure 4. 5, smaller concentrations of these 

nanofluids were required: 0.01%, 0.005%, 0.001% by weight. Figure 4. 8, includes 

the evolution of both contact angle and contact radius versus time for different 

Al 2O3-water nanofluid concentrations and for the pure fluid.  
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Figure 4. 8 - (a) Evolution of contact radius, R (mm), and (b) contact angle, θ  (deg), versus time, t  

(s), for 0.001, 0.005, and 0.01% of Al2O3-water concentration by weight besides the pure fluid case on 

Cytop ( °≈1100θ ). 

“Stick-slip” behaviour at lower concentrations is reported for Al2O3-water nanofluids 

when compared to TiO2-water nanofluids. An longer pinning of the contact line is 

observed for the highest of the concentrations and, as previously pointed out; shorter 

jumps of the contact radius and smaller changes in contact angle are noticed when 

decreasing nanofluid concentration. 

4.4 Interpretation and Discussion 

The mechanisms underpinning the behaviour of the triple contact line during 

evaporation for different fluids and on substrates varying in hydrophobicity using the 

results gathered in the previous section are addressed next. 
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4.4.1 Pure Fluids 

To elucidate the effect of substrate hydrophobicity on the pinning-depinning of the 

contact line, a force balance or an energy minimization approach is proposed. Since 

contact line remains pinned, at least during the first period of the evaporation, it is 

the change in contact angle, to account for the loss of volume, what drives the droplet 

out of its thermodynamic equilibrium. Thus, we try to address this force looking 

closely at the changes in contact angle.  

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

equilibrium, 0θ , and after some evaporation, )( 0 δθθ − , at constant base radius: 

 

Figure 4. 9 – Schematic representation at the vicinity of the triple contact line region with the liquid 

interface at the equilibrium contact angle, 
0θ , and at a slightly smaller angle, )( 0 δθθ − . 

Right after the deposition of a droplet on a substrate, at equilibrium, there is a null 

force at the triple contact line given by Young’s equation (Equation 2.1) and 

expressed as Equation 4.1: 

0~cos 0lg0 θγγγδ +−== sgsltF
r

     (4.1). 
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After the deposition of a droplet, contact angle decreases following evaporation and a 

net force balance at the triple contact line can be carried out. At this point, a 

horizontal force towards the centre of the droplet can be quantified as a force per 

length, F
r

δ ; and using 0lg cos~ θγγγ sgsl − , Equation 4.2 can be demonstrated: 

δθθγθγδθθγδ 0lg0lg0lg sincos)cos( ≈−−=F
r

   (4.2). 

Opposing to the force favouring the movement of the contact line, there is an 

intrinsic energy barrier, U , that hinders the receding movement of this latter as 

reported elsewhere [89, 106]. Taking a differential of mentioned energy barrier, 

rU ∂∂ , the force opposing the depinning of the contact line can be written as: 

δθθγδ 0lg sin==
∂
∂

F
r

U r
      (4.3). 

The depinning of the contact line will occur only when the Young unbalanced force 

at the contact line will be large enough to overcome the intrinsic energy barrier 

preventing the receding of the triple line. This rigorously will happen when 

FrU
r

δ<∂∂ , i.e. for large changes in contact angle arising from high initial contact 

angles. Thus, the more hydrophobic the substrate the easier for the contact line to 

depin like in the case of Cytop and Teflon, where 0θ  is high enough so the required 

δθ  becomes very small for a given rU ∂∂ . Although a continuous receding motion 

of the contact line until the complete vanishing of the droplet for both water and 

ethanol is observed at the macroscale, microscopic jumps might be noticed [141]. On 

the contrary, for small 0θ , i.e. water on glass and ethanol on both C4F8 and glass*, 

the unbalanced Young’s force appears to be insufficient to allow for the depinning of 

the contact line. The intermediate case is observed for water on silicon, glass* and 
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parylene with a 10 >θ  rad where an initial pinning of the contact line is reported 

followed by the depinning of this latter. Depinning force is definitely function of the 

0θ  [141]. An analysis of the unbalance forces at the triple contact line before the 

depinning of this latter on hydrophilic substrates using Equation 4.3 is presented in 

Figure 4. 10: 

 

Figure 4. 10 - The unbalance force right before the depinning of the contact line, F
r

δ , calculated 

using Equation 4.3 on the following systems: glass*+aluminium-ethanol, C4F8-ethanol, glass-water, 

silicon-water, glass*+silicon-water, glass*+aluminium-water  and parylene-water versus 
0cosθ . 

Dotted line represents the minimum energy required for the depinning to ensue. 

After the quantitative analysis presented in Figure 4. 10, a threshold value for the 

depinning force to surmount the energy barrier may be established as 02.0~F
r

δ  

N/m. Depinning force is favoured by high equilibrium contact angles, the greater the 

equilibrium contact angle the smaller the change in contact angle required for the 

contact line to recede. It is worth noting the differences in the depinning force for a 

similar 0θ  when the material inserted underneath a glass cover slip (glass*) changes, 
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i.e. glass*+silicon and glass*+aluminium, as shown in Figure 4. 10 and discussed 

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

4.4.2 TiO2-water Nanofluid 

The study of the dynamics of the contact line under the addition of different 

quantities of TiO2 nanoparticles to a base fluid on silicon, Cytop and Teflon is 

included below. 

On hydrophilic silicon substrate, as included in Figure 4. 3, the small addition of 

nanoparticles to water, i.e. 0.001% by weight, induces the complete pinning of the 

contact line during the dry-out. The combination of an increased energy barrier at the 

triple contact line due to nanoparticle addition besides the low initial contact angle 

reported on this substrate, makes rU ∂∂  high enough for no depinning of the contact 

line to occur. It is of great importance to mention that decreasing the concentration of 

nanoparticles below 0.001%, the number of nanoparticles is not high enough to 

surpass the energy threshold required for the contact line to be completely pinned 

throughout evaporation. The effect of nanoparticle concentration on the pinning-

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

On the completely opposite case, on hydrophobic substrates, Cytop and Teflon 

(Figure 4. 4 and Figure 4. 5), several pinning-depinning cycles, known as “stick-slip” 

behaviour of the contact line are noticed for concentrations equal or above 0.001%. 

“Stick-slip” behaviour is more pronounced when increasing concentration as greater 

amount of nanoparticles reach the vicinity of the contact line increasing the local 

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

effect of nanoparticles: ) lesNanoparticSubstrate rUrUGF ∂∂+∂∂>∂∂ )~
rr

. Then, it is 

clearer then that the change in contact angle required for the jump of the contact line 

to ensue will be larger with increasing concentration, i.e. the excess of droplet free 

energy must be high enough to overcome the energy barrier exerted by the 

nanoparticles and the substrate. 
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 Based on the evaporative behaviour of these nanofluids, an approximation of the 

internal free energy required by these droplets for the jump to ensue on Teflon can be 

estimated from the evolution of both base radius and contact angle presented in 

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

per unit length of the triple contact line, G
r

δ , have been previously derived, Equation 

4.5 and Equation 4.6, to evaluate the free energy gained by the droplet before the 

jump. This energy arises from the unbalanced Young’s force, i.e. free energy is 

proportional to the energy barrier U  [141, 142]: 
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The choice of using either Equation 4.5 or Equation 4.6 depends on the data 

available from the characterization of the droplet profile. Since both jumps of the 

base radius and changes in contact angle for the different nanoparticle concentrations 

are given in Figure 4. 6 and Figure 4. 7 respectively, the intrinsic energy barriers at 

the triple line can be calculated using either equation. To rule out any change in the 

interfacial tension liquid-gas due to the addition of nanoparticles, pendant drop 

experiments were carried out as explained during Chapter 3. A constant value of the 

surface tension liquid-gas for the low range of concentrations prepared was found at 

ca. 8.72  mN/m (Table 3. 1). Typical contact radius for a 3 µl water droplet on 

Teflon, °114~0θ , is ca. 9.0  mm before the first slip of the contact line. Then 

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

estimation of the energy barrier versus concentration is presented in Figure 4. 11: 
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Figure 4. 11 – Excess of free energy, G
r

δ , for the first jump (N·10-7) calculated for the different TiO2-

water nanofluid concentrations tested on Teflon using Equation 4.5 (squares) and Equation 4.6 

(circles). Polynomial fits are included to illustrate trends. 

Figure 4. 11 allows for an easier comparison of the excess of free energy versus 

concentration before a jump. It was found that the internal free energy required for 

the droplet to move towards a more favourable thermodynamic position is an 

increasing function of nanoparticle concentration. Larger quantities of nanoparticles 

building up at the contact line hinder further the receding movement of this latter 

[97]. As mentioned previousl, greater changes in contact angle are necessary for the 

jump of the contact line to ensue when increasing concentration, as well as greater 

jumps of the contact line are observed for higher concentrations. Deposits act as 

heterogeneities or defects on the substrate being greater when increasing 

concentration (Chapter 5). 

4.4.3 Al2O3-water Nanofluid 

The results presented in Figure 4. 8 for different Al 2O3-water nanofluid 

concentrations on Cytop supports further, the “stick-slip” behaviour reported for the 

evaporation of certain colloidal suspensions. Furthermore, the magnitude of contact 
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line jumps and changes in contact angle are proportional to the amount of 

nanoparticles present. The higher the concentration the greater the jumps observed, 

which is consistent with the discussion presented for TiO2-water nanofluids. When 

comparing Figure 4. 4 and Figure 4. 8, the amount of Al 2O3 nanoparticles required to 

attain similar “stick-slip” behaviour of the contact line to that reported for TiO2–

water is at least one order of magnitude smaller. Even if the concentration of Al2O3 

nanoparticles is ten-fold compared to that of TiO2, energy barriers in the same order 

of magnitude are reported. The next figure includes the excess of free energy 

presented in Figure 4. 11 for TiO2-water nanofluids besides the excess of free energy 

calculated using both Equation 4.5 and Equation 4.6 for Al2O3-water nanofluids at 

different concentrations. 

 

Figure 4. 12 - Excess of free energy, G
r

δ , for the first jump (N·10-7) calculated for the different 

Al 2O3-water nanofluid concentrations on Cytop and for the different TiO2-water nanofluid 

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

From Figure 4. 12 it is obvious that the addition of Al 2O3 nanoparticles to deionized 

water points out towards stronger interactions between Al2O3 nanoparticles and the 

substrate at the triple contact line than on the case of TiO2-water nanofluids. 
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4.5 Summary 

The dynamics of the triple contact line of volatile droplets for pure fluids (water and 

ethanol) and for TiO2-water nanofluid at different concentrations has been studied on 

substrates varying from hydrophilic to hydrophobic. 

In the case of pure fluids, a monotonic continuous receding movement of the contact 

line was observed on hydrophobic substrates whereas initial pinning of the contact 

line at least during 40% of the droplet lifetime was reported on hydrophilic ones. A 

force balance at the triple contact line has been proposed to explain the forces present 

during the depinning of the contact line favoured on hydrophobic substrates. 

Experimental results of TiO2-water nanofluids on both hydrophilic and hydrophobic 

substrates showed different evaporative behaviours when compared to the base fluid. 

Furthermore, a clearer dependence on the evaporative behaviour, “stick-slip” 

behaviour, with concentration was reported. Using the droplet profile and an 

unbalance Young equation, droplet internal free energy was calculated and found to 

be proportional to nanoparticle concentration. Jumps of the contact line and changes 

in contact angle are greater when increasing concentration. The latter has also been 

proven for the case of Al2O3-water nanofluids, although in this case similar energy 

barriers were observed for lower concentrations, when compared to TiO2-water 

nanofluids, presumably due to stronger interactions of the Al2O3 nanoparticles with 

the substrate. 

Since the macroscopic “stick-slip” behaviour observed on hydrophobic substrates is 

linked to the eccentric rings observed following evaporation; in what follows, an 

analysis into the detail of the deposits using atomic force microscopy has been 

carried out and a deposition theory is presented next.   
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The evaporative behaviour of colloidal suspensions and more specifically nanofluids, 

has been under intensive research in the past decades. Understanding free 

evaporation of these novel suspensions: internal flows, evaporative mode, effect of 

substrate hydrophobicity, besides the interactions solid-liquid, solid-particle or 

particle-particle, can help to shed light on the mechanisms that control the deposition 

of nanoparticles during the complete dry-out of a nanofluid droplet. This latter 

becomes of great importance for patterning or particle deposition amongst others. 

Typically, TiO2-ethanol nanofluid droplets evaporate following “stick-slip” 

behaviour where jumps of the triple contact line (TCL) and changes in contact angle 

are associated with a set of eccentric rings reported after the complete evaporation 

[106]. Since most of the research carried out in this topic has focused its efforts on 

the study of the evaporative behaviour of colloidal suspensions at the macroscale, in 

this chapter information of the fine structuring of the deposits at the nanoscale has 

been obtained by atomic force microscope (AFM). The profile of the deposits is then 

coupled with the analysis of the evaporative behaviour at the macroscale and a 

deposition theory has been developed. 

5.1 Evaporative Behaviour 

In order to understand the deposits formed during the evaporation of a nanofluid 

droplet on a flat, hydrophobic and very smooth surface, information of the 

evaporative behaviour at the macroscale is important to identify some of the 

underlying mechanisms that govern the structuring of nanoparticles following free 

evaporation. A 3 µl droplet of TiO2-ethanol, prepared following the two-steps 

method as explained in Section 3.2.1.2, was gently deposited on a Teflon substrate. 

Thereafter the complete evolution of the droplet profile was recorded and analyzed 

using a drop shape analyzer (DSA100, see Section 3.1.1). Figure 5. 1 shows (a) the 

complete evolution of the contact angle, θ  (deg), and contact radius, R  (mm), vs. 

time, t  (seconds) and (b) inverted photograph of the solid surface and deposits after 
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the complete evaporation using a Zeiss Stemi 2000-C stereo miscroscope for both 

0.1% and 0.2% TiO2-water nanofluids. 

 

Figure 5. 1 – (a) Evolution of contact angle, θ  (deg), and contact radius, R  (mm), vs. time, t  

(seconds), for 0.1% TiO2-ethanol and 0.2% TiO2-ethanol and (b) inverted picture of solid substrate 

and deposits after complete evaporation. 

The evaporative behaviours presented in Figure 5. 1 (a) show typical “stick-slip” 

behaviour reported recently in literature [106], and which was predicted long time 

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

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

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

TiO2-ethanol evaporating on hydrophobic substrates, nanoparticles are also dragged 
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towards the contact line, due to capillary flows within the droplet to replenish the 

liquid evaporated, impeding the receding movement of the latter. Contact angle 

decreases and droplets gains internal energy the jump ensues. “Stick-slip” behaviour 

is consistent throughout evaporation. Looking at the evaporative behaviour presented 

in Figure 5. 1 (a), it can also be observed that the pinning of the TCL is not complete; 

there is a slight drift of the TCL or “pseudo-pinning” together with a reduction in the 

contact angle following evaporation. It is worth noting the thickness of the outermost 

ring being greater for the higher of the concentrations tested, and that pinning of the 

TCL occurs preferentially/initially in one of the droplet side presumably due to 

irregularities on the surface. 

Evaporation of droplets takes place mainly at the TCL inducing a capillary flow from 

the bulk of the droplet towards the TCL in order to replenish the liquid evaporated 

[28] . In the case of colloidal suspensions, capillary flows drive both liquid and 

particles in suspension towards the triple TCL prompting the pinning of this latter 

due to the accumulation of solute [27, 102]. This accumulation of solute leads to the 

build-up of particles at the TCL that might modify substrate properties, acting as 

artificial defects, hindering the receding movement of the TCL [143]. At this point, 

contact angle decreases and the thermodynamic equilibrium of the droplet is altered. 

The droplet’s free energy is increased due to an unbalance Young equation (Equation 

4.3) until this energy is high enough to overcome the potential energy barrier for the 

jump to ensue towards a more thermodynamic-favourable position as discussed in 

literature [141] and already addressed in Chapter 4. 

5.2 Deposition at the Nanoscale 

Information on the structuring and features of the deposits at the nanoscale following 

evaporation becomes of paramount importance to fully understand the mechanisms 

controlling these particles [107] . AFM offers great resolution, down to the atomic 

scale, in both horizontal and vertical planes, ideal to visualize the built-up of 

nanoparticles. After the complete dry-out of the 0.1% TiO2-water nanofluid droplet, 
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substrate and deposits were further dried at 100 ºC for 3 hours to remove any liquid. 

Thereafter the imaging of different areas of the outermost ring was carried out using 

AFM. For more information about the experimental procedure followed, see Section 

3.1.4.2. AFM analysis was carried out in collaboration with Alexandros Askounis 

during his MSc at the Institute for Materials and Processes at the University of 

Edinburgh. 

 

Figure 5. 2 - (a) 20 x 20 2mµ  topography image part of the outermost ring and (b) height (nm) and 

width ( mµ ) of the profiles extracted from (a). (c) Three dimensional AFM image rotated 180º with 

respect to (a). 

Figure 5. 2 includes information extracted using AFM and after processing the 

images in SPIP™. Figure 5. 2 (a) includes a 20 x 20 2mµ  AFM image representing 

the topography of the outermost ring depicted in Figure 5. 1 for 0.1% TiO2-water 
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nanofluid. In Figure 5. 2 (b) different deposit profiles perpendicular to the ring 

presented in Figure 5. 2 (a), white lines, are included. It is worth noting that the 

steeper part in Figure 5. 2 (b) represents the inner part of the ring whereas there is a 

gentle slope together with terraces when moving outwards [140]. Figure 5. 2 (c) 

represents a 3D image of the same deposit shown in Figure 5. 2 (a) rotated 180º to be 

able to observe more clearly the ring-stain deposition. 

5.3 Deposition Theory 

In what follows the organization of nanoparticles and the shape of the deposits found 

after the complete dry-out of a pinned volatile droplet is addressed. This theory was 

developed in association with Professor Martin E. R. Shanahan from the Institut du 

Mécanique et d’Ingénierie de Bordeaux, University of Bordeaux, France. 

Considering the evolution with time of contact radius, R , and contact angle, θ , 

during a typical ‘stick’ period, Figure 5. 1 (a), we note that the former remains 

essentially constant, as expected, although there is slight, linear drift, whereas the 

latter decreases quite markedly, also approximately linearly. We may rewrite: 

tRRtR i
&−≈)(        (5.1), 

tt i θθθ &−≈)(        (5.2), 

Where R&  and θ&  are respectively recession rates of the two parameter )(tR  and 

)(tθ , suffix i  corresponds to the initial value at the start of a ‘stick’ period, and 

time, t , is measured from this same starting point (after ‘slip’). Distance x  

represents relative movement of the triple line during ‘stick’, given by tRx &= . 
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Because of the very nature of the ‘stick’ phenomenon, iiRR θθ // <<&& , although we 

may not ignore R&  in the following. 

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

next. 

 

Figure 5. 3 – Schematic representation of the wetting front during a ‘stick’ period. 

The local evaporative current near the triple line, )(rJ , given as a mass flux, will 

induce an outward advective current in the liquid, )(rI , parallel to the solid surface 

[102]. These will be related by θsin/)()( rJrI = . We shall assume that this 

simplification is valid over an effective, small, characteristic length, of ε , or height, 

θε tan  (Figure 5. 3). We can, at present only surmise that ε  is of the order of 100 

nm, or possibly less. This flow will lead to a build-up of particles within the liquid 

near the triple line, since liquid evaporating is replaced by liquid flowing in, but the 

nanoparticles remain in suspension. Neglecting any motion of the triple line for the 

present, over height θε tan  and per unit length of triple line, there is an advective 

input of θε tanI , where I  is average current, or allowing for an initial (bulk) mass 
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fraction of nanoparticles of if , an accumulation rate of suspended solid of 

θε tanIf i . 

Assuming that the triangular region of the liquid front, denoted by ε , may be treated 

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

mass fraction of nanoparticles as a function of time, )(tf , is given by: 
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Local average evaporation current, θε tanI , may be estimated from the expression 

given by Deegan et al. [102]: 
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in which r  is the radial distance from the drop central axis and the exponent is 

represented by )/(5.0 πθλ −= , using the apparently superior form for the 

exponent given by Hu and Larson [103] . 0J  is the reference flux at the drop centre, 

essentially constant. Allowing for the fact that the evaporation current here being 

considered is near the triple line, in the vicinity of )( xRr −=  where Rx << , 

expression 5.4 may be simplified and integration over the region of extent ε  gives 

the local average current: 
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Now, if evaporation is occurring (principally) over region ε , in unit time the volume 

build-up of particles (per unit length of triple line) will be approximately 

SJtf ρε /)( , where Sρ  represents the effective density of the nanoparticles in the 

configuration adopted in the deposit. Also in unit time, the triple line recedes by 

Rx &≈ . Thus, the local height of the deposit, )(th , will be given by: 

R

Jtf
th

S
&ρ
ε)(

)( ≈        (5.6). 

Since our experimental observation are spatial, rather than temporal, it is convenient 

to eliminate time in the above, and replace it by distance, since Rxt &/≈ . Combining 

Equations 5.3 and 5.6, we obtain 
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     (5.7). 

Equation 5.7 contains various quantities that are difficult to quantify, but the 

essential feature to explain our results is present. The height of the deposit, )(xh , can 

be seen to grow (approximately) linearly with distance along the solid during the 

‘stick’ phase. Examination of Figure 5. 2 (b) suggests that often, if not always, the 

deposit is slightly concave towards the liquid side. It is possible that this could be 

related to the form of J . As may be seen from Equation 5.5, there is a λ  power 

dependence to the ))2/(( εR  term. Since λ  increases as θ  decreases, characteristics 

of the ‘stick’ phase then J  will increase, although rapid perusal shows the effect to 

be slight. This effect may be complicated by ‘layering’ 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 at the nanoscale are demonstrated 

using the deposition theory developed above. To allow for the comparison between 

the theoretical profile of the deposits (Equation 5.7) and the different profiles 

obtained experimentally by AFM (Figure 5. 2 (b)), we shall attempt to quantify the 

different variables involved in the theory. From data obtained at the macroscale 

(DSA) R  and θ  are known and the average velocity of the TCL, R& , during the 

“pseudo-pinning” of the TCL is ca. sm/101.2 6−⋅ . Additional experiments on free 

evaporation of ethanol yielded an average value for the reference flux at the droplet 

centre equal to  smkgJ //105.1 23
0

−⋅= . Substituting R , θ , 0J  calculated 

experimentally and different values for the characteristic length ε  in Equation 5.5, 

the local average current J  can be calculated. In order to obtain the theoretical 

height of the deposits versus width )(xh  for the first ring, J , R& , different angles and 

radial position (x ) changing in time during the ‘stick’ period were substituted in 

Equation 5.7 and represented in Figure 5. 4. It is worth mentioning that the build-up 

of particles, for the first ring, 1 mµ  tall after 4 mµ  of deposits took place during the 

first ‘stick’ period ca. 50 seconds. 
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Figure 5. 4 – Shows height of the deposits, h  (nm) versus time, t  (seconds), calculated for the 

following characteristic lengths; nm80=ε , nm100=ε  and nm150=ε  using Equation 5.7. 

To compare the theory presented in Figure 5. 4, nine experimental height profiles 

were averaged and plotted in Figure 5. 5 along with the calculated curves shown in 

Figure 5. 4. Calculated trends and experimental profiles allow us to estimate the 

unknown characteristic length ε , of paramount importance for modelling the 

deposition of these nanofluids during free evaporation. 
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Figure 5. 5 – Comparison between experimental and theoretical results. The curvature of the 

predictions stems from a variation of J  as a function of )(θλ . 

From Figure 5. 5, characteristic length values proposed between 80 nm and 150 nm 

agree quantitatively quite well with the final averaged experimental height of the 

deposits. A crude comparison of the experimental and theoretical slopes can be 

carried out. Theoretical trend, deriving )(xh  with respect to x , 
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, is in very good agreement with experimental 

results, 25.0
4

1
~~ =

dx

dh
slope , and we can certainly assure that the theory developed 

is able to predict the right profile of the deposit.  

A plausible explanation for the increase in deposit height for pinned volatile droplets 

containing nanoparticles has been proposed although no information about what 

causes the jump of the TCL after a ‘stick’ period was obtained. At this point, we can 

only hypothesize that due to the relatively high elevation of the deposit, it might 

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

turbulence of the flow affecting the continuity of liquid towards the TCL, J . 
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5.5 Summary 

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

from free evaporation of nanofluid droplets at the nanoscale. We, also, report the 

formation of steps and/or terraces, which is a first suggestion towards the structuring 

of ring-stains at the nanoscale and provide the first plausible description of the 

mechanism that lead to these resulting structures. There is a good agreement if not 

perfect between theory developed and experimental profile presented. Moreover, we 

provide a complete description, both qualitatively and theoretically, of the the 

deposition process. Further work to identify the underlying mechanisms for the 

abrupt cut off of the advective flow to replenish the liquid evaporated at the TCL 

during free evaporation is required. 

 

As included in Chapter 2, heterogeneities on the substrate also might modify the 

evaporative behaviour of both nanofluid and pure fluid. In the next chapter, the 

evaporative behaviour of nanofluid and pure fluid droplets on rough Aluminium 

vanishing at CCR is investigated. In addition, the evaporative performance under 

different kinetics of evaporation, i.e. different sub-atmospheric pressures, has been 

examined. 
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Continuing with the efforts to expand the understanding of the mechanisms present 

during evaporation of nanofluid droplets, in this chapter a systematic study on the 

evaporation behaviour of these novel fluids for completely pinned contact lines in a 

nitrogen atmosphere at different sub-atmospheric pressures is carried out. 

Evaporation at pressures below atmospheric is a topic of great importance, playing a 

critical role in many applications such as separation processes, like flash distillation 

[145]; to maintain low temperatures on the surface during two-phase heat transfer 

[146-148]; or to modify the kinetics of evaporation for the structuring of particles 

[149, 150]. At atmospheric conditions and if the atmosphere is not saturated, a 

droplet deposited on a substrate will experience evaporation until the complete 

vanishing of the liquid. On other hand, if the thermodynamic equilibrium of a system 

is further altered, for example by reducing pressure, the evaporation rate is enhanced 

since pressure of the surroundings, i.e. boiling point, is lowered enhancing the 

kinetics of evaporation. In this chapter, an experimental investigation on the 

evaporative behaviour of Al2O3-water nanofluid at different sub-atmospheric 

pressures is carried out and a comparison with the base fluid is included along. 

Rough Aluminium was the substrate chosen since surface heterogeneities on the 

latter ensure the complete pinning of the contact line for both fluids, i.e. same 

evaporation behaviour reported. 

6.1 Evaporation Behaviour of Al2O3-water Nanofluid on 

Rough Aluminium 

The experimental evaporative behaviour of Al2O3-water nanofluid on rough 

substrates is presented next. Different nanofluid volumes, ensuring that droplet 

radius was below the capillary length, have been studied throughout complete 

evaporation. Figure 6. 1, shows the evaporation behaviour of 0.1% Al2O3-water 

nanofluid on rough Aluminium in nitrogen atmosphere and at 80 kPa. Linear 

regression of volume versus time is included to illustrate the constant mass loss 

during evaporation. 
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Figure 6. 1 – Evolution of contact angle, θ  (deg), base radius, R (mm), and volume, V  (µl), versus 

time, t  (sec) of 0.1% Al2O3-water nanofluid on rough Aluminium in nitrogen atmosphere at 80 kPa. 

Looking at Figure 6. 1 it is clear that both nanoparticle concentration and substrate 

roughness ensure the complete suppression of the dynamics of the contact line at 

least during 90% of the droplet lifetime. With regards the other two droplet features 

represented in Figure 6. 1, both contact angle and droplet volume decrease linear 

over time as expected [9, 11]. The latter is consistent for all volumes tested with base 

radii below the capillary length. It is worth noting that linearity observed for the 

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

Additional experiments showed that the concentration of Al2O3 nanoparticles chosen 

was high enough to attain the complete pinning of the contact line on smooth and 

hydrophobic substrates such as Teflon. This means that the constant contact radius 

(CCR) mode reported for pure fluids on high-surface energy substrates (Chapter 4) 

can also be observed on low-energy ones if the concentration of nanoparticles is high 

enough. In the particular case of a droplet evaporating on a hydrophobic substrate at 

CCR, a different evolution of contact angle and therefore a different evaporative rate 
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rather than linear has been reported. A more detailed analysis of this latter is included 

in the work of Gelderblom et al. [91]. 

Since rate of evaporation certainly depends on droplet base radius, rate of 

evaporation, dtdV  (µl/s), versus base radius, for different nanofluid droplet 

volumes at different sub-atmospheric pressures is represented: 

 

 

Figure 6. 2 - Rate of evaporation, dtdV  (µl/s), versus contact radius, R  (mm), for 0.1% Al2O3-

water in nitrogen atmosphere at 100, 80, 60, 40, 20, and 10 kPa. 
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Experimental results show that evaporation rate increases linearly with base radius, 

and this relationship is consistent for all sub-atmospheric pressure tested and with the 

literature [9, 14]. Evaporation rate is also enhanced when working at sub-

atmospheric pressures since pressure inside the chamber gets closer to the vapour 

pressure of the fluid, thus greater driving force for evaporation to occur. From these 

results, linear relationships between evaporation rate and base radius for Al2O3-water 

nanofluid at different sub-atmospheric pressures are drawn. 

6.2 Evaporation Behaviour of Pure Water 

Pinning observed in Section 6.1 was due to both irregularities on the substrate and 

addition of nanoparticles. On the case of deionised water, the complete pinning of the 

contact line is also reported, in this case, only due to substrate irregularities. CCR is 

reported for the pure fluid case throughout evaporation allowing for an easier 

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

evaporation behaviour of a water droplet on rough Aluminium as base radius, contact 

angle and volume versus time. Linear regression to show the evaporation rate 

behaviour is included along with experimental data. 



Chapter 6 Evaporation of Nanofluid Droplets at Sub-Atmospheric Pressure 

88 

 

Figure 6. 3 – Evolution of contact angle, θ  (deg), base radius, R  (mm), and volume, V  (µl), versus 

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

Evaporation at constant contact radius is also reported for the pure water case on 

rough Aluminium. Contact line remains pinned throughout evaporation and both 

contact angle and droplet volume decrease linearly over time to account for the loss 

of volume due to evaporation. Evaporation at constant rate is evident. Figure 6. 3 

also resembles the evaporative behaviour reported for pure water on very hydrophilic 

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

Since pinning contact lines lead to constant rates of evaporation, representation of the 

evaporation behaviour for pure water droplets at different volumes and at different 

sub-atmospheric pressures can be carried out. Figure 6. 4 shows rate of evaporation, 

dtdV  (µl/s), versus radius for deionized water in nitrogen atmosphere at different 

sub-atmospheric pressures: 
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Figure 6. 4 - Rate of evaporation, dtdV  (µl/s), versus contact radius, R  (mm), for water at in 

nitrogen atmosphere at 100, 80, 60, 40, 20, 15, 10, 7 and 5 kPa. Rate of evaporation in air atmosphere 

is included for comparison. 

From Figure 6. 4 it is clear that rate of evaporation increases fairly linearly with 

droplet radius, which is in agreement with the literature reviewed [9, 14]. As 

observed in the previous section, greater evaporation rates are found when 
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decreasing the pressure of the system, which is consistent for all pressures tested: 

100, 80, 60, 40, 20, 15, 10, 7 and 5 kPa, as included in Figure 6. 4. When comparing 

different environments, smaller rates of evaporation are found for evaporation in air 

since the presence of water vapour in the environment leads to lower driving force 

when compared to pure nitrogen atmosphere as already reported by Sefiane et al. 

[151]. It is worth mentioning the scatter observed when decreasing pressure, below 

10 kPa, due to evaporation occurring ten to twenty fold quicker than at atmospheric 

pressure. 

Once presented the results regarding the evaporation rate for both Al2O3-water 

nanofluid and the pure water case on rough Aluminium at different sub-atmospheric 

pressures, a discussion of these latter is carried out. 

6.3 Discussion 

6.3.1 Al2O3-water Nanofluid 

Rate of evaporation divided by the base radius has been calculated and represented 

versus base radius for each individual Al2O3–water nanofluid droplet. Trend lines 

have been included for each sub-atmospheric pressure. 



Chapter 6 Evaporation of Nanofluid Droplets at Sub-Atmospheric Pressure 

91 

 

 

Figure 6. 5 – Rate of evaporation per base radius (µl/s/mm) represented versus radius, R  (mm), for 

0.1% Al2O3-water nanofluid in nitrogen atmosphere at different sub-atmospheric pressures (kPa). 

The analysis above suggests that rate of evaporation on hydrophilic substrates and 

pinned contact line is closely linked to the perimeter of the contact line since fairly 

constant values of the rate of evaporation per base radius are found. Then for bigger 

droplets, greater rates of evaporation are expected and these in turn exhibit quicker 

evaporation rates per base radius when decreasing pressure. 
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6.3.2 Water 

The same analysis was carried out for the results obtained during evaporation of 

deionized water. A constant evaporation rate per base radius was found for pressures 

above 10 kPa as it can be extracted from the next figures: 

 

 

Figure 6. 6 –Evaporation rate per radius versus radius (µl/s/mm) for pure water case in nitrogen at 

different sub-atmospheric pressures (kPa). Results in atmospheric air are included for comparison. 
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Similar findings to those observed for the nanofluid case are also reported in this 

subsection. Looking at Figure 6. 6, a fairly constant rate of evaporation per base 

radius is found for the range of volumes tested and pressures above 10 kPa. 

Mentioned rate of evaporation per base radius also increases when decreasing the 

pressure of the system. 

6.3.3 Comparisson 

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

fluids in nitrogen at different sub-atmospheric pressures is presented in Figure 6. 7: 

 

Figure 6. 7 – Log-log plot of rate of evaporation per unit of radius (µl/s/mm) versus pressure (kPa) for 

0.1% Al2O3-water nanofluid and the pure water case in nitrogen atmosphere. Power law correlation 

included for the pure water case to illustrate trend. 
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A power law correlation adjusts fairly well to the rate of evaporation per base radius 

versus pressure for the pure water case. This model can help to predict the time 

required for a droplet to undergo evaporation until complete disappearance for 

pinned contact lines and pressures ranging from 2 kPa to atmospheric one. Nanofluid 

case has been included in Figure 6. 7, for an easier comparison, and no appreciable 

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

At this point, it can be stated that evaporation rate for pinned contact lines increases 

proportionally with base radius and with decreasing the pressure of the system. On 

other hand, mentioned rate of evaporation is independent of nanoparticle 

concentration since the same droplet evolution is ensured due to the features of the 

substrate, i.e. roughness. Complete pinning of the contact line on both cases 

(nanofluid and pure fluid) leads to a practically similar evaporative behaviour as it 

can be observed from the next figure: 

 

Figure 6. 8 – Rate of evaporation per base radius (µl/s/mm)  vs. base radius, R  (mm), for water (solid 

symbols) and 0.1% Al2O3-water nanofluid (open symbols) in nitrogen atmosphere at 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 rough Aluminium, Figure 6. 3, 

resembles the same evaporative mode reported for deionized water on smooth glass, 

i.e. Figure 4. 1. As it was pointed out the high surface energy of the glass substrate 

leads to low equilibrium contact angles and to an insufficient depinning force for the 

contact line to detach. On the other hand, equilibrium contact angle of pure water on 

rough Aluminium being ca. 60º (Figure 6. 1) suggests that the free energy gained by 

the droplet throughout evaporation will be high enough for the contact line to depin 

before the complete dry-out as demonstrated in Section 4.4.1. Although, in this case 

there is an extra energy barrier due to the presence of irregularities on the substrate 

impeding the receding of the contact line even for high initial contact angles or big 

changes of this latter, i.e. ) FrU Alrough

r
∂>∂∂ _ . Then roughness of the surface is an 

important parameter ruling droplet evaporation since the heterogeneities can be great 

enough to attain the complete pinning of the contact line, evaporation at CCR, even 

for really high initial contact angles, ca. °140~0θ  [91].  

In the case of Al2O3-water nanofluids, the concentration of nanoparticles chosen 

prompts the complete pinning of the contact line when comparing to the base fluid, 

although on the case of rough Aluminium the complete pinning was already reported 

without further particle addition. This means that no further pinning of the contact 

line is attained due to the addition of nanoparticles, i.e. evaporative behaviour is 

undistinguished. It is predictable that if a droplet of pure water evaporates at constant 

contact radius on rough Aluminium, a water droplet containing particles will be 

pinned as well during the whole period of evaporation. 

Either way, on rough Aluminium, contact line remains pinned during most of the 

droplet lifetime leading to constant rate of evaporation 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 evaporative behaviour of Al2O3-water 

nanofluid and the pure fluid case throughout evaporation on rough substrates and at 

different sub-atmospheric pressures has been carried out, to try to uncover the 

differences between the evaporative behaviour of pure fluids and fluids containing 

nanoparticles, on both cases for pinned contact lines. The complete pinning of the 

contact line reported for the pure fluid case on rough Aluminium suggests that 

nanofluids will evaporate also at CCR. Linear evaporation rate is reported for the 

vanishing of both nanofluid and deionized water droplets at the different sub-

atmospheric pressures due to evaporation taking place at constant contact radius. 

When representing evaporation rate per unit of base radius versus radius, a fairly 

constant value is obtained for each of the sub-atmospheric pressures studied. 

Representing this value versus pressure, a good agreement if not perfect following a 

power law is reported. Moreover, since either droplet evaporative behaviour or 

dynamics of the contact line are not modified during evaporation by the addition of 

nanoparticles, no appreciable enhancement in droplet lifetime in this type of 

substrates is observed. On the other hand, on hydrophilic and smooth substrates the 

addition of nanoparticles led to faster evaporation times, which can be beneficial for 

cooling applications [89]. 

 

The following two chapters of the thesis include the experimental research carried on 

electrowetting of nanofluid droplets. Chapter 7 includes the effect of nanoparticle 

concentration, dielectric thickness and voltage on the electrowetting-dewetting 

movement of the contact line. In Chapter 8 a different evaporative behaviour was 

observed for nanofluids evaporating under an external electric field applied when 

compared to free evaporation. 
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Electrowetting has attracted attention of the scientific community during the last 

decade due to the ability of manipulating liquid interfaces without requiring 

mechanical parts [59]. An applied voltage to a droplet may modify the interfacial 

tension of this latter prompting spreading [61], droplet movement [62], droplet 

surgery [65], internal mixing [64] or optics [153] amongst others . Despite the 

intensive research carried out in the topic many factors are still incompletely 

understood, i.e. the electrowetting of fluids different from water or ionic fluids, the 

choice of electrodes, type of current, electrolysis, etc. Motivated by the potential 

applications of this technique for the control of colloidal suspensions, in this chapter 

the dynamics of the contact line under DC applied voltage for TiO2-water nanofluids 

and for pure the water case are addressed. Moreover electrowetting-on-dielectric 

(EWOD) principle has been proposed for the fabrication of a new generation of low 

voltage electrowetting substrates [128]. Therefore, a set of experiments on different 

EWOD substrates varying in thickness of the insulating layer were undertaken to 

investigate the effect of an applied voltage on the electrowetting-dewetting 

movement of the contact line for different nanoparticle concentrations. An 

enhancement in wettability when adding nanoparticles to the base fluid coupled with 

voltage was observed and explained in terms of additional interactions between the 

particles present and the dielectric substrate under an external voltage applied. 

7.1 Effect of Dielectric Thickness for Pure Water 

The effect of different dielectric materials and thicknesses on EWOD performance 

has already been addressed in literature [129, 154], although little research has been 

carried out on the EW of nanofluids. In order to emphasise the main differences 

between the electrowetting of nanofluids and the pure fluid case, the analysis of the 

behaviour of deionized water on these specific substrates under EW conditions 

becomes essential. Firstly Cytop22 was the substrate studied and thereafter another 

two different substrates varying only in amorphous fluoropolymer (aFP) thickness as 
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explained in Section 3.2.2.2, i.e. Cytop300 and Cytop500, were investigated in order to 

wide this experimental part.  

It is well known that the overall capacitance of an EWOD substrate depends on the 

material properties and the thickness of the dielectrics that constitute the substrate. 

Then using basic electrical principles where both Cytop and Ta2O5 act as capacitor in 

series and assuming no evaporation, the Young-Lippmann equation (Equation 2.5) 

can be rewritten as [129]: 

2

1221lg

021
0 )(2

1
cos)(cos V

dd
V

rr

rr

εεγ
εεεθθ

+
+=    (7.1), 

where riε  are the different permittivities, id  are the dielectric thicknesses, lgγ  is the 

surface tension water-gas and 0θ  the equilibrium contact angle. All variables are 

known allowing for the calculation of theoretical trends for )(Vθ . The experimental 

electrowetting contact angles, )(Vθ , versus voltage, V , on the three dielectric 

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

Equation 7.1: 
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Figure 7. 1 – Electrowetting contact angle, )(Vθ  (deg), versus voltage, V  (volts), for deionzied water 

on: Cytop22 (squares), Cytop300 (circles) and Cytop500 (up triangles). Theoretical trends calculated 

using Equation 7.1 are shown to allow comparison (solid lines). 

Figure 7. 1 shows that the electrowetting contact angle under an applied voltage is 

consistent with the features predicted by the Young-Lippmann equation long time 

ago on all three substrates [61]. From Figure 7. 1, it can also be inferred that greater 

voltages are necessary for a same observable change in contact angle when 

increasing the thickness of the aFP, which is consistent with electrowetting equation 

presented in Equation 7.1. Similar trends have been previously reported by Li et al. 

[129] for the same dielectric materials but different thicknesses. 

These low voltage EWOD substrates require smaller voltages for the manipulation of 

the droplet interface in a similar way than traditional electrowetting substrates, with 

resulting in energy savings. On the other hand, the manipulation of the interfacial 

tension becomes less precise since the actuation voltage range decreases. 
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7.2 Effect of Nanoparticle Concentration 

The addition of nanoparticles coupled with electrowetting is introduced in this 

subsection. Different TiO2-water nanofluid concentrations were prepared and the 

final contact angle under an applied voltage, )(Vθ  (deg), was measured on all three 

dielectric substrates; Cytop22, Cytop300 and Cytop500. Figure 7. 2 (a), (b) and (c) 

include nanofluid and deionized water experimental values of )(Vθ  plotted versus 

voltage, besides theoretical trends for the pure water case already presented on 

Figure 7. 1. For each concentration and voltage; 3 independent experiments were 

carried out, )(Vθ  was averaged, and standard deviations calculated and represented 

as error bars. 
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Figure 7. 2 – Electrowetting contact angle, )(Vθ  (deg), versus voltage, V  (volts), on (a) Cytop22 

(squares), (b) Cytop300 (circles) and (c) Cytop500 (up-triangles) for; 0.1% (filled, dark yellow), 0.05% 

(filled-left, wine), 0.01% (filled-right, blue) and 0.001% (filled-up, red) TiO2-water concentrations. 

Experimental (filled-down, green) and theoretical  (straight solid line) values for deionized water, are 

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

deionized water droplets under an applied voltage, i.e. lower )(Vθ  when increasing 

voltage following Young-Lippmann equation (Equation 2.5). The qualitative and 

quantitative agreement between Equation 7.1 and )(Vθ  experimental values for the 

pure fluid case results quite accurate, if not perfect. Regarding the electrowetting of 

nanofluids, an improved electrowettability is noticed for nanoparticle-laden liquids 

when compared to the pure fluid case, Figure 7. 2. It is clear then that theoretical 

trends presented for deionized water, Equation 7.1, do not account for the addition of 

nanoparticles. 

Comparing the different nanoparticle concentrations, an improved wettability is 

reported when increasing concentration from 0.001% to 0.01% and up to 0.1%. It is 

worth noting that the improvement in electrowettability for concentrations greater 

than 0.01% is not as marked as for lower concentrations. The former suggests that 

there might be a critical concentration value above which no further enhancement in 

electrowetting behaviour is observed as nanoparticle concentration is increased. 

Results presented in Figure 7. 2 are consistent on all three substrates tested and for 

all voltages chosen. 

7.3 Dynamics of the Contact Line 

The dynamics of the contact line during both wetting and dewetting of the contact 

line, voltage switched On/Off, on the three different substrates are presented in this 

section. A high-speed camera, described in Section 3.1.3, was required to capture the 

very rapid movement of the contact line, up to 200 frames per second. Figure 7. 3 

portrays the spreading-receding behaviour of the contact radius, R  (mm), in time, t  

(seconds), for 0.001% and 0.01% TiO2-water nanofluids when switching voltage 

On/Off. Figure 7. 3 (c) allows for the comparison of the dynamics of the contact line 

for a similar displacement of this latter, i.e. identical electrowetting contact angle 

caused by different voltages applied due to the different aFP thicknesses. 
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Figure 7. 3 – Contact radius evolution, R  (mm), versus time,  t  (seconds), for (a) 0.001%, (b) 0.01% 

TiO2-water and (c) for the same change in R  for 0.01% TiO2-water nanofluid. All R profiles were 

averaged from the first 7 experimental On/Off switching cycles on Cytop22 (squares), Cytop300 

(circles) and Cytop500 (up-triangles). 

Looking at Figure 7. 3, it is clear that the thickness of the aFP has a marked influence 

on the dynamics of the contact line. The spreading movement of the contact line is 

very rapid ca. 0.02 seconds for voltages above 30 volts on Cytop300 and Cytop500, as 

it can be extracted from Figure 7. 3 and which is consistent with the work of Shapiro 

et al. [155] and that of Paneru et al. [156]. On the other hand, for the thinnest of the 

aFP the contact line takes ca. 0.1 seconds to reach the final electrowetting contact 

angle. When switching voltage Off, droplet shape returns approximately to the initial 

equilibrium contact angle, being faster for the thicker of the substrates, i.e. Cytop500. 

It is demonstrated then that the smaller the capacitance the faster the advancing-

receding movement of the contact line for these dielectric substrates when switching 

voltage On/Off. This latter is in agreement with capacitor theory where the greater 

the capacitance the longer it takes to discharge, Figure 7. 3. 
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When comparing the same change in contact angle, i.e. same displacement of the 

contact line, the thicker the dielectric the faster the relaxation, ca 0.05 seconds on 

Cytop500 as shown in Figure 7. 3 (c). On the contrary, a relaxation time in the order 

of few tenths of a second was measured on the thinnest of the substrates, Cytop22. 

Intermediate behaviour is observed on Cytop300. 

7.4 Discussion 

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

address the effect aFP thickness and nanoparticle concentration. 

The agreement between experimental results for deionized water on all three 

substrates and the predicted behaviour by Equation 7.1, where both the effect of aFP 

thickness and voltage applied were already taking into account, is quasi-perfect, 

Figure 7. 2. However, Equation 7.1 does not explicitly take into account the addition 

of nanoparticles yet, requiring additional interpretation of the phenomena governing 

the enhancement of spreading for nanofluids coupled with electrowetting, henceforth 

referred as ,%)(Vθ . Then we might rewrite: 
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),,(cos,%)(cos lg0 iri dKV εγθθ +=     (7.2.2), 

where ),,( lg iri dK εγ  is only function of substrate properties; riε  and id , and surface 

tension of the fluid, lgγ . Additional experiments of pendant drop included in the 

Table 3.1 showed no appreciable change on surface tension for the low range of 

TiO2-water nanofluid concentrations tested. A consistent surface tension of 73.5 ± 
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0.5 mN/m for both water and TiO2-water nanofluid between 0% and 0.1% by weight 

at 15 ºC was found. Moreover, no appreciable change in the surface tension liquid-

gas or accumulation of nanoparticles was observed under an applied voltage. Since 

),,( lg iri dK εγ  does not depend either on nanoparticle concentration or voltage, fixed 

values of ),,( lg iri dK εγ  are calculated and presented in Table 7. 1: 

Table 7. 1 - K  (1/volt2) values for the different dielectric substrates varying in aFP thicknesses. 

Substrate Cytop22 Cytop300 Cytop500 

310−⋅K  (1/volt2) 3.8 0.4 0.24 

 

The addition of nanoparticles to the base fluid does not modify sgγ . There is no 

accumulation or deposits left behind at the solid-gas interface since evaporation can 

be neglected due to the short duration of the experiments and there is the continuous 

advancing and receding movement of the contact line that keeps the particles in 

suspension. The continuous movement of the contact line under AC electrowetting at 

high frequencies, in the kHz range, has been reported as a method for preventing the 

coffee ring stain [66]. 

At this point, all variables present in Equation 7.2.2 with the exception of the surface 

tension at the solid-liquid, slγ , have been ruled out. Then, at the present the 

accumulation of particles at the triple contact line under an applied voltage cannot be 

neglected, in fact, any accumulation of particles at the liquid-solid interface will 

modify this latter. This strongly suggests that the application of a voltage may 

modify slγ , thus modifying Young-Lippmann balance and therefore ,%)(Vθ . A 

similar behaviour was found for tricresyl phosphate, which final equilibrium contact 

angle is modified during the spreading of the contact line due to the dynamic 

molecular orientation of the tricresyl phosphate molecules present [157]. 
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Then, trying to solve the thermodynamic equilibrium using Equation 7.2.2, when a 

voltage is applied to a fluid containing nanoparticles, an excess of the internal energy 

at the solid-liquid interface is noticced. This excess of energy modifies further the 

,%)(Vθ  and the Young-Lippmann equation, which must be taken into account when 

working with nanoparticles in suspensions under an applied voltage. Joshian Gibbs 

[121] proposed, more than a century ago, that a change in the internal energy of a 

system modifies the surface energy of mentioned system. In other words, if the 

thermodynamic equilibrium of a droplet is further altered either by a gradient of 

concentration or pressure the adsorption of molecules at the solid-liquid interface 

will take place [121, 158]. 

At this point of the discussion, adsorption of nanoparticles onto the solid-liquid 

interface when coupled with electrowetting is proposed as the mechanism modifying 

locally the properties of the substrate, i.e. lowering its surface tension. This reduction 

in surface tension due to the presence of nanoparticles and an electric voltage applied 

offers a plausible explanation of the mechanism governing the enhancement on 

spreading of these nanofluids when compared to the base fluid. The addition of 

nanoparticles under an applied voltage will modify further slγ , henceforth referred as 

,%)(Vslγ  and ,%)(Vθ  is modified as:  

lg
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lg
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,%)(
,%)(cos
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γγ

θ VV
V slslsg ∆+=

−
=   (7.3). 

Revising Gibbs principles and the latest work related to adsorption of molecules on 

solid-liquid interfaces, Equation 7.3 is proposed as the additional electrostatic term 

reducing the interfacial tension solid-liquid and therefore the final ,%)(Vθ ; in our 

case driven by both voltage and the presence of nanoparticles. An analogous 

expression initially proposed by Gibbs [121] and modified in the work of Ward et al. 

[158] to express the change in surface tension, ,%)(Vslγ∆  at the solid-liquid 

interface is presented: 
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VAVsl ∆=∆ 3
1

lg,%)( χγγ       (7.4). 

This is a Gibbs-type adsorption term at the solid-liquid interface, in this case, 

triggered by a difference of voltage, V∆ , instead of a gradient of pressure or 

concentration. Further analysis of the data gathered during this experimental part 

showed an reduction in surface tension when increasing nanoparticle concentration 

proportional to 3
1

χ  where χ  is nanoparticle concentration. Since the spreading of 

the contact line was observed in only one dimension, it is self-evident that the 

influence of concentration/volume will affect the cubic root of the volume, i.e. 

3
1

33 ~~ χχV . The coefficient A  is an empirical value obtained using Maple 

software and equal to 0.0045. This empirical value was firstly obtained from the 

experiments carried out on Cytop22 and then extended to the other two substrates, i.e. 

Cytop300 and Cytop500, with the consequently good agreement. 

Then combining Equation 7.1, Equation 7.3 and Equation 7.4, a revisited Young-

Lippmann expression, Equation 7.5, brings together the effect of an applied voltage 

for fluids containing nanoparticles: 
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It is possible now to calculate theoretical trends for the different nanofluid 

concentrations and thicknesses of the aFP, ,%)(Vθ  using Equation 7.5. Figure 7. 4, 

shows theoretical trends portrayed as ,%)(Vθ  versus voltage: 
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Figure 7. 4  – Theoretical trends for ,%)(Vθ  calculated using the proposed Equation 7.5 are presented 

for all three substrates and for the different TiO2-water concentrations tested; 0.1% (dashed line), 

0.05% (dot-dot-dashed line), 0.01% (dot-dashed line), 0.001% (dotted line) and for the pure water 

case (solid line) on Cytop22, Cytop300 and Cytop500. 

Figure 7. 4 shows that theoretical trends certainly follow the features predicted by the 

Young-Lippmann equation when including an additional term to account for the 

addition of nanoparticles coupled with electrowetting. To confirm the agreement 

between Equation 7.5 and experimental results, theoretical trends are included next 

along with experimental results for all three substrates. 
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Figure 7. 5 – Electrowetting contact angle, ,%)(Vθ  (degs), versus voltage, V  (volts), for 0.1% 

(filled), 0.05% (filled-left), 0.01% (filled-right), 0.001% (filled-up) TiO2-water nanofluid and for the 

pure water case (filled-down) on Cytop22 (squares), Cytop300 (circles) and Cytop500 (triangles). 

The agreement between theory, Equation 7.5, and experimental results on all three 

substrates is satisfactory. The results presented for the three different aFP dielectric 

thicknesses reinforce our conjectures and definitely offers a plausible explanation to 

how the presence of nanoparticles coupled with electrowetting modify further the 

thermodynamic equilibrium and therefore the electrowetting behaviour. 

Nanoparticles under an external electric field applied will modify further the 

interface solid-liquid due to the additional interaction between this particles and the 

dielectric substrate. The analogy between adsorption of molecules at the solid-liquid 

interface due to pressure gradients presented by Gibbs and Ward et al., and the 

adsorption of nanoparticles at the solid-liquid interface triggered by voltage agrees 

adequately. This latter opens a new understanding of electrowetting performance of 

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

contact line into detail, Figure 7. 3, a relationship between both spreading and 

relaxation movement of the TCL in time can be established depending on the aFP 

thickness. The electrowetting set up described during Section 3.1.2 allows for the 

discharge of the dielectric layer, when switching Off voltage, since one of the 

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

the discharge of a capacitor (the dielectric substrate) will depend on both 

permittivities and thicknesses of the dielectric layers. The fundamentals of capacitor 

discharge relay on how quick the charges will leave the system meaning how strong 

the interactions between electric charges and the molecules present at the solid-liquid 

interface will be after switching Off the voltage. 

According to Figure 7. 3, the thicker the dielectric the faster the capacitor charges 

and discharges, thus the faster the advancing and receding movement of the contact 

line since molecules and charges present in the dielectric layer do not interact as 

vigorously as it happens when they are closer, i.e. thin aFP. From the same figure, an 

exponential receding of the contact radius is observed when switching voltage Off, 

then applying basic electrical principles, the receding movement of the contact line 

approximates fairly well to the behaviour of exponential decay of voltage in a 

capacitor, Equation 7.6: 

CR

t

eVtV '
0)(

−

⋅=        (7.6), 

where )(tV  is the voltage discharge versus time that depends on the initial voltage, 

0V , and on the properties of the dielectric layers: resistance, 'R , and capacitance, C . 

It is well know that the capacitance of a substrate increases when decreasing the 

thickness of this latter whereas resistance decreases proportionally when thickness 

does. Due to this contrary effect of the product CR'  when decreasing thickness of 

the aFP, we might consider CR'  as the relaxation time named τ .  
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Since EWOD substrates behave as capacitors, it is foreseen that the interactions 

between charges at the dielectric and the liquid molecules, at the liquid-solid 

interface, will depend on how long the capacitor takes to charge and this charge. This 

suggests that contact line radius will behave in a similar fashion as the discharge of a 

capacitor, then, based on Equation 7.6, the dynamics of receding of the contact radius 

can be  rewritten as: 

τ
t

EW eRRRtR
−

⋅−+= )()( 00      (7.7). 

Where )(tR  is the contact line radius receding in time, t , 0R  is the initial contact 

radius and EWR  is the contact radius under an applied voltage. Then from the 

experimental values presented in Figure 7. 3 (c) and the fitting of Equation 7.7, an 

empirical value of  τ  can be calculated and used to represent theoretical trends on all 

three substrates as shown in Figure 7. 6: 
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Figure 7. 6 - Average of 7 profiles of the contact radius, R  (mm), versus time, t  (seconds), for 

0.01% TiO2-water during the receding movement of the contact line at different voltages, (volts), on 

Cytop22 (squares), Cytop300 (circles) and Cytop500 (up-triangles) besides theoretical trends calculated 

using Equation 7.7. 

Looking at Figure 7. 6, theoretical trends calculated using Equation 7.7 match fairly 

well with experimental results on Cytop300 and Cytop500, whereas on Cytop22 

theoretical trend slightly deviates from experimental behaviour. The relaxation of the 

contact line is definitely quicker for the thickest of the aFP dielectrics and slower for 

the thinnest one. From the atypical behaviour observed on Cytop22, Figure 7. 6, it 

seems that the thinner the aFP, the stronger the interactions between fluid molecules 

and charges present in the conductive dielectric layer. This offers a plausible 

explanation of the differences in behaviour found for the different dielectrics. Then 

the study of the contact line dynamics on thin dielectrics requires further research 

and can help to reveal further the interactions between fluid molecules and charges 

present in the conductive dielectric. 

Of equal importance is the electrowetting movement of the contact line when a 

voltage is applied. From the findings stated above, it is clear that aFP thickness plays 

an important role on the dynamics of the contact line, Figure 7. 3. On both Cytop300 
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and Cytop500 the advancing movement of the contact line, i.e. charge of a capacitor, 

is almost instantaneously taking ca. 0.02 seconds to reach the final electrowetting 

contact radius. Saphiro et al. [155] estimated the charging time of a capacitor for a 

slightly resistive liquid and a high resistive solid as: 
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       (7.8), 

where sε  is the permittivity of the solid, R  the radius of the droplet, h  the thickness 

of the dielectric, and sρ  and lρ  are the resitivities of substrate and liquid 

respectively. Substituting typical values for our specific system, an approximate 

charging time of ca. 0.001 seconds is proposed, one order of magnitude smaller than 

the electrowetting time obtained in this experimental research. Although 

experimental analysis may lead to experimental errors, it is worth noting the good 

agreement of Equation 7.8, which reports smaller relaxation times when increasing 

the thickness of the aFP. This latter is consistent with experimental results presented 

in Figure 7. 6. 

7.5 Summary 

The behaviour of TiO2-water nanofluids under electrowetting conditions has been 

studied. It was found that nanofluids can be manipulated in a similar fashion as 

deionized water following the Young-Lippmann equation. Moreover an enhancement 

in electrowettability is observed when adding nanoparticles to the base fluid and this 

latter is dependent on concentration. This enhancement in spreading of the contact 

line is interpreted in terms of adsorption of nanoparticles at the solid-liquid interface 

coupled with voltage. There is a local decrease in the solid-liquid interface when a 

difference of voltage is applied to these nanofluids. An additional term has been 
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added to the Young-Lippmann equation to account for the excess of energy due to 

the addition of nanoparticles coupled with electrowetting. A correlation based on 

experimental results has been proposed to predict the change in droplet shape. 

On other hand, the dynamics of spreading/receding of the contact line under an 

applied voltage have been addressed too. This latter is of great importance for the 

development of quick and reliable switching between electrowetting and no 

electrowetting conditions for optical and microfluidic applications. An instantaneous 

response of the contact line was observed for the thickest of aFP, reaching the 

electrowetting contact angle in approximately 0.02 seconds, whereas a smoother 

movement of the contact line was reported for the thinnest of the aFP coatings: 

Cytop22, which is consistent on both spreading and receding of the contact radius. It 

is worth noting that an exhaustive study of aFP thickness versus relaxation time must 

be addressed since smaller thicknesses lead to important energy savings but delays 

both advancing and receding movement of the contact line with the consequent 

anomalous behaviour. A balance between relaxation time and voltage applied must 

be carried out. 

 

The last chapter includes the differences between the evaporative behaviour for 

different TiO2-water nanofluid concentrations under DC external voltage applied and 

under free evaporation. A thorough analysis of the most plausible mechanism for the 

absence of “stick-slip” behaviour and for the more homogeneous deposits observed, 

is included. 

 



Chapter 8 Nanofluid Evaporation under Applied DC Electric Field 

118 

 

 

 

 

 

 

 

   Chapter 8: Nanofluid 

Evaporation under Applied DC 

Electric Field 



Chapter 8 Nanofluid Evaporation under Applied DC Electric Field 

119 

Colloidal suspensions have been under an intensive research in the past decades 

specially since the work of Deegan et al. and the well-known coffee ring stain [28]. 

Typically, the evaporative behaviour of these suspensions are different from the base 

fluid since particles are carried from the bulk of the fluid towards the edge, and 

deposits are left behind after the complete dry-out. Particularly, on the case of 

nanofluids, stick-slip behaviour and rings stain deposits are reported as explained in 

Section 2.3 [58, 106, 141]. Therefore, revealing the interactions particle-particle, 

particle-fluid and particle-substrate can help to shed light on the manipulation and 

control of the deposits left from colloidal suspensions for biological [22], industrial, 

analytical [95] or patterning purposes [159, 160]. It has been demonstrated that the 

self-assembly of nanoparticles can be controlled by changing the pH of the 

evaporating solution [38] or changing the shape of the particles suspended leading to 

the suppression of the coffee ring effect [56]. More recently the suppression of the 

coffee ring stain has been successfully reported under an applied AC electric field, 

due to the internal flows generated within the droplet attributed to the continuous 

movement of the contact line keeping particles in suspension [109]. It may be 

predictable that the internal particle flows emerging in the bulk of a droplet when 

applying a DC electric field will differ from those proposed for AC [68, 161]. In 

what follows the different evaporative behaviour and patterns found after the 

complete dry-out of different TiO2-water nanofluid concentrations when DC is 

applied to a droplet are compared to those during free evaporation and to the pure 

fluid case. A smooth and continuous receding of the contact line compared to “stick-

slip” behaviour reported for nanofluids under free evaporation besides the more 

regular and homogeneous patterns in contrast to rings stains are presented and 

discussed next. 

8.1 Evaporative Behaviour and Deposits 

Results concerning the evaporative behaviour of TiO2-water nanofluids subjected to 

an electric voltage during the complete dry-out are presented in Figure 8. 1. The 
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observed droplet profile with an electrode immersed for both EW (Figure 8. 1 (a)) 

and no EW (Figure 8. 1 (b)) conditions at different drying times: 0=t , evaptt 41= , 

evaptt 42=  and evaptt 43=  are represented. Base line and Circle Fitting Fit are 

included. 

 

Figure 8. 1 – Substrate, droplet and electrode immersed into a 0.05% TiO2-water nanofluid droplet 

under (a) EW conditions and (b) no EW for 0=t , 
evaptt 41= , 

evaptt 42=  and 
evaptt 43= . Base line and 

Circle Fitting Fit are included. 

Both evaporative behaviours of TiO2-water nanofluid at different concentrations 

under EW and no EW conditions were analyzed and are presented below. In the case 

of no applied voltage, the electrode was immersed into the droplet in order to ensure 

similar experimental geometric conditions throughout evaporation. Base radius, R  

(mm), height of the droplet, 0h  (mm), and contact angle, θ  (deg), versus time, t  

(seconds), besides images of the corresponding deposits after the complete dry-out 

for 0.1%, 0.05%, 0.025% and 0.01% of TiO2-water are included in: Figure 8. 2, 

Figure 8. 3, Figure 8. 4 and Figure 8. 5. To allow comparison with the pure fluid 

case, the evolution of the base radius for deionized water under EW and no EW 

conditions is also included.  
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Figure 8. 2 - Evolution of the contact radius, R  (mm) (squares), contact angle, θ  (deg) (circles), and 

height of the droplet, 0h  (mm) (up-triangles), with time, t  (seconds); (a) under electrowetting 

conditions and (b) under free evaporation for: 0.1%. Corresponding deposits also included. 

 

Figure 8. 3 – As for Figure 8. 2, but for 0.05% TiO2-water nanofluid. 
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Figure 8. 4 – As for Figure 8. 2, but for 0.025% TiO2-water nanofluid. 

 

Figure 8. 5 – As for Figure 8. 2, but for 0.01% TiO2-water nanofluid. 
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According to the figures presented above and as reported during Section 2.3, the free 

evaporation of nanofluid droplets with or without an electrode immersed into a 

droplet leads to “stick-slip” behaviour, where jumps of the contact line with the 

correlated changes in contact angle are observed [58, 106, 141]. Pictures of deposits 

are in agreement with rings-like stain reported previously [97, 106]. It is worth 

noting that although the number of steps and the magnitudes of the jumps decrease 

when an electrode is immersed into a nanofluid droplet, “stick-slip” behaviour is still 

clearly noticeable. 

On the other hand, when a voltage is applied to a droplet, there is a quick reduction 

in both contact angle and droplet height, and a swift increase in the base radius as it 

can be extracted from the figures above: Figure 8. 2 (a), Figure 8. 3 (a), Figure 8. 4 

(a) and Figure 8. 5 (a). Thereafter the droplet shape evolves; contact line recedes 

monotonically following the same behaviour of pure water on hydrophobic 

substrates (see Chapter 4) whereas contact angle shows a constant value for at least 

70% of the droplet lifetime. The most important feature during evaporation under 

EW conditions is the absence of jumps or discontinuities on the variables that 

represent the droplet profile evolution. Of great importance is the continuous 

receding of the contact line and the more attractive and homogeneous deposits with 

the absence of rings observed. Also bigger stains are evident for greater 

concentrations. 

As an approximation and supported by the figures of the deposits presented, it is 

likely that nanoparticles present in the bulk of the droplet might be attracted by the 

substrate under an external electric field applied. Evaporative behaviour and deposits 

presented for TiO2-water nanofluids, suggest a net negative charge of these particles 

in suspension since the grounded electrode, i.e. the substrate, is charged positively as 

described in Chapter 3. 

In order to be able to explain the deposits presented and the suppression of the “stick-

slip” behaviour, a comparison between the forces attracting the particles towards the 

substrate and capillary flow of particles towards the contact line to replenish the 

liquid evaporated is proposed.  
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8.2 Electrophoresis versus Evaporation 

Considering an isolated nanoparticle in the bulk of a droplet, under free evaporation 

capillary flows drive the particle towards the contact line following the features 

predicted by Deegan et al. [28, 102]. On the other hand, under an applied electric 

field another force comes into play: electrophoresis (EP), which was observed more 

than two centuries ago to explain the motion of clay particles in suspension under an 

electric field [130]. More recently other authors have used EP for controlling the 

deposition of colloidal particles [162, 163]. Then an analysis of the timescales of the 

two main particle motions present within a droplet under an applied electric field is 

carried out. Figure 8. 6 shows the different forces acting on an isolated nanoparticle. 

 

Figure 8. 6 – Sketch of the different forces present during evaporation and under an electric field 

applied. 

8.2.1 Advective Flow 

The accumulation of particles at the TCL following the evaporation of colloidal 

suspensions under marked evaporation and pinning of the contact line was predicted 

and mathematically demonstrated more than a decade ago, Equation 8.1 [14, 102, 

164]: 
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Equation 8.1 explains the averaged radial outward flow inside the droplet, advv , for 

initially pinned contact lines. This equation considers the continuity of the fluid 

evaporated at the contact line arising from the vertical flow generated as the local 

height of the droplet, )(rh , falls in time, t . ρ  and sJ   are liquid density and 

evaporative mass flux at the droplet centre respectively. Since we are interested on 

the region close to the droplet centre, the evaporative mass flux at the top of the 

droplet can be approximated to the evaporative flux of a flat meniscus, i.e. 0JJ s ≈  

and equal to 5107.1 −x  Kg·m2/s (obtained by additional experiments) where 

0≈∂∂ rh . Droplet height at the centre, 0h , can be extracted from Figure 8. 2 (a), 

Figure 8. 3 (a), Figure 8. 4 (a) and Figure 8. 5 (a), and approximated as a constant, 

i.e. Kth −≈∂∂ 0 . Then Equation 8.1 can be simplified and written as: 
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From the evaporative behaviour, values of contact radius, R , K  and h  as 

θtan)()( rRrh −= , at the beginning of the evaporative process can be extracted 

and substituted in Equation 8.2. Then in the vicinity of the triple contact line 

)~( Rr , ( )100tan()1(~ °⋅− rh  mm) and 4106 −⋅=K  mm/s, an average radial 

advective liquid or particle speed can be obtained as approximately 3~advv  µm/s. 

This advective velocity is in agreement with experimental radial particle velocity 

found by Marin et al. at the vicinity of the contact line during the last period of 

evaporation where particle velocity folds [98]. It is worth mentioning that Equation 

8.2 does not describe the vertical flow at 0=r  but gives an approximation of the 

advective flow near the droplet centre. 
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In order to validate this model built for pinned contact lines, a comparison between 

the outward flow velocity and the receding velocity of the contact line is carried out. 

From Figure 8. 2 (a), Figure 8. 3 (a), Figure 8. 4 (a) and Figure 8. 5 (a), the receding 

movement of the contact line can be approximated as 3.0≈∂∂= tRvCL  µm/s. 

Then the ratio particle velocity to contact line movement can be calculated as 

follows: 103.03 ≈=CLadv vv . Receding movement of the contact line is at least 

one order of magnitude shorter than particle velocity, hence a quasi-stationary 

movement of the can be considered, and Equation 8.1 can be used for our purpose. 

8.2.2 Electrophoresis 

During evaporation and due to the characteristic features of nanofluids, any vertical 

movement of the particles can be negligible unless these latter are in suspension and 

under the presence of an electric field, i.e. case of evaporation under EW conditions. 

The electric field present inside the droplet is given by 0hVyVE ≈∂∂−=  where 

V  is the difference of voltage applied to the droplet and 0h  the droplet height. 

Nanoparticles used in this experimental research possess negative net surface charge, 

i.e. negative zeta-potential as electrophoretic mobility measurements included in 

Table 3. 2 show. Then under an applied electric field, E , nanoparticles will be 

attracted by the electrode with opposite charge, the substrate, with a force equal to 

qEF ↓= , where q  is the charge of the particle. However, a Stokes-type viscous 

force will oppose to this movement, epavF πη6↑= , where epv  is the 

electrophoretic velocity of the particles towards the substrate, a  is the particle radius 

and η  the liquid viscosity. Balancing these forces, an expression of the 

electrophoretic velocity is obtained: 

ah

qV
vep ηπ6

≈        (8.3). 
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Typically, the net surface charge for a spherical particle can be expressed as [165, 

166]: 








 +
−=

k
a

q

a

q

r
r 1

4
4

0
0 επεεπε

ζ  � 
)1(4 0 +

=
kaa

q

r επε
ζ  (8.4). 

And considering 1<ka , the effective charge, q , can be written as: 

ζεεπ 04 raq =        (8.5). 

If we now combine Equation 8.3 and Equation 8.5, the well known Hückel equation, 

Equation 8.6, can be demonstrated and electrophoretic velocity calculated as [165, 

167]: 
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2=        (8.6). 

Substituting the different data: 80
2

=OHε , 12
0 1085.8 −⋅=ε  F/m, 1

2
=OHη  cp, 

18=V  V, 0014.0=h  m and ζ  with an approximate value of 20  mV taken from 

literature [168, 169], an electrophoretic speed greater than 100  µm/s is reported. It is 

worth mentioning that the electrophoretic speed calculated above is in agreement 

with electrophoresis experiments carried out by Lee et al. using the same system, 

TiO2 nanoparticles and deionized water [132]. 

To support the electrophoretic velocity calculated above using assumptions and 

values from literature, additional experiments of electrophoretic mobility, epµ , for 
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the different nanofluid concentrations tested were carried out and included in Table 

3. 2. The next equation, Equation 8.7, is an association between electrophoretic 

mobility and electrophoretic velocity: 

h
VEv epepep ⋅=⋅= µµ       (8.7). 

Using the values obtained by experimental means, Table 3.2, for an 6.1=epµ  

(µm/s)(V/cm)-1 under 18 V applied and a distance between electrodes 4.1=h  cm, an 

epv  ca. 200  µm/s is calculated, which is in the same order of magnitude with the 

above calculated values. 

To summarize these calculations, electrophoretic velocity of the particles towards the 

electrode with opposite charge ( 100~epv  µm/s) is at least one order of magnitude 

greater than the advective motion of particles towards the contact line ( 10~advv  

µm/s) [98, 160]. 

8.2.3 Comparison Between the Two Motions 

Although the preferential motion of TiO2 nanoparticles to migrate towards the 

substrate instead of being swept towards the contact line has been numerically 

demonstrated, a comparison between the two main timescales, advective and 

electrophoretic is required. Ratio, R , shows this comparison as Equation 8.8: 
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Equation 8.8 shows that for large R ; particles takes longer to reach the vicinity of 

the contact line than the substrate. In this case, electrophoretic motion of the particle 

will be preferential leading to more homogenous deposits with the absence of rings 

stains, pictures of deposits in Figure 8. 2 (a), Figure 8. 3 (a), Figure 8. 4 (a) and 

Figure 8. 5 (a). If we now substitute reasonable values in Equation 8.9, obtained 

either experimentally of from literature, for a 3  µl water droplet, unless thK ∂∂ 0~  

is close to 410−  m/s 1.0~  mm/s, electrophoretic motion will be preferential to 

advective one.  

With this comparison we may conclude that electrokinetic motion net surface 

charged particles suspended in a low viscous liquid under an strong applied electric 

field will be preferential to advective one. This semi-quantitative analysis suggests a 

plausible explanation of the more homogeneous deposits observed under EW 

conditions compared to the rings stain deposits found under free evaporation. 

Sedimentation phenomenon (electrophoresis) results preferential to the motion of 

nanoparticles towards the TCL (advective) for the different nanofluid concentrations 

tested. Particles are attracted towards the substrate hindering the build-up of artificial 

defects at the TCL, thus preventing the “stick-slip” motion, at least to some extent. 

Particle speed, migration distance and characteristic time due to electrophoretic 

effect, advective flow and the motion of the contact line are presented in Table 8. 1: 
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Table 8. 1 - Electrophoretic, epv , advective, advv , and contact line, CLv , speeds (µm/s), particle 

migration distance (m), and characteristic time, 
ct (seconds), are included. 

 EP Effect Advective Effect CL Motion 

Speed  (µm/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 gathered during this experimental research, 

clearly showing one order of magnitude of difference between the different 

timescales proposed. The preferential electrophoretic motion over the advective one 

obtained by additional calculations is supported by the suppression of “stick-slip” 

behaviour observed experimentally since fewer nanoparticles tend to reach the 

contact line and a smooth/continuous receding of the contact line is visible. 

Although either minimum irregularities on the surface or the small addition of 

nanoparticles, i.e. 0.001% TiO2-water (Chapter 4), can prompt the pinning of the 

contact line, this suggests that for high concentrations the suppression of the “stick-

slip” behaviour might not be complete. Indeed a small jump is noticed for the highest 

of the concentrations, Figure 8. 2 (a). The author would like to point out that the 

suppression of “stick-slip” performance is a combination of both electrophoretic 

effect and the hydrophilicity of the wire presented in Figure 8. 1. 

Commenting on the deposits found, a typical set of rings corresponding to “stick-

slip” behaviour is found on the case of free evaporation. Nanoparticles are 

accumulated at the TCL inducing the pinning of these latter. From the evaporative 

behaviour shown in Figure 8. 2 (b), Figure 8. 3 (b), Figure 8. 4 (b) and Figure 8. 5 

(b), a slight drift of the contact line is noticed due to the presence of the wire that 

pulls the contact line upwards. Due to both evaporation and the pinning of the 

contact line, the internal energy of the droplet increases until this energy is high 
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enough for the jump to ensue, at this point particles are left behind on the substrate 

leading to rings stain as explained in Chapter 5  [97]. 

On the opposite case, under EW conditions, a more homogeneous single pattern 

where particles are accumulated mainly at the centre and not at the edge is observed. 

The suppression of the rings stain reported for TiO2-water nanofluids is evident. 

Results do not show the complete suppression of the coffee ring stain  by 

accumulation of particles at the centre as reported by other authors [66, 109] but it 

does prevent the accumulation of particles at the contact line, which is a way of 

controlling the deposits of colloidal particles in suspension under an applied electric 

field. As further investigations the author would like to suggest the study of the 

evaporative behaviour of for different nanofluids, cells, bacteria under EW 

conditions and the analysis of this effect on particle structuring [150, 160]. 

Another aim of this research was to compare, if possible, the internal flows due to 

under AC electric field [66, 68] to those under DC electric field. It is then 

demonstrated that, electrophoresis is the main mechanism governing the internal 

flow of particles within an evaporating droplet under a DC electric field. 

8.2.4 Additional Considerations 

We would like to address the case in which particles in suspension will posses a zero 

net surface charge. Then due to the heterogeneity features of the electric field 

(droplet shape), particles in the bulk of the droplet will move following 

dielectrophoresis (DEP) [170]. Due to the different dielectric properties between 

fluid and nanoparticles, the existence of a non-homogeneous electric field will 

induce a dipole in the particles inducing DEP motion [171]. Values calculated were 

in the order of nanometers per second.  

Thus, from the more homogeneous patterns and the additional electrophoretic 

mobility measurements, we conclude that electrophoresis is the mechanism 

governing the motion of TiO2 nanoparticles in a non-viscous fluid under an applied 

electric field. 
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8.3 Summary 

Electrophoresis is proposed and demonstrated, for the first time, as the mechanism 

governing the motion of TiO2 nanoparticles present in the bulk of a droplet under an 

applied DC electric field during evaporation. A shorter timescale for the 

nanoparticles to reach the substrate has been reported, when compared to outward 

capillary flows that swipe the particles towards the contact line following advection. 

Due to fewer particles deposit at the triple contact line, during EW no pinning of the 

contact line is attained and a monotonic receding of the contact line during almost 

the complete evaporation is observed. This technique represents potential 

applications for the manipulation of colloidal suspensions and pattern formation, 

leading to more homogeneous and a single ring pattern in contrast to the multiple 

rings observed during the evaporation of TiO2-water nanofluids. EP is proposed to 

control nanofluid deposits without manipulating continuously the dynamics of the 

contact line. 

Experiments could be extended to cells, bacteria or proteins due to similar surface 

charge present when compared to TiO2 nanoparticles in suspension. The negative net 

surface charge of the nanoparticles can be demonstrated in plain sight only attending 

to the deposits formed. 

 

Once presented the main results, discussions and conclusions dragged from this 

experimental research, the main overall conclusions and what could be subsequently 

done is included next. 
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In this work, a study on the dynamics of the contact line and the mechanisms present 

during wetting, evaporation and electrowetting, of fluids and nanoparticle laden 

fluids, has been conducted. Different techniques, tools, approaches and methods, 

have been explored pursuing to uncover the interplay particle-particle, particle-solid, 

particle-liquid, liquid-solid and liquid-gas at the macro-, micro- and nanoscale. The 

main findings revealed during this experimental research, aiming to shed further light 

on the fundamental physics, chemistry and engineering present 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 real, smooth, solid substrates varying in 

hydrophobicity, has been investigated at the macroscale. Different evaporative 

modes have been identified and a simple force balance at the triple contact line has 

been proposed to seize the droplet intrinsic energy barrier required for the depinning 

of the contact line during evaporation. Applying an energy-minimization approach at 

the triple contact line, a threshold for the force required for the depinning of the 

contact line is set at 0.02 N/m. The effect of hydrophobicity on the depinning of the 

contact line is evident, favoured by high initial contact angle. 

The intrinsic energy barrier observed for pure fluids on hydrophilic substrates, for 

example water on Silicon, is increased further by the addition of small amount of 

nanoparticles to the base fluid. The complete pinning of the contact line is reported 

for concentrations as small as 0.001% TiO2-water by weight. On the other hand, on 

hydrophobic substrates, TiO2-water nanofluid concentrations ranging from 0.001% 

to 0.1% “stick-slip” behaviour is reported. In addition, a clear increase in the 

magnitude of the jumps of the contact line besides greater changes in contact angle 

are visible when increasing nanoparticle concentration since there are larger 

quantities of nanoparticles accumulating at the triple contact line and thus hindering 
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further the receding movement of the latter. It is worth noting that the concentration 

of Al2O3–water nanofluid required for a similar “stick-slip” behaviour to that found 

for TiO2-water is ten-fold smaller, suggesting that Al2O3 nanoparticles interactions 

with the substrate or between the same nanoparticles are, somehow, stronger than 

those of TiO2. The excess of droplet free energy before the jump has been seized and 

compared for the different nanofluids using experimental data and theoretical 

expressions from literature. The dependence of contact line dynamics on 

concentration and type of nanoparticle is evident. 

To fully understand the evaporative behaviour of fluids laden with nanoparticles and 

the structuring of these particles following evaporation, an analysis of the deposits 

left after the complete dry-out at the nanoscale becomes vital. Height, width and 

profile of the ring-stain deposit following free evaporation of TiO2-ethanol nanofluid 

were successfully imaged for the first time using AFM. Using the experimental data 

of the droplet profile gathered at the macroscale, a deposition theory to explain the 

accumulation of nanoparticles at the triple contact line was developed. The 

agreement between deposition theory presented and the profile of the deposits 

imaged by AFM is evident. Thus a plausible theoretical description of the structuring 

of TiO2 nanoparticles following evaporation is presented. 

The dynamics of the contact line of Al2O3-water nanofluid and pure fluid on rough 

rather than smooth substrates for different kinetics of evaporation have been also 

investigated. Heterogeneities present on the aluminium tested are great enough to 

attain the complete pinning of the contact line for both nanofluid and pure fluid, i.e. 

intrinsic energy barrier exerted by irregularities on the surface overcomes the 

depinning force required for the contact line to recede, for both fluids. No 

appreciable differences in droplet lifetime between evaporation of Al2O3-water 

nanofluid or the pure fluid case are observed since pinning contact lines ensures the 

same evaporative mode. Reducing the pressure of the system also increases the 

evaporation rate and a power relationship between rate of evaporation per unit length 

and pressure is presented, which can be used to predict droplet lifetime on rough 

substrates for any water based fluid at different sub-atmospheric pressures. 
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9.2 Electrowetting 

The ability of manipulating droplet interfaces without requiring mechanical parts has 

received important attention in the past decade. In this experimental research, we 

focus on the control of the droplet interface and the mechanisms present during 

evaporation under an external force applied. Different approaches are examined to 

try to uncover some of the mechanisms, fundamental physics, and interactions 

particle-particle, particle-liquid, particle-substrate, liquid-substrate, or liquid-gas, 

present under an external voltage applied. 

Preliminary studies revealed that nanofluid droplets can be manipulated in a similar 

way as deionized water following the features predicted by Gabriel Lippmann more 

than one century ago. However, for a same voltage applied, an enhancement in 

electrowetting behaviour when adding TiO2 nanoparticles when compared to the 

base fluid was observed. In addition, greater changes in droplet interface were 

observed when increasing nanoparticle concentration. An accumulation of 

nanoparticles near the triple contact line that lowers locally the interfacial tension 

solid-liquid with the consequent increase in the extent of spreading is reported. A 

modified Young-Lippmann equation to account for the decrease in solid-liquid 

surface tension of the dielectric layer due to the presence of nanoparticles and 

triggered by voltage at the solid-liquid interface has been developed. 

The dynamics of spreading/receding of the contact line, i.e. voltage On/Off, on 

substrates varying in thickness of the amorphous fluoropolymer covering the 

dielectric electrode have also been investigated. A quick and reliable 

advancing/receding movement of the contact line under electrowetting and non-

electrowetting conditions is of great importance for the fabrication of quick and 

stable electro-optic switches. A quicker receding movement of the contact line is 

reported when increasing the thickness of the aFP layer, although greater voltages are 

required for a same observable change in droplet shape. The thinner the aFP layer 

covering the electrode the greater the interactions between nanoparticles, water 

molecules and the dielectric electrode at the solid-liquid interface. An analogy 
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between the receding movement of contact line after switching Off the voltage and 

the exponential decay observed when discharging capacitors approximates fairly 

well. 

The last part of this experimental research consisted in uncovering the mechanisms 

present during the evaporation of TiO2-water nanofluids droplets under direct current 

(DC) voltage applied. Following the complete dry-out of these nanofluids, different 

nanoparticle patterns when compared to those reported under free evaporation were 

observed. Deposits that are more homogeneous (no rings observed) and the absence 

of “stick-slip” behaviour of the contact line suggests the preferential motion of 

nanoparticles towards the substrate when compared to capillary flows towards the 

contact line. Electrophoretic mobilities and analysis of the timescales confirm the 

latter. The author would like to point out that the suppression of “stick-slip” 

behaviour observed for all four concentrations is a combination of the electrophoretic 

transport of nanoparticles towards the substrate and the hydrophilic effect of the wire 

that pulls the triple contact line upwards and inwards. 

In conclusion, the experimental research carried out under electrowetting conditions 

has led to two major contributions; firstly the adsorption of particles onto the 

dielectric substrate triggered by voltage has been proposed, and secondly, the 

electrophoretic motion of nanoparticles under DC voltage applied in contrast to the 

hydrodynamic flows reported under AC electric field has been demonstrated. 

9.3 Future Work 

Once concluded with the remarks and findings achieved during this experimental 

research, different ideas and further work is included next. The complexity of the 

non-equilibrium phenomena studied during this experimental research makes each 

nanoparticle-liquid-substrate system, somewhat, unique. This certainly offers the 

possibility to study and to uncover new interactions when changing either substrate 

or nature of the nanoparticles dispersed. Despite the wide range of substrates used 
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during this experimental research and the study of two different nanoscale 

particulates, research can be extended to investigate the interactions on structured 

substrates and for novel and ready available nanoparticles. However this can be an 

everlasting topic since everyday, new substrates and particles are created. Of special 

interest would be the study of the structuring and the layering of graphene sheets to 

try to seize the interactions during pinning and depinning of these fluids. 

On other hand, electrowetting has been proposed as one of the most promising 

techniques for the manipulation of the droplet interface and for the control of the 

deposits left following evaporation without requiring mechanical parts. Of great 

significance is the enhancement in electrowetting behaviour of TiO2 nanoparticles 

triggered by voltage reported in this experimental work. Thus the study of other 

fluids rather than TiO2-water and the use of different EWOD substrates under 

electrowetting conditions is of paramount importance to expand the knowledge 

regarding this phenomena. 

Of great importance is the study of other nanoparticles varying in size, shape or 

chemistry, which might lead to novel interactions. For instance, stronger interactions 

between Al2O3 nanoparticles and the dielectric substrate following evaporation of 

Al 2O3-water under an external voltage applied were observed. This latter points out 

towards chemisorption of these nanoparticles onto the substrate since the standard 

cleaning procedure used during this experimental research was not able to remove 

these particles from the substrate. A more detailed research to uncover the 

mechanisms governing the interactions particle-particle, particle-fluid, particle-

substrate and fluid-substrate of these particles triggered by voltage is essential. 

Since nanofluids have potential applications for cooling purposes, the author would 

like to explore nanofluid flow in microchannels for single and two-phase heat 

transfer. The main problem of these nanofluids is sedimentation, erosion or clogging 

originated by the presence of these particles in suspension, which are exacerbated 

when scaling the channels down to the microscale. The author would like to take 

research substrates that will enhance the repulsive charges between particles in 

suspension and the substrate avoiding sedimentation problems. 
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