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Abstract

This study uses electrodynamic levitation and elastic light scattering techniques to in-

vestigate the dynamics of evaporating microdroplets of pure liquid with surfactant solu-

tions, colloidal suspensions and the formation of final microobjects with specific structural

properties. For this purpose, two experimental systems are used, the main components of

which are the three- and two-dimensional (3D and 2D) electrodynamic quadrupole traps,

allowing the investigation of surfaces of single microdroplets with elastic light scattering

technique and deposition of final dry microobjects respectively.

By studying the evolution of light scattering and radius of single microdroplets observed

in the 3D trap, we investigate the:

• dynamics of evaporation of pure diethylene glycol (DEG) microdroplets,

• dynamics of evaporation of microdroplets of sodium dodecyl sulfate solution (SDS)

in DEG,

• dynamics of evaporation rate of microdroplets of colloidal silica nanoparticle sus-

pension (SiO2) in DEG/SDS

The evolution of radii of pure DEG microdroplets are measured by comparing the results

of the Mie theory predictions with the angular distributions obtained experimentally using

the so called - Mie Theory Lookup Table (MSLT) method. The evolutions of microdroplets

of solutions and colloidal suspensions are determined using the MSLT method extended by

measuring the evolution of the droplet mass through electrostatic weighting.

Temporal evolutions of surfaces of microdroplets of pure DEG deviate from linearity

due to the presence of residual impurities. The temporal evolution of surface histories of
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microdroplets of DEG/SDS solution and DEG/SDS/SiO2 suspension show three character-

istic stages relating to the evaporation and drying of the investigated microdroplets. These

stages primarily consist of:

- initial liquid evaporation (DEG) from the microdroplets,

- transitions from evaporation of solution/suspension microdroplets to “wet” (contain-

ing DEG) microobjects formed by crystallisation of SDS or aggregation of silica and

- drying of the initially “wet” (containing liquid-DEG) microobjects into the final mi-

croproducts.

These stages are also seen in the evolution of the elastically scattered light intensities

characterising the evaporation and drying of the investigated microdroplets.

The study also shows that, the evolution of surface pressure isotherms (derived from

the evolution of droplet radius) characterising the evaporation of microdroplets of solution-

s and suspensions are associated with the creation and collapses of SDS surface films (SDS

films) in the case of DEG/SDS solution and silica surface layers in the case of suspension

microdroplets. The formation of surface films and layers are connected with surface evapo-

ration of the dispersant (DEG), which increases the surface density of inclusions (SDS and

SiO2) at the droplet surface. Further droplet evaporation/drying leads to destruction of the

surface films/layers (surface collapse) resulting in an oscillatory character of the surface

pressure isotherms.

For the microobjects production, it is shown that the use of the linear electrodynamic

quadrupole trap together with an off-line scanning electron microscopy (SEM) technique

can provide an alternative and non-costly solution for studying drying microdroplets of

colloidal solutions compared to other conventional methods. Microproducts obtained from

the drying of microdroplets of DEG/SiO2 colloidal suspensions have a spherical symmetry

of well-ordered nanospheres of silica aggregates with a highly ordered surface compared to

microproducts in a solution containing only SDS. However, structures with distinctive, rich

shapes dependent on the initial droplet size are obtained by appropriate composition of the
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two components (SDS and SiO2) in DEG. For a small initial size of microdroplets, spherical

SDS/SiO2 composite microobjects with an SDS crystallised surface surrounding compact-

ed aggregates of SiO2 nanospheres are obtained. Larger SDS/SiO2 composite microobjects

of the order of 11 µm strongly depend on the initial concentration of SDS. The structures

have aggregated silica layers arranged in between SDS crystallised flakes. The SDS flakes

are similar to cabbage leaves (curved lobes) for smaller microobjects (11.4 µm) and resem-

ble the so-called desert rose-like microobjects (13 µm - 15 µm) with radially-directed SDS

crystals for higher concentrations of SDS > 1.72%. Larger SDS/SiO2 microobjects > 14

µm, have close forms with a (probably) thin SDS surface. Finally, the largest microobjects

(> 15 µm) lose spherical symmetry and transform into a ring-shaped microcontainers filled

with aggregated SiO2 nanospheres.
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Abstract (Polish)

W niniejszej pracy użyta została technika lewitacji elektrodynamicznej (pułapkowania

elektrodynamicznego) wraz z rozpraszaniem elastycznym światła w celu zbadania powierzch-

ni parujących mikrokropelek cieczy roztworów substancji powierzchniowo czynnych i za-

wiesin koloidalnych oraz powstawania wskutek suszenia końcowych makroobiektów o

specyficznych własnościach strukturalnych.

W tym celu użyte zostały dwa układy doświadczalne których głównymi elementami

były na pułapki elektrodynamiczne trójwymiarowa - 3D i dwuwymiarowa 2D umożliwia-

jąca osadzanie wyprodukowanych makroobiektów.

Poprzez badanie ewolucji rozpraszanego światła oraz promienia badanych pojedynczych

mikrokropli utrzymywanych w pułapce 3D zbadana została:

• Dynamika parowania mikrokropli glikolu dietylowego (DEG),

• Dynamika parowania mikrokropli roztworu siarczanu dodecylu sodu (SDS) w DEG,

• Dynamika parowania zawiesiny koloidalnej roztworu nanokulek krzemionkowych

(SiO2) w DEG/SDS

Ewolucja mikrokropli czystego DEG zbadana została poprzez wyznaczenie ewolucji

promienia porównując wyniki teorii Mie z rozkładami kątowymi natężenia otrzymany-

mi doświadczalnie, stosując tzw. metodę Mie Theory Lookup Table (MSLT). Promienie

mikrokropelek roztworów i zawiesin koloidalnych wyznaczone zostały stosując metodę

(MSLT) rozszerzoną o pomiar ewolucji masy kropli- ważenie elekrostatyczne. Zaobser-

wowano, że czasowa ewolucja powierzchni mikrokropel czystego DEG odbiega od lin-

iowości ze względu na obecność resztkowych zanieczyszczeń.

vii



Otrzymana ewolucja powierzchni mikrokropli roztworów DEG / SDS i zawiesin DEG

/SDS/SiO2 charakteryzowała się trzema etapami związanymi z parowaniem i suszeniem

badanych mikroobiektów. Etapy te odpowiadają:

- początkowemu procesowi odparowywania cieczy (DEG) z kropli zawiesiny,

- przejściu od parowania kropli zawiesiny do wysychania „mokrego” (zawierającego

DEG) obiektu powstałego poprzez agregację krzemionki,

- oraz wysychaniem początkowo mokrego (zawierającego ciecz-DEG) mikroobiektu

Etapy te widoczne były również w zmianach natężenia rozpraszanego światła.

Zaobserwowano również, że ewolucja izoterm ciśnienia powierzchniowego (otrzymana

z ewolucji promieni) charakteryzujących proces parowania mikrokroplii roztworów i zaw-

iesin jest związana z powstawaniem i załamywaniem się warstw powierzchniowych (filmów)

SDS w przypadku roztworu SDS/DEG i warstw krzemionki w przypadku kropli zawiesin.

Powstanie warstw związane jest z powierzchniowym parowaniem cieczy (DEG) zwięk-

szającym gęstość powierzchniową mikrokropli. Dalsze parowanie skutkuje niszczeniem

warstwy (kolapsem) i prowadzi to do powstawania kolejnych warstw, powodujących oscy-

lacyjny charakter izotermy powierzchniowej.

W części pracy dotyczącej produkcji osadzanych suchych makroobiektów wykazano,

że użycie liniowej elektrodynamicznej pułapki kwadrupolowej (2D) wraz z techniką skaningowe-

j elektronowej mikroskopii skaningowej (SEM) może stanowić alternatywną i stosunkowo

tanią technologię wytwarzania mikroobiektów o określonej nanostrukturze poprzez odparowa-

nia mikrokropli roztworów koloidalnych. Mikroobiekty otrzymane poprzez parowanie i

suszenie mikrokropelek zawiesin koloidalnych DEG / krzemionki charakteryzują się sfer-

yczną symetrię dobrze uporządkowanych nanokulek krzemionkowych o wysoce uporząd-

kowanej powierzchni w porównaniu do mikroproduktów w roztworze zawierającym również

SDS. Jednakże struktury o charakterystycznych, bogatych kształtach zależnych od wielkoś-

ci początkowej kropli otrzymano poprzez stosowną zawartość dwóch składników (SDS i

krzemionki) w DEG. W przypadku małych początkowych rozmiarów mikrokropli otrzy-
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mano kuliste obiekty SDS /SiO2 z powierzchnią krystaliczną SDS otaczającą ściśnięte za-

gęszczone nanocząstki SiO2. Zaobserwowano, że większe mikroobiekty kompozytowe

SDS/SiO2 rzędu 11 µm silnie zależały od początkowego stęźenia SDS. Pomiędzy płatkami

skrystalizowanego SDS znajdowały się uporządkowane (zagregowane) warstwy krzemion-

ki. Płaty SDS podobne były do liści na kapuście (płaty zakrzywiające się przy powierzchni)

dla mniejszych obiektów (11.4 µm) i przypominały strukturą tzw, różę pustyni dla więk-

szych obiektów (13 µm - 15 µm) z centralnie skierowanymi płatkami krystalizacji SDS

dla większych stężeṅ SDS > 1.72%. Jeszcze większe mikroobiekty, większe niż 14 µm t-

worzą obiekt zamknięty z cienką (prawdopodobnie) powierzchnią SDS. Największe obiek-

ty (> 15 µm) tracą symetrię sferyczną przekształcając się w pierścieniowy mikro-pojemnik

wypełniony zagregowanymi nanokulkami SiO2.
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CHAPTER 1

Introduction

1.1 Evaporation of Microdroplets

Evaporation of microdroplets is a phenomenon that one can experience in daily life and is

omnipresent in nature and technology. Raindrops from the lower troposphere at least evap-

orates partly on their way falling down whenever we experience rains. Similarly, combus-

tion of liquid fuels represent a classical application of industrial use of droplet evaporation

process.

In particular, the study of evaporation of micron-sized droplets containing soluble or

partially soluble components such as solutions of surfactants and insoluble components or

particles (colloidal suspensions, commonly known as slurry droplets) has grown into an

active area of research over the past decades. The surge in both academia and industrial

interest of droplets of such compositions span on one hand to the need for applying droplet

based technologies into combustion engines, manufacturing of desired micro/nano particles

particularly in the pharmaceuticals and for other industrial applications.

On the other hand, evaporation of microdroplets containing soluble and insoluble ma-

terials represent important types of morphological scattering objects [1–3] and exhibits

additional thermodynamic properties [4] than that of pure liquid microdroplets. The light-

scattering properties are of particular interest for a number of reasons. In the atmosphere,

microdroplets are a main factor determining the earth’s albedo and radiation budget, and

are basic to cloud formation and precipitations [5]. They are also of primary interest for
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testing computer codes calculating such scattering properties [3, 6] and may advance the

studies of internal morphology and dynamics of composite particles [7]. Thermodynamic

properties of microdroplets evaporation are needed to predict kinetic processes for various

physicochemical and thermodynamical conditions [8].

Owing to the above interests, this phenomenon forms the basis of this study and has

been under investigation for many years, both for pure fluids, multicomponent fluids and

in particular microdroplets of surfactants and colloidal suspensions of nanospheres.

1.1.1 Evaporation of Droplets of Surfactants

Surfactants, generally known as soaps or detergents are extensively used in industry and in

daily life. A surface active chemical consists of molecules having two distinctly different

regions; one which is oil-soluble (hydrophobic or oleophilic) and the other - water solu-

ble (hydrophilic or oleophobic) [9]. The hydrophobic part typically consists of a non-polar

long chain hydrocarbon group (aliphatic or aromatic residues), and the hydrophilic part fre-

quently has hydroxyl, carboxyl or ionic groups which interact strongly with water because

of their polar nature. This dual characteristics gives them a range of properties connected

to two key behaviours; adsorption at interfaces and self-assembly in solutions [9].

In this study, the surface active material used is sodium dodecyl sulfate (SDS). SD-

S is perhaps the most widely studied surfactant used in both industrial products and for

fundamental scientific research. It has been used to simulate the behaviour of surfac-

tants observed in the atmosphere in the form of aerosol droplets [10], to prepare nano-

and microparticles [11] and to model systems of biological membranes in protein research

[12, 13]. It has also been proposed as a potentially effective topical microbicide, for in-

travaginal use, to subdue and possibly prevent infection by various enveloped and non-

enveloped viruses such as the herpes simplex viruses, HIV, and the Semliki Forest virus

[14, 15]. The molecules of SDS undergo two types of adjustment in liquid suspensions

or mixing in droplets. They accumulate (or adsorbed) at the droplet surface sometimes,

competing for surface sites in mixed systems [16] or self-assemble into micelle-like ag-

gregates. The shape and size of these micelles depend on the thermodynamic conditions
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such as the temperature [17], the solvent composition or the salinity [18] of the solution.

The molecular structure of SDS as well as simplified SDS-H2O phase diagram adapted

from [19] and the references therein is shown in figure 1.1a and figure 1.1b respectively.

Relevant physical properties used in this study are presented in table 4.1.
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Figure 1.1: Schematic of SDS-H2O phase diagram. The arrow (A) and the shaded re-
gion shows the concentration range (20 - 100 %) and temperature range ( 22 to 25 ◦C of
particular interest in this study. The SDS-H2O phase diagram was adapted from [17, 19].

Several studies involving evaporation of droplets of SDS solutions have been reported

over the past years to ascertain the influence of SDS on the mass evaporation rate. Doganci

et al. [20] recently studied the effects of SDS concentration on the evaporation rate of
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droplets placed on TEFLON-FEP substrate. In their work, they observed that the addition

of SDS did not alter the drop evaporation rate within the first 20 minutes of the evaporation

process. They concluded that the main difference was found to be the change of the mode

of the drop evaporation on the substrate. The changes included the contact angle, and area

variations of the droplet when they varied the SDS concentrations. Similarly, Moroi et

al. [21] compared the evaporation rate of water and SDS solutions across air/surfactant

solution interface using a thermo-gravimetric balance. They found no apparent difference

between the evaporation rate and activation energy for surfactant solutions below and above

the critical micelle concentration (CMC, the concentration of surfactant at which micelles

begin to form spontaneously). Since we wanted to investigate evaporation processes of

microdroplets under controlled atmospheric conditions and in a contactless environment,

these two techniques were not considered in this work.

An interesting study using Leidenfrost effect to ’levitate’ droplets of SDS solutions at

different SDS concentrations was carried out by Moreau et. al. [22]. By image analysis

of pictures taken during the droplet evaporation processes, they observed that, SDS trans-

forms into a gel-like phase that encapsulates the droplet. Such an observation seemed to

be promising as it will be re-emphasized in this work. However, most of their droplets ex-

ploded at defined values of surface concentrations. Additionally, the use of the Leidenfrost

effects has its own demerits. The method depends not only on the liquid nature but also

on the substrate properties. The bulk thermal conductivity of the substrate has to be large

enough to transmit enough energy from the plate to the droplet. It also requires a substrate

that has to be a good thermal conductor and as smooth and flat as possible [22].

A particularly effective method involving elastic light scattering and electrodynamic

levitation technique was employed by Taflin et.al.[23] and Davis et.al. [24] to study evapo-

rating microdroplets of aqueous solutions of SDS. Taflin et.al.[23] noted that, formation of

an SDS insoluble monolayers at the droplet surface had a large effect on the evaporation of

water from the droplets. However, analyses of their rich experimental data were complicat-

ed by observation of several droplet explosions during the initial droplet evaporation stages

and the subsequent slow evaporation processes. They were also unable to measure and
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interpret respectively the entire droplet/SDS crystal size evolution as well as the observed

elastic scattered light data after the initial rapid droplet evaporation processes. Davis et.al.

[24] also had the same difficulties with the interpretation of the light scattering data and

terminated the droplet evaporation processes when the crystallisation occurred.

In this study, a variant of the electrodynamic quadrupole trap and elastic light scattering

technique is used to investigate experimentally, the evaporation and structure evolution-

s from evaporation of surfactant/suspension microdroplets. The electrodynamic trapping

technique has the advantages of constraining charged microdroplets of few microns sizes

to a small volume of ’free’ space. It allows contactless investigation of droplet surfaces

and measurements of extremely precise microdroplet size evolutions [25].

1.1.2 Evaporation of Droplets of Colloidal Suspension

Similarly to the evaporation of droplets of surfactants, the evaporation of microdroplets of

colloidal suspensions often leads to formation of interesting complex structures with nu-

merous technological and industrial applications. Drying in evaporation chambers of air

conditioning systems, fuel spray auto ignition (diesel), solid surface templates from evap-

oration of nanofluid drops (coffee-ring effects), spraying of pesticides, painting, coating,

inkjet printing, microlens manufacturing, and spotting of DNA microarrays [26] are just a

few of the applications of evaporation of microdroplets of colloidal suspensions.

The drying behaviours of evaporating microdroplets of colloidal suspension can ex-

hibit complex transitory structures during the process of the evaporation of the dispersant.

Maurice et al. [27] have presented a schematic illustration of different morphological trans-

formations of an evaporating microdroplet containing suspended nanoparticles [27]. This

study focuses on morphological evolution predicted by route A-B-C-D-E-F with similar

simplified model presented in [28].

Initially, the liquid evaporates from the droplet surface via interconnected transfer of

mass and heat driven respectively by differences in vapour density and temperature at the

droplet surface and far from the droplet. The continuous loss of liquid results in droplet

size recession and increase of particle concentration at the droplet surface and subsequent
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formation of the final dry products [F].

Figure 1.2: Schematic of possible routes showing some of the different particle
morphologies that may result when drying droplets containing dissolved or
suspended solids [27].

A variety of bottom-up approaches for the realization of the final evaporation driv-

en microproducts shown in figure 1.2[F] from colloidal suspensions of nanoparticles have

been reported over the past years. These methods can broadly be categorized into two:

wet self-assembly and dry-self assembly of the colloidal nanospheres [29]. The wet self-

assembly of nanospheres are usually emulsion -based processes where spherical aggregates

or crystals are formed by arrangement of the suspended particles inside droplets emulsified

in liquids. Evaporation of floating colloidal suspension droplet [30] and the fabrication of

solid capsules known as colloidosomes [31] are examples of such method [29]. The major

drawbacks of these methods are known to be the demulsification processes necessary to ex-

tract the final dry aggregates or microproducts. Additionally the use of such approach does
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not allow stout control over the final morphology of the products. The dry self-assembly

of the colloidal nanospheres are also based on approaches where droplets of colloidal sus-

pensions or colloidal solutions are dried on solid surfaces [32, 33], in spray dryers [34–36]

or in in droplets kept in Leidenfrost levitation [37]. For methods based on drying colloidal

suspensions on substrates, the formation of the final structures have strong dependence on

the surface properties of the substrates, particularly the wettability of the substrate by the

liquid [30] or the additional chemical treatment of the substrates. Similarly, spray drying

techniques requires extensive optimization processes [38, 39].

In this study, an electrodynamic levitation technique is presented as an alternative so-

lution for drying microdroplets of colloidal suspensions. Electrodynamic quadrupole trap-

ping of microdroplets provides a contactless versatile approach allowing unsupported dry-

ing and well-defined microstructure morphology evolutions [28]. The method does not

require any pre-treatment of the substrates on which the dried particles are deposited. De-

scription of the experimental procedures will be presented in subsequent chapters.

1.2 Light Scattering Theories and Numerical Methods

Light scattering plays key roles in nature and many technologies. Several well-known opti-

cal phenomena in the atmosphere such as the glory, the halo or the corona can be explained

by light scattering either by aerosols, by ice crystals, or by water droplets. Different theo-

ries are available and their applicability depends on the size of the scatterer (droplet). If the

droplet size (D, diameter) is much smaller than the wavelength of the incident laser lights

(i.e. D ≪ λ), Rayleigh theory can be applied [40]. The Rayleigh theory considers the

scatterer in our case the droplet as an oscillating dipole. However, since we are interested

in droplets of size range larger than the wavelengths of the incident light, Rayleigh theory

cannot be used. For much larger droplets of sizes bigger than the wavelength of the incident

laser lights (i.e. D ≫ λ), the use of geometrical optics is favoured. The geometric optics

approach is based on the assumption that the incident light can be represented as a collec-

tion of independent parallel rays. Each of the light rays impinging on the droplet surface is
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traced using the Snell’s law (or the Snell-Descartes law) and Fresnel’s equations. The sam-

pling of diffracting light rays into a predefined narrow angular bins, supplemented by the

computation of Fraunhofer diffraction of the incident wave on the droplet projection yields

a quantitative representation of the droplets scattering properties [41]. An advantage of the

geometric optics approach is that, it provides an intuitive understanding of the light scat-

tering phenomena. However, the scattering results often needs to be validated by an exact

numerical solutions. Considering the size range of droplets studied in this work (droplets

of diameter < 100 µm) the use of geometric optics approach was considered inappropriate

for our application.

The theory which describes the elastic light scattering at any scattering angle from

droplets of any size and befitting for our application is the Mie theory [42]. Details of

which is presented in chapter 2 and A . Briefly, in 1908, G. Mie obtained, on the basis

of the electromagnetic theory, a rigorous solution of the Maxwell’s set of wave equations

for the scattering of a plane monochromatic wave by a homogeneous, isotropic sphere of

an arbitrary size and composition embedded in a homogeneous medium. An equivalent

solution of the same problem was also published shortly afterwards in 1909 by P. Debye

[43] in a paper concerned with light pressure (i.e. the mechanical force exerted by light) on

spherical particles utilizing two scalar potential functions (Debye potentials). Prior to the

works of G. Mie and P. Debye, several workers including A. Clebsch (1833-72) and Ludvig

Lorenz (1829-91) have already contributed similarly to this problem. Thus, scattering by

a homogeneous isotropic sphere by plane wave is sometimes referred to as Lorenz-Mie

theory, or the Lorenz-Mie-Debye theory [44]. A concise historical review is presented in

the book by M. Kerker [45]. The solution due to G. Mie, though derived for scattering

by a single sphere can also be applied to scattering by a number of spheres. In this case,

the number of particles are considered relatively small and are all of the same diameter,

composition, and separated from each other by distances that are large in such that the total

field scattered by all the particles is small compared with the external filed. Extensions of

the Mie theory for different applications including spherical particles in absorbing medium,

coated spheres, distorted spheres, magnetic spheres and chiral and anisotropic spheres as
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well as aggregates is reviewed by Thomas Wreidt [44].

The scattering problem needed to be solved for the droplets studied in this thesis can

be easily computed by the Lorenz-Mie theory using notable algorithms [46]. However, it

must be admitted that, a number of exact numerical methods have been developed over

the past years for solving the electromagnetic scattering problem of light scattering by a

spherical droplet or nonspherical particles. These methods can be classified but not limited

to three main categories. The categories are based on differential equation methods, inte-

gral equation methods and hybrid methods [41, 47]. The differential equation methods are

based on the partial derivative equations which calculate the scattering field by solving the

Maxwell equations or the Helmholtz equation subjected to boundary conditions suitable

in time or frequency domain. These methods are applicable for almost all particle shapes.

Methods based on integral equations employs surface or volume integrals of the Maxwell

equations. Here the boundary conditions are automatically included in the solution and are

mostly applicable for inhomogeneous and anisotropic particles [47]. The hybrid methods

take advantage of the previous methods and are derived from the combinations of the vari-

ous approaches. A handful lists of the above mentioned categories of the different methods

are presented in table 1.1. Detailed description of these methods and others not mentioned

here can be found in [41, 47–49].
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Table 1.1: Numerical methods commonly used in solving the light scattering problems for
spherical and non-spherical particles. Detailed description of the methods can be found in
[41, 47–49].

Methods Names

Differential equation
approaches

Finite Difference Time Domain Method (FDTDM)
Point Matching Methods (PMM)
Separation of Variable Methods (SVM , e.g. Mie theory )
Finite Element Method (FEM)
Method of Lines (MoL)
T-Matrix

Integral equations
approaches

Method of Moments (MoM)
Discrete Dipole Approximations (DDA)
Volume Integral Equation (VIE)
Fredholm Integral Equation (FIE)
Null-Field Method (NFM)

Hybrid methods

FEM/NFM
FEM/MoM
FEM/SIE
SIE/NFM

1.3 Thesis Overview and Structure

The aim of this thesis is to use electrodynamic levitation and elastic light scattering tech-

niques to investigates evaporation dynamics of microdroplets of different compositions and

to study final microobjects with specific structural properties from drying of solution and

colloidal suspension microdroplets.

The droplet surface is investigated by the interaction of elastically scattered light with

the surface of an evaporating single microdroplets. This is achieved experimentally by

employing electrodynamic trapping of single microdroplets of pure liquids, solutions and

colloidal suspensions coupled with elastic light scattering techniques. The production of

evaporation-driven dry microstructures is achieved by soft-landing (deposition) of the final
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products from solution and/or suspension microdroplets on silicon substrates. The products

are additionally analysed with scanning electron microscopy (SEM).

Therefore, theories of light scattering from spherical droplets, droplet evaporation mod-

els, particle trapping principles as well as droplet sizing techniques are employed in this

study. In chapter 2, the Lorenz-Mie theory necessary for the development of the elastic

light scattering experiment is reviewed. The theoretical outcome of the Lorenz- Mie theory

is compared with the experimental data for inversion and prediction of optical properties

of the studied microdroplet compositions. Chapter 3 deals with models describing the e-

vaporation of single droplets and droplets with nonvolatile materials. All the experimental

techniques involved in this study are presented in chapter 4. Basic principles of electrody-

namic trapping and levitation of single microdroplets as well as detailed description of the

electrodynamic quadrupole traps used in this study are all discussed in chapter 4. Addition-

ally, the experimental materials, the methods and the data processing techniques necessary

for the droplet surface diagnostics are presented at the later sections of chapter 4. The re-

sults presented in chapter 5 is divided into two parts. In section 5.1, detailed diagnostics of

elastic light scattering from levitated microdroplets of different compositions will be pre-

sented. In the second part (section 5.2), scanning electron microscopy results obtained from

the evaporation-driven microobjects production processes will be shown to further buttress

our understanding of the evaporation of droplets of solutions and colloidal suspension of

nanoparticles. The conclusions and outlooks resulting from the study will be presented in

chapter 6.
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CHAPTER 2

Light Scattering by Spherical Particles:
The Mie Theory

In this chapter, we introduce the fundamental theory used to study the scattering of an

electromagnetic plane wave by a homogeneous sphere. Here, we limit ourselves to the

light scattering problem, precisely, scattering of plane monochromatic wave by a single

spherical particle (microdroplet) embedded in a linear isotropic homogeneous medium.

We will follow the systematic approach presented by C. Bohren and D. Huffman and Van

de Hulst [46, 50] and similar presentations in [51, 52].

2.1 The Light Scattering Problem

When electromagnetic radiation strikes an object that has optical properties different than

the medium in which it is embedded, a scattered wave is generated. The amount and angular

distribution of the radiation inside and outside the object depends on the geometrical (size

and shape) and on the material of which it is composed. For the purpose of this study

we consider the geometry of the object to be a spherical droplet. We further by way of

simplification and in accordance with the Mie theory assume that:

• Only scattering in the far-field zone is considered. The propagation of the scattered

light is away from the droplet and the electric field vector is oriented perpendicularly

to the propagation direction (see figure 2.2).

• The host medium surrounding the droplet is isotropic, homogeneous, non-absorbing
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and linear.

• Only elastic light scattering is considered in this work. The scattering characteristics

under consideration are independent of the motion of the droplet.

• Mie theory considers only the scattering of light from the primary light source, and

does not include light scattered from one particle to another. Hence only only sin-

gle scattering is considered in this study thus excluding any effects due to multiple

scattering.

• The scattered light has the same frequency (wavelength) as the incident light. This

assumption excludes inelastic phenomena such as Raman scattering, Doppler effects,

fluorescence or generally any quantum or higher order effects.

The considered problem is sketched in figure 2.1.

a

Figure 2.1: The incidence field (Einc, Hinc), give rise to field (Ein, Hin), inside
the spherical particle and scattered field (Escat, Hscat) in the medium surround-
ing the particle.

A planar monochromatic wave front is impinging on a spherical droplet of radius a. The

light wave consists of mutually perpendicular electric (Einc) and magnetic (Hinc) incident
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field intensities. The incident fields give rise to the field (Ein, Hin) inside the droplet and

a scattered field (Escat, Hscat) in the medium surrounding the droplet [51]. The medium

inside and outside the droplet is a non-conductor and that both are non-magnetic and free

of charges. Thus, the electromagnetic fields have to satisfy the differential form of the

Maxwell’s set of wave vector equations 2.1 - 2.2 at all points in that particular medium

where the electric permittivity ε and the magnetic permeability µ are continuous.

▽× E⃗ = −µdH⃗
dt

▽× H⃗ = ε
dE⃗

dt

 (2.1)

▽ · E⃗ = 0

▽ · H⃗ = 0

 (2.2)

Equations 2.1 states Faraday’s law for the induction of an electric field (or current) by

a varying magnetic flux and Ampere’s law for the calculation of the magnetic field from a

distribution of current. Equation 2.2 indicates that, the electromagnetic fields (E⃗ and H⃗)

must satisfy the zero-divergence conditions ▽ · E⃗.

▽×▽× E⃗ = ▽ (▽ · E⃗)−▽ · (▽E⃗) (2.3)

Using the vector identity of equation 2.3 together with equations 2.1 and 2.2, the vector

wave equations can be written as:

∆E⃗ − µε
∂2E⃗

∂t2
= 0 (2.4)

∆H⃗ − µε
∂2H⃗

∂t2
= 0 (2.5)

Assuming time harmonicity, e−iωt, of the electric and the magnetic field vectors (E⃗

and H⃗) with circular frequency ω of the light that is equal inside and outside the droplet,

equation 2.4 and 2.5 transforms to the Helmholtz equations as below:

∆E⃗ + k2E⃗ = 0 (2.6)
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∆H⃗ + k2H⃗ = 0 (2.7)

where k is the wavenumber defined as k = ω
√
εµ = ωm/c = 2π/λm. λ is the wavelength

of the incident light, c is the speed of light in vacuum and m the refractive index of the

medium.

2.1.1 Solution to the Scattering Problem

The solution to the scattering problem by the Lorenz-Mie theory, expresses the field E⃗ and

H⃗ in a scalar function Ψ, which is the solution of the scalar wave equation (See Appendix

A). As such, the problem of solving two vector wave equations is reduced to seeking the

solution to only one scalar wave equation [51]. The key idea of the Lorenz-Mie theory is

to use a separation variable method (SVM) to seek particular solutions of equation 2.8 of

the form given by equation 2.9.

[
1

r2
∂

∂r

(
r2
∂

∂r

)
+

1

r2 sin θ

∂

∂θ

(
sin θ

∂

∂θ

)
+

1

r2 sinφ

∂2

∂φ2
+ k2

]
Ψ = 0 (2.8)

Ψ(r, θ, φ) = R(r)Θ(θ)Φ(φ) (2.9)

Using equation 2.9 in equation 2.8, three separable equations are derived corresponding to

the spherical polar coordinates (r, θ and φ):

d2Φ

dφ2
+m2Φ = 0 (2.10a)

1

sin θ

d

dθ

(
sin θ

dΘ

dθ

)
+
[
n(n+ 1)− m2

sin2 θ

]
Θ = 0 (2.10b)

d

dr

(
r2
d

dr

)
+
[
k2r − n(n+ 1)

]
R = 0 (2.10c)

The separation constants m and n are determined by subsidiary conditions that Ψ must

satisfy. The linearly independent solution for equation 2.10a is given as:

Ψ = e±imφ (2.11)
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where m is an integer or zero. Equation 2.10b is the well-known equation for spherical

harmonics. A necessary and sufficient condition for single-valued solution is that, n ≥ |m|,

where m and n are integers with 1 ≤ n <∞. Thus, the solution to equation 2.10b that are

finite at θ = 0 and θ = π are the Associated Legendre functions of the first kind of degree

n and order m, where n = m,m+ 1 · · · [46]:

Θ = Pm
n
(cos θ) (2.12)

It should be noted here that, this function vanishes identically if |m| > n; for each n there

are 2n + 1 of such functions, namely those with m = −n,−n + 1, · · · , n − 1, n [53].

Similarly, equation 2.10c can easily be re-expressed as a Bessel equation with linearly

independent solutions that result in spherical Bessel functions:

jn(ρ) =

√
π

2ρ
Jn+1/2(ρ)

yn(ρ) =

√
π

2ρ
Yn+1/2(ρ)

 (2.13)

Jn+1/2(ρ) and Yn+1/2(ρ) are the Bessel functions of the first and second kind with ρ = kr

[53]. Based on the peculiar solutions of equations 2.10 - 2.12, the full description of the

solution for the scalar wave equation in spherical coordinates can be given as:

Ψn,m(r, θ, φ) =

√
π

2ρ
Zn(ρ)P

m
n (cos θ)eimφ (2.14)

where Zn represent any of the four Bessel functions jn, yn, h(1)n and h
(2)
n . Since equa-

tion 2.11 is proportional to odd sinφ and even cosφ functions, equation 2.14 can be re-

expressed as odd and even functions with:

Ψe
o,m,n(r, θ, φ) =

√
π

2ρ
Zn(ρ)P

m
n (cos θ)cossinmφ (2.15)

The subscripts e and o denotes even and odd functions respectively. The time harmonic

vector functions also known as the spherical vector harmonics (SVH) generated by equation
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2.15 are given as:
Me

o,m,n = ▽×
(
rΨe

o,m,n

)
Ne

o,m,n =
▽×Me

o,m,n

k

 (2.16)

The completeness of the functions Ψe,m,n and Ψo,m,n guarantees that any function that

satisfies the scalar wave equation in spherical polar coordinates can be expanded as an

infinite series of the SVH given by equation 2.16. The component form of equation 2.16

can be found in [46, 52].

2.1.2 Scattered Fields

In a scattering problem, the incident field is imposed externally (see also figure 2.2) on

the homogeneous, isotropic sphere of radius a, and illuminated by a plane monochromatic

wave of angular frequency ω travelling in the z direction [Kinc = (0, 0, ω/c) , k, being the

wavenumber in the surrounding medium]. Considering that the incident field is linearly

polarised in the x direction, it is convenient to decompose the total field (E2, H2) outside

the sphere as the sum of the incident field and the scattered field [46, 52]. i.e.:

E2 = Einc + Escat

H2 = Hinc +Hscat

(2.17)

Subsequently, the expansion for the scattered field is given as [45]:

Escat =
∞∑
n=1

En

(
− bnM

(3)
e3n + ianN

(3)
o3n

)
Hscat =

k

µ0ω

∞∑
n=1

En

(
anM

(3)
e3n + ibnN

(3)
o3n

)
En = in

2n+ 1

n(n+ 1)n
E0

(2.18)

an and bn are the scattering coefficients. The superscript (3) or (1) appended to the vector

spherical harmonics in equation 2.18, A.9 and subsequent ones indicates that the generat-

ing function is specified by the Hankel function of the first kind, h(1)n or the Bessel function

of the first kind, j(1)n respectively. The choice of these radial functions is based on their

asymptotic behaviours. h(1)n (ρ) asymptotically behave as in+1 eiρ

ρ
and is infinite in the far
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field provided that, kr ≫ n2 and as such corresponds to an outgoing spherical wave pat-

terns. As j(1)n (ρ) exhibit finiteness at the origin, it represents the correct description for both

the incident and the transmitted field (see equations A.9 and A.11) and thus guarantees the

continuity of the fields at the origin of the reference frame centred in the spherical particle.
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Figure 2.2: Geometry of the coordinate system for the scattering problem. Einc

and Hinc represent the incident field, εrs, ε
θ
s, ε

φ
s are the three components of the

space part of the scattered electric field in spherical polar coordinates. The
scattering plane is taking through the direction of the incident beam and the
scattered wave at a certain point (r, θ , φ).

In order to determine the coefficients an, bn, cn, and dn of equations 2.18, A.9 and
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A.11); first, we introduce the Riccati-Bessel functions ψn(ρ) and ζn(ρ):

ψn(ρ) = ρjn(ρ)

ζn(ρ) = ρh(1)n (ρ)
(2.19)

Additionally, at the boundary between the sphere surface and the surrounding medium, we

impose the conditions that, the tangential components of E andH be continuous across the

spherical surface of the sphere (droplet):

Einc + Escat − Ein × êr = 0, Hinc +Hscat −Hin × êr = 0 (2.20)

For the case of spherical geometry considered here, only the Eθ, Eφ and Hθ, Hφ com-

ponents have tangential contributions and therefore the four boundary equations may be

expressed as [46]:
Eθ,inc + Eθ,scat = Eθ,in

Eφ,inc + Eφ,scat = Eφ,in

Hθ,inc +Hθ,scat = Hθ,in

Hφ,inc +Hφ,scat = Hφ,in


(2.21)

By applying the boundary relations of equation 2.20 together with equation A.9 - A.11

at the surface of the sphere, four equations from which the analytical expressions for the

scattering coefficient an and bn as well as the coefficient cn and dn of the waves inside the

particle can be obtained [45, 46]:

ψn(mx)cn +mζn(x)bn = mψn(x) (2.22a)

ψ′
n(mx)cn +mζ ′n(x)bn = ψ′

n(x) (2.22b)

ψn(mx)dn +mζ ′n(x)an = ψn(x) (2.22c)

ψ′
n(mx)dn +mζ ′n(x)an = mψ′

n(x) (2.22d)

x = 2π
λ
a is the size parameter, a -droplet radius, λ is the incident wavelength. m is

the relative refractive index between the droplet and the medium in which it is embedded.

The prime (’) at the Riccati-Bessel functions denote the first derivatives with respect to its

argument. Equation 2.22 can now be solved for the four coefficients an, bn, cn and dn. Only
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the first two are of interest in this study and these are given by [45, 54]:

an =
mψn(mx)ψn(x)− ψn(x)ψ

′
n(mx)

mψn(mx)ζ ′n(x)− ζn(x)ψ′
n(mx)

(2.23)

bn =
ψn(mx)ψ

′
n(x)−mψn(x)ψ

′
n(mx)

ψn(mx)ζ ′n(x)−mζn(x)ψ′
n(mx)

(2.24)

This completes the formal solution of the problem. A consequence of the above solution

is the prediction of the existence of optical resonances in the scattered light intensities

obtained at fixed angles and as a function of either the size parameter x, or the refractive

index m. Such optical resonances are referred to as whispering gallery modes (WGMs) or

structural resonances and are given a further description in section 2.2.

2.1.3 Scattered Light Intensities

For light scattering, all observations are in practice carried out in the far field at distances

when kr ≫ n, where n is the order of the Riccati-Bessel functions. The expressions

describing the scattered field are fairly simpler in the far - field zone. The transverse com-

ponent of the field vectors (Eθ, Eφ, Hθ, Hφ) decay in accordance with the inverse square

dependence of a spherical wave upon the radial distance as λ/r whiles the radial component

(Er, Hr) falls off as λ/r2 and are hence neglected in the far field zone [45]. The transverse

components of the scattered field (equation 2.21) can then be truncated and presented as

[45, 46]:

Eθ,scat ∼ E0
eikr

−ikr
cosφS2(cos θ) (2.25)

Eφ,scat ∼ E0
eikr

−ikr
sinφS1(cos θ) (2.26)

S1 and S2 are known as the non-dimensional Lorenz-Mie scattering amplitude functions.

The scattered field vectors represents an outgoing spherical wave with amplitude and state

of polarisation dependent on the direction. The relation between the polarisation of the
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incident wave and the scattered wave is related to the scattering amplitudes S1 and S2 by

the scattering matrix as[45, 46]:[
E∥,scat
E⊥,scat

]
=
eik(r−z)

−ikr

(
S2(θ) 0
0 S1(θ)

)(
E∥,inc
E⊥,inc

)
The scattering amplitudes S1 and S2 are expressed as [45, 46]:

S1(θ) =
∞∑
n=1

2n+ 1

n(n+ 1)
{anπn(cos θ) + bnτn(cos θ)} (2.27)

S2(θ) =
∞∑
n=1

2n+ 1

n(n+ 1)
{anτn(cos θ) + bnπn(cos θ)} (2.28)

where the angular functions are given as:

πn(cos θ) =
1

sin θ
P (1)
n (cos θ)

τn(cos θ) =
d

dθ
P (1)
n (cos θ)

(2.29)

P
(1)
n is the associated Legendre polynomial of order 1. It is important to note that S2 relates

toEθ,scat. This electric field component is normal to the scattering plane. It is taken through

the centre of the spherical particle under consideration, as well as the sensor and through

the incident beam. Subsequently, S1 pertains to Eφ,scat and lies in the scattering plane.

The intensity functions of the scattered light polarised vertical and parallel to the scat-

tering plane are related to the scattering amplitude functions by the relationships:

i1 = IV = IS = |E⊥scat|2 =
λ

4πr2
|S1|2

i2 = IH = IP = |E∥scat|2 =
λ

4πr2
|S2|2

(2.30)

The intensity functions i1 and i2 are sometimes referred to as phase functions because of

their angular dependence [46]. Figure 2.3 shows theoretical phase functions calculated for

an evaporating microdroplet of diethylene glycol (DEG). The calculations are based on the

polarisation geometry of the experimental setup shown in figure 2.4.
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Figure 2.3: Theoretical phase functions for an evaporating diethylene glycol
microdroplet with initial radius a0 = 12 µm. Red (λ = 0.658 µm) - horizontally
polarised and blue (λ = 0.458 µm)) - vertically polarised incident and scattered
laser lights with respect to the scattering plane.

Practically, the intensities i1 and i2 are proportional to the power W , received by

a detector of a finite aperture, normally mounted with its centre in the horizontal plane

defined by an angle φ = π/2. The power W , of the light received by the detector located

in the far- field with an aperture extending from θ1 to θ2 and from φ1 to φ2 is obtained by

integrating the components of i1 and i2 in the direction of the detector over the aperture

area. This can be expressed as [55]:

W =
λ2I0
4π2

∫ θ2

θ1

∫ φ2

φ1

(i1 sin
2 φ+ i2 cos

2 φ) sin dφdθ (2.31)

By considering an aperture with its centre at θ = π/2 and for an infinitesimally small

∆φ(∆φ = φ2 − φ1) which in our case ∆φ ≈ ±5◦, equation 2.31 approximates to:

W ∝ λ2I0
4π2

∫ θ2

θ1

(i1 + i2) sin θdθ (2.32)

I0 is the incident radiance. The above equation permits to calculate the effects of size,

refractive index and angle parameters on the scattered intensities depending on the consid-
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ered incident polarisation in equation 2.32. For a homogeneous single component droplet

evaporating with a constant refractive index and detected at a given scattering angle θ, the

droplet size can be obtained by comparing experimental intensity data as a function of the

scattering angles with computed library of Lorenz-Mie predictions or values [56, 57]. This

method of evaluating droplet size is used in this thesis for obtaining droplet size evolutions

in situations when the Lorenz-Mie theory is applicable.

Figure 2.4: Schematic representation of the scattering geometry of the exper-
imental setup: The scattering plane is defined by the directions of the incom-
ing laser lights and the detection of the scattered light. The incident Electric
field are polarised parallel (red component) and vertical (blue) component with
respect to the scattering plane. L - Lenses, A - aperture defined by the elec-
trodynamic trap component, PS - two semi-circular polarisation sheets, D -
diaphragm.
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2.2 Whispering Gallery Modes

The whispering gallery modes (WGMs) or Mie structural resonances also known as mor-

phology dependent resonances (MDRs) [58] are natural frequencies of the electrical field

within the spherical droplet, acting as resonant optical cavity. Liquid droplets have refrac-

tive indices higher than the surrounding gas or air. In the geometrical picture, inside the

droplet, total internal reflection occurs when a ray of light is incident on the droplet-air

interface at an angle greater than the critical angle, θc = sin−1[1/m], where m is the refrac-

tion index of the liquid. After a round trip around the inside surface of the droplet rim, the

light wave returns to its initial phase if the traversed path length is an integral multiple of

the wavelength. As a result of constructive interferences, significant light intensities build

up inside the droplet at discrete wavelengths which are referred to as whispering gallery

modes (WGMs) or the MDRs [59, 60]. In the Lorenz -Mie theory such notable proper-

ty corresponds to the zeros of the scattering coefficients an and bn of equations 2.23 and

2.24. The zeros appear if the denominator of the scattering coefficients an and bn associ-

ated with the transverse magnetic (TM) and transverse electric (TE) modes of polarisation

are respectively equal to zero. i.e.:

mψn(mx)ζ
′

n(x)− ζn(x)ψ
′

n(mx)

ψn(mx)ζ
′

n(x)−mζn(x)ψ
′

n(mx)

 ≈ 0 (2.33)

The resonances are given for the nth TM mode with an [61]:

m
ζ

′
n(x)

ζn(x)
=
ψ

′
n(mx)

ψn(mx)
(2.34)

and similarly for the nth TE mode with bn as

1

m

ζ
′
n(x)

ζn(x)
=
ψ

′
n(mx)

ψn(mx)
(2.35)

WGMs are identified by the mode number, n, polarisation and an order number [59,

60, 62]. The mode number indicates the order of the Bessel and Hankel functions that

describe the radial dependence of the WGM [59]. Subsequently, it defines the number of
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wavelengths forming the standing wave in the electromagnetic field circumnavigating the

droplet rim. The TE and TM polarisations are modes with no radial dependence in the

electric component and the magnetic component of the field respectively. Figure 2.5 shows

the TE and TM modes of polarisation states of WGMs in a droplet.

Figure 2.5: Propagation of transverse electric and transverse magnetic modes
polarisation of WGMs in a droplet. The arrows indicate the plane in which
the electric component of the field of the light in the mode oscillates around
the periphery of the droplet. Arrows marked blue and red define the vertical
and horizontal directions of polarisation used in the experimental procedures
respectively.

The order number indicates the number of maxima in the radial dependence of the mode

intensity [59]. As the order of the mode (number of radial peaks) increases, the mode

penetrates more deeply into the droplet [63]. Figure 2.6a shows the radial distribution

of the mode intensity for an MDRs with a mode number of 60 and a mode order of 2.

The variation with mode order in the angularly integrated radial dependence of the mode

intensity is illustrated in figure 2.6b.

The interaction of the Mie structural resonances with the surface of an evaporating

microdroplet of colloidal suspension can strongly be modified by the presence of the in-

clusions emerging to the surface since the vicinity of the droplet surface is occupied by the

relevant optical modes of the droplet [2, 60, 64, 65]. For an evaporation of microdroplet of

solution or colloidal suspension, WGMs evolves at regular intervals at the initial stages of
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the evaporation process with characteristics peaks and causes perturbations of the scattered

light distributions as the evaporation proceeds.

(a) (b)

Figure 2.6: (a) Internal intensity distribution for a WGMs with n = 60 and l =
2, calculated for a droplet of size parameter 53.3130188. (b) Influence of mode
order on radial field [62].

For an evaporation of microdroplet of solution or colloidal suspension, WGMs evolves

at regular intervals at the initial stages of the evaporation process with characteristics peaks

and causes perturbations of the scattered light distributions as the evaporation proceeds.

The appearance and interaction of WGMs with the surface of pure, solution and colloidal

suspension microdroplet is used in this study to investigate surface properties of micro-

droplets of colloidal suspensions during the evaporation/drying processes. The results of

such analysis is presented in section 5.1
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2.2.1 Droplet Size Evolution using WGMs

The locations of WGMs depends on the complex refractive index m, and the Mie size

parameter x = 2πa/λ, where a is the droplet radius. λ is the incident wavelength. The

approximate distance between two resonance peaks of successive modes having the same

order and polarisation is nearly constant and can be obtained from the following expression

[66]:

x =
x arctan

√
[(mx/n)2 − 1]√

[(mx/n)2 − 1]
(2.36)

The resonance modes of WGMs are very sensitive to the droplet size, shape, and con-

tent. Each resonance mode structure is characterised by its temporal peak position, height,

shape and area [66]. WGMs have been used to determine precisely the evolution of size

and refractive index of single microdroplets/particles with a nanometre accuracy [55, 67–

69]. The procedure is based on fitting or aligning all the experimentally observed resonance

peak structures almost exactly point by point to theoretically predicted ones for the entire

droplet radius evolution [55, 66, 67]. Figure 2.7 shows theoretical and experimental WGMs

obtained for evaporation of diethylene glycol droplet. Pronounced resonance peaks (82) on

both plots can be identified for easy visual comparison. In general, while there are some

differences in the relative peak magnitudes, their shapes are remarkably similar. Once the

measured peaks (in time) for the experimental data are aligned with respect to the theoret-

ical peaks (in radius), the size of the droplet can easily be interpolated and assigned along

the time frame of the experiment. Difficulties in using WGM sizing method alone can arise

from not knowing a priori the initial droplet radius and the exact peak matching positions

due to noise in the experimental WGMs that deforms the peak structures in comparison

with the calculated ones.
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Figure 2.7: Top channel: Computed integrated scattered light intensity from
an evaporating microdroplet of Diethylene glycol droplet is plotted as a func-
tion of the droplet radius (Initial droplet radius a0 = 11µm). The incident
wavelength is 458.0 nm and with effective refractive index of 1.45. lower chan-
nel: Measured scattered light intensity recorded as a function of time from the
evaporation of DEG microdroplet.
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CHAPTER 3

Evaporation of Single Microdroplets

Existing models of varying complexities have been proposed over the past years for the

theory of droplet evaporation processes [70–73]. These models can roughly be classified

into two major types depending on whether they are derived from simple diffusion theory

or a combination of diffusion and kinetic theory. The diffusion model is represented by

the well-known Maxwell equations, which assumes continuity of vapour and temperature

fields at the surface of the wet bulb thermometer [70]. Kinetic theory is most applicable to

problems in which the drop radius is of the same order of magnitude, or less than the mean

free path of the gas molecules [71, 72]. In both models, the Fickian diffusion laws can be

used. In order to interpret the experimental results, a model of evaporation and condensa-

tion was necessary. The model of evaporation and condensation adopted here is based on

generally accepted models presented by Fuchs (1959), Fukuta and Walter (1970) as well as

Pruppacher and Klett (1997). The evaporation experiments were conducted at atmospheric

conditions for which the continuum theory is considered appropriate and applicable. For

small droplets, of the size comparable with the mean free path of vapour molecules, which

we hardly encountered in this work, the continuum theory must be corrected by taking into

account the kinetic effects. Additionally, since the evaporation experiments conducted here

involves solution and suspension droplets evaporation processes, the effects of modification

of the vapour density near the droplet surface due to surface curvature and surface charges

(Kelvin and charge effect) and the influence of soluble and insoluble inclusions (Raoult’s

law) is considered within the limit of very low concentrations [74, 75].
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3.1 Evaporation Model for Mass and Heat Transport

3.1.1 Transport of Mass

In the following analysis, it will be assumed that a water droplet is shrinking in an undis-

turbed gaseous environment and that steady-state diffusion of water vapour takes place

away from the droplet. This model implies that, the temperature and concentration profiles

can be determined with constant droplet radius [76]. The neglect of surface regression re-

quires that the density of the vapour is much smaller than the density of the liquid. The

surrounding atmosphere is described as a mixture of ideal gases. These assumptions are

valid when the radius of the droplet at rest is significantly large compared to the mean free

path of the vapour molecules (i.e. Knudsen number Kn = λν/a ≪ 1 , where λν is the

mean free path of gas molecules and a radius of the droplet). The considered model is

shown in figure 3.1.

Figure 3.1: Steady state diffusion model describing evaporation of motionless
water droplet in an undisturbed gaseous environment.
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A droplet shrinking by diffusion exports water vapour (blue outward arrows) and im-

ports the latent heat produced by condensation of the vapour on the drop surface (red inward

arrows) as in figure 3.1. The temperature and vapour density far from the droplet surface at

r → ∞ is represented as T∞ and ρ∞ respectively. r is the radial distance from the centre of

the droplet. T a+△ν and ρa+△ν are the temperature and vapour density of the vapour at the

distance △ν (distance comparable to the mean free path of the vapour molecule or thick-

ness of the layer adjacent to the drop surface where the vapour molecules move unhindered

as in vacuum) from the surface. Ta and ρa are the temperature and vapour density at the

droplet surface.

If ρν is the water vapour density and u⃗ν the vapour velocity, the mass flux density j⃗ν of

water vapour can be formulated as [77]:

j⃗ν = ρν u⃗ν (3.1)

For a moist air moving with velocity relative to the droplet, j⃗ν can be considered as sum of

contributions due to diffusion and convection, i.e.:

j⃗ν = −Dν ▽ ρν + ρν u⃗ν (3.2)

Dν is the diffusion coefficient for water vapour. Using the continuity relation, ∂ρν
∂t

+▽·j⃗ν =

0 and assuming that, ▽ · u⃗ = 0, the convective diffusion equation for water vapour is

expressed as:
∂ρν
∂t

+ u⃗▽ ·j⃗ν = Dν ▽ 2ρν (3.3)

A further assumption is made with the fact that, the flow of the water vapour is incom-

pressible i.e. ∂ρν
∂t

= 0 and that the diffusion coefficient Dν of the water vapour is also

constant over the region of interest [77]. Considering an initial-value problem of radially-

symmetric diffusion from a motionless droplet (u⃗ = 0 ), equation 3.3 can be written in a

simplified form from which the Laplace equation is satisfied, i.e.:

Dν ▽ ρν = 0, → ▽ρν = 0 (3.4)
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For conditions based on radial symmetry of △, the Laplace equation can be expressed as

[72, 77]:

▽2ρν =
1

r

d2

dr2

(
rρν

)
=

d2ρν
dr2

(
rρν

)
+

2

r

dρν
dr

= 0, (3.5)

subject to the initial boundary conditions that, ρν(a) = ρν,a and ρν = ρν,∞ for r → ∞

(see figure 3.1). Equation 3.5 has a solution in the form which is hyperbolic in nature with

respect to r:

ρν(r, t) = ρν,∞ + (ρν,a − ρν,∞)
a

r
(3.6)

The vapour flux at the drop surface is expresses by:

Jν,a = −Dν

(
∂ρν
∂t

)
r=a

=
Dν(ρν,a − ρν,∞)

a
(3.7)

If the droplet surface area is S(S = 4πa2), the rate of mass loss of water vapour diffusing

from the surface is given by:(
dm

dt

)
= Jν,a · dS = 4πaDν(ρν,a − ρν,∞) (3.8)

For an ideal gas behaviour, ρi = piMi/RT and equation 3.8 may be written in the form:

dm

dt
=

4πaDνMw

R

(
p∞
T∞

− pa
Ta

)
(3.9)

where R (R = 8.31446Jmol−1K−1) is the universal gas constant, Mw is the molecular

weight of water, pa and p∞ are the vapour pressure of the water vapour at the surface

temperature Ta and in the region far from the interface where the temperature is T∞ respec-

tively. In equation 3.9, the rate of evaporation is proportional to the radius of the spherical

droplet but not to the surface of the droplet. This means that, large droplets evaporate faster

than smaller droplets. Notably in this study, the evaporation of droplet cannot be a sta-

tionary process as formulated above since the radius and hence the rate of evaporation is

constantly decreasing during the evaporation process. Thus, the evaporation process con-

sidered here can be regarded as quasi- stationary process. It can be assumed that the rate of

evaporation at a given moment is constant and can be expressed by equation 3.9.

An extension to the evaporation rate presented above concerns the rapid change in the
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vapour concentration at the surface of the droplet due to the existence of temperature gra-

dient near the surface of the droplet [25, 72, 78–80]. To a first approximation, and by

assuming that the Fick’s law is valid only at a distance greater than the vapour concen-

tration length △ν and the drop surface (i.e. a 6 r 6 a + △ν), the evaporation rate can

be considered as that for in vacuum. Under these conditions, Laplace’s equation is subse-

quently satisfied subject to appropriate boundary conditions for the case of radial symmetry

(see figure 3.1). If ρν = ρν,∞ for r → ∞, the appropriate solution may be restated as:

ρν(r) = ρν,∞ +
A

r
(3.10)

whereA is constant. The constantA can be determined by considering vapour mass balance

equations under steady state conditions. The net evaporation flux, Jν(r = a) of the water

mass from the drop surface (total contributions from condensation of flux of vapour mass

and evaporation flux per unit area of the droplet surface) must be equal to the vapour flux

Jν(r = a+△ν) at the distance r = a+△ν from the droplet surface [77]:

Jν(r = a) = Jν(r = a+△ν) (3.11)

where;

Jν(r = a) = πa2αcν̄ν
[
ρν,sat(Ta)− ρν(a+△ν)

]
and (3.12)

Jν(r = a) = −4π(a+△ν)
2Dν

(
∂ρ

∂r

)
r=a+△ν

= 4πDνA (3.13)

αc and (ν̄ν) =
√

8RTa/πMw are respectively, the evaporation coefficient and mean ab-

solute thermal velocity of vapour molecules for the temperature T . ρν,sat is the saturated

vapour density at temperature Ta at the droplet surface. From equations 3.11 - 3.13 and

using 3.10, the constant A can be obtained as:

A = a
ρν,sat(Ta)− ρν,∞(T∞)(

a
a+△ν

+ 4Dν

aαcν̄ν

) (3.14)

The volume of a spherical droplet is given as V = (4/3)πa3 and for m = ρ
l
4πa3/3, where
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ρl is th density of the liquid, equation 3.9 can be recast in the form:

ada

dt
=
D∗

νMw

Rρl

(
p∞(T∞)

T∞
− psat,ν(Ta)

Ta

)
(3.15)

where D∗
ν is the modified diffusion coefficient given as:

D∗
ν =

Dν

a
a+△v

+ Dν

aαc

(
2πMw

RTa

)1/2 (3.16)

For constant ρ
l

and D∗
ν , as well as atmosphere and temperature conditions equation 3.15

can be integrated to yield:

a2(t) = a20(t0)− β(t− t0) (3.17)

where a0 is the initial droplet radius at time t0 and β = (2D∗
νMw/ρlR)

(
p∞
T∞

− pa
Ta

)
. Equation

3.17 is the well known a2 - law , which indicated that a2 is a linear function of time if the

driving force and physical properties driving the evaporation process remain constant. This

can be expected to be true for slowly evaporating pure liquid droplets devoid of any non-

volatile substances or impurities.

3.1.2 Transport of Heat

The diffusive heat flux density can be formulated with similar mathematical argument and

boundary conditions as [77]:

j⃗h = k▽ T (3.18)

where k is the thermal conductivity of the humid air through which heat is transported. The

temperature field surrounding the droplet at radius r is identically found as [71]:

T (r) = T∞ +
(T∞ − Ta)

r
a (3.19)

The amount of heat which escapes from the surface of the droplet per unit time can be

expressed by:
dq

dt
= −Jh,a = 4πak∗a(T∞ − Ta) (3.20)
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k∗a is the equivalent form of the modified thermal conductivity of air given by;

k∗a =
kair[

a
a+△T

+ ka
aαT ρaircp,air

(
2πMair

RTair

)]1/2 (3.21)

where ρair and cp,air are the density and specific heat of air respectively. △T , has

analogous definition as △v, which represent a rapid temperature jump at the surface of the

droplet. Mair and Tair are the molecular mass and temperature of air respectively. From

equation 3.15 and 3.20, it could be seen that the process of droplet evaporation is associated

with the mass and heat transport through the droplet surface and is driven by the gradients

of vapour density and temperature around the droplet. Thus the evaporation processes

depends on the vapour pressure near the droplet surface pa and far from the droplet p∞,

as well as on the temperature of the droplet surface Ta and the temperature far from the

droplet surface T∞ at r → ∞.

3.2 Evolution of Droplet Radius and Temperature: Ef-
fects of Droplet Surface Curvature, Charge and In-
clusions

The classical evaporation model presented by equation 3.15 and 3.20 taken into account the

kinetic effects are based on evaporation of a pure water droplet at rest. Since in this work,

charged droplets from real pure liquids, solutions as well as suspensions were investigated,

it was necessary to adopt a model that takes into account the effects of surface properties as

well as soluble and non soluble materials (inclusions). The presence of inclusions present

in the droplet modify the effective surface tension and the (local) curvature of the interface.

For a charge droplet, equation 3.15 can be rewritten in a compact form as [75]:

ada

dt
=
D∗

νMw

Rρl
×

{
S
p∞(T∞)

T∞
− psat,w(Ta)

Ta
Kh

}
(3.22)

where, psat(Ta) = psat,w(Ta)Kh. Kh is expressed as:

Kh = exp(B − C) with, (3.23)
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B =
M

RTaρl

2σl
a

− q2

32π2ε0a4
and C =

ns

(a/a0)3 − ns

(3.24)

S, psat,w, σl and q are the relative humidity, equilibrium vapour pressure of water at temper-

ature Ta, surface tension of the liquid and the Coulombic charge on the drop respectively.

ε0 is the permittivity of free space (the surrounding gas) and ns is the concentration of

inclusions present in the droplet. The B term in equation 3.24 is an extended Kelvins’

equation. It describes the modification of the equilibrium vapour density near the droplet

surface due to the droplet surface curvature and the charge effects [25]. C is the Raoult’s

term describing the effects of the inclusions (solute, contaminant and solid particles) in the

droplets. The Raoult’s term in the exponent can also be restated as:

C =

(
Ma3dry
a3 − a3dry

)
(3.25)

where M is constant and a3dry is the volume equivalent dry radius of an evolving dry-

ing aggregate resulting from evaporation of solution or suspension droplet. The quantity

a3dry = 3m3
dry/4πρdry is not necessarily equal to the physical radius of a dried particle

or an aggregate. Such a particle may not be spherical and may contain some residual

amount of liquid or have a density different from that of the initial droplet composition

due to continuous evaporation and increasing concentration of non-volatile substances at

the droplet surface. However adry provides a measure of the mass of inclusions contained

in the dried particle [81]. It can subsequently serve as a measure of the transient size for

which a physical phase change occurred during the evaporation process (e.g. Liquid - solid

phase transformations). Equation 3.23 together with the expressions for Kh constitutes the

Köhler equation.

The change of droplet mass by evaporation (condensation) is associated with heat ab-

sorption (release), which manifests as temperature difference at the droplet surface and far

from the surface. This can be obtained by considering the balance of fluxes of vapour and

heat flowing away from the droplet and towards the droplet through the relation:

dq

dt
= −Lh

dm

dt
(3.26)
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where, Lh is the specific latent heat of evaporation. From equation 3.22 ;

Ta = T∞ +
Lhρl
k∗air

a
da

dt
and △ T =

Lhρl
k∗air

a
da

dt
(3.27)

In the case of an evaporating droplet of pure liquid, Ta is constant during the stationary

stage of the evaporation process. However, the temperature of an evaporating droplet of

mixed components can be different depending on the constituent of the droplet [82–84]. If

a(t) is accurately known from experimental measurement, equation 3.22 and 3.27 can be

used to calculate the relative temperature of a mixed component droplets to amK accuracy

[82]. Figure 3.2 show an exemplary measurement for a two-component pure liquid droplet

of DEG/glycerol mixture. A similar measurement is shown for a solution microdroplet of

SDS/DEG mixture (3.3a) as well as a suspension microdroplet of DEG/SiO2 mixture (3.3b)

evaporating into a nitrogen atmosphere at STP conditions.

Figure 3.2: Temporal evolution of droplet radius a(t) (solid circles merged
into a line) and relative temperature △T (t) (open circles and solid line) for a
droplet of 1:5 glycerol/DEG mixture. The evolution of droplet composition
(glycerol volume fraction) is shown in the inset (solid squares) [82].
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(a) (b)

Figure 3.3: Temporal evolution of relative temperature △T (t) (grey open cir-
cles): (a) for a DEG/SDS solution microdroplet (b) droplet of aqueous sus-
pension of DEG/SiO2 (25 nm radius nanospheres) found from fitting based on
equations 3.22 and 3.27. The solid grey circles is the temporal evolution of the
droplet radius a(t) obtained from experimental data with black solid line the
model fit to the data [82].

3.3 Numerical Modelling of Evaporation Driven Aggrega-
tion of Nanoparticles

Drying of microdroplets containing nanoparticle or nanocrystal inclusions leads to aggre-

gation or crystallisation of the inclusions in the droplet. The aggregation and the crystalli-

sation process are driven by the shrinkage of the droplet surface through evaporation of the

liquid component and the receding surface of the droplet [4, 28, 85, 86]. The nanoparticle

inclusions are initially dispersed in the volume of the droplet and act independently until

they come close enough to experience interaction forces. The dispersed particles are bound

by the interface of the droplet surface due to surface tension and are confined within the

volume and beneath the inner surface layer of the droplet without escaping through the

interface of the droplet. As the evaporation proceeds, the receding surface of the droplet

drives the inclusions together by decreasing the distances between them. The movement

of each particle inside the evaporating droplet can be modelled using the classical New-

tonian equations of motion with the assumption that Brownian motion of the inclusions is
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negligibly small and can be neglected [28]:

mi
d2ri
dt2

= Fsph,i + Fbound,i + Fν,i (3.28)

where ri andmi denotes the position and mass of the i−th nanoparticle , with i = 1, 2, ...N .

The first term at the right-hand side of equation 3.28 is given by:

Fsph,i = −▽ Ui (3.29)

where Ui is given by the effective Lennard-Jones potential which describes the interaction

between the nanoparticles in the droplet.

Ui =
N∑
j=1

ϵ

[(
2Rsph

rij

)12

− 2

(
2Rsph

rij

)6]
(3.30)

Here, Rsph and ϵ are respectively the radius of nanoparticles and the depth of the potential

well while rij =
√

(xi − xj)2 + (yi − yj)2 + (zi − zj)2 is the centre-to-centre distances

between the nanoparticles. xi , yi and zi are the coordinates of the i− th nanoparticle. The

L-J potential is shown in figure 3.4 for silica nanoparticles of 250 nm in diameter.

The main driving force defining the droplet elastic surface for the aggregation process

is described by the second term in equation 3.28 as [28]:

Fbound,i = ê


−k

(
a−

√
x2i + y2i + x2i

)
for

∣∣∣a−√x2i + y2i + x2i

∣∣∣ 6 Rsph

0 for
∣∣∣a−√x2i + y2i + x2i

∣∣∣ > Rsph

(3.31)

Here, ê is the unit vector and k is the spring force coefficient from the expected surface

tension of the liquid in which the nanoparticles are dispersed.

The last term in equation 3.28 describes the mean movement of the nanoparticles in the

droplet and is expressed by the Stokes’ drag as:

Fν,i = −6πµRsphν (3.32)
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where µ is the dynamic viscosity coefficient of the liquid and ν is the velocity of a nanopar-

ticle.
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Figure 3.4: Lennard-Jones potential for the interaction between SiO2 nanopar-
ticle inclusions of 125 nm radius dispersed in an evaporating microdroplet.
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CHAPTER 4

Experimental Techniques

4.1 Electrodynamic Trapping and Particle Levitation

Electrodynamic levitation of particles is a well-established non-contact technique for s-

tudying the physics of single aerosol particles [87–90] particle clouds [91], heterogeneous

nucleation and precipitations [92] as well as liquid microdroplets of various sizes and com-

positions [75, 90]. By this technique, an electrically charged particle is carried against

gravity by means of a DC electrical field and a time-varying electric field (AC) of a given

frequency and amplitude that provides a focusing dynamic trapping force to the chamber

centre [93]. The principal advantage of this experimental approach is that, a single charged

particle particularly microdroplets can be isolated in a controlled chamber without any con-

tact to a wall or substrate and investigated in combination with elastic light scattering (Mie

scattering). The basic theoretical principles of trapping of charged microdroplets in two

and three dimensional quadrupole fields have been documented elsewhere [92, 94, 95] and

will be briefly reviewed in this chapter.

In this study, a double-ring (3D) electrodynamic quadrupole trap (DREQT) is used for

elastic scattered light diagnostics of microdroplets of different compositions. Additional-

ly, a linear (2D) electrodynamic quadrupole trap (LEQT) is used for aggregate deposition

by drying microdroplets of solutions and colloidal suspensions. The 3D electrodynamic

quadrupole trap is suitable for diagnostics of low-volatile liquid microdroplets evaporation

processes and dynamics. The trap system consists of three electrodes: a middle double-ring
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electrode and a top and bottom electrode placed in a special climatic chamber. The design

of the chamber and its component provides the ability to relatively control temperature,

humidity and the atmospheric conditions in the chamber composition in the trap. Stable

trapping of microdroplets of different compositions (pure liquids, solutions and suspension-

s) of sizes in the range of 1 µm to ∼ 70 µm can be trapped under controlled atmospheric

conditions and investigated optically.

The linear electrodynamic quadrupole trap consists of: 4 rod electrodes mounted in a

vertical alignment with 2 auxiliary ring electrodes, the climatic chamber, the laser system

and a CCD camera. The vertical alignment allows controlled levitation of multiple droplets

of liquid suspensions and deposition (soft-landing) of dried aggregates onto substrates for

further optical analysis. The set-up allows stable trapping of microdroplets of different

compositions of diameters ranging from 90 µm down to 1 µm. It also allows the deposition

of aggregates/micro-composites of sizes in the range of ∼ 1 µm to 20 µm depending on

the initial composition of the droplets.

This chapter treats the basic principles of trapping and levitation of charged micro-

droplets, experimental setups, methods, data acquisition and processing techniques em-

ployed in this study. In the first part (section 4.1), an overview of the two experimental se-

tups are presented and basic principles of levitation of charged microdroplets is presented in

section 4.2. Detailed descriptions of the 3D trap system with other major components and

the experimental procedures involved in the optical microdroplet characterisation experi-

ments will be presented in section 4.3. In section 4.4, the linear electrodynamic quadrupole

trap and its components will be described. The chapter concludes with the data processing

procedures in section 4.5 employed for the experimental data obtained in section 4.3.
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4.2 Electrodynamic Levitation of Charged Microdroplets

The motion of a droplet of mass m with charge q is described by the differential equations

[96]:

m
d2z

dt2
= −6πηr

dz

dt
+ q(EAC,z + EDC,z)−mg + Fext (4.1)

m
d2r

dt2
= −6πηr

dz

dt
+ qEac,r + Fext (4.2)

where z and r are the coordinates in vertical and radial direction of the droplet respec-

tively. EAC,z and EAC,r represents the vertical and radial component of the AC electrical

field vectors. EDC,z, is the DC field component. Fext represents other external forces in-

cluding photophoretic, thermophoretic and radiophoretic forces [25]. Equation 4.1 and 4.2

describes respectively the vertical motion of the droplet along the vertical axes and the

radial (x, y) motion of the droplet in the trap.

The electric field EDC,z is generated by the applied DC voltage VDC across the upper

and the lower electrodes in the 3D electrodynamic trap used in this study and is given by:

EDC,z = −kVDC (4.3)

where k = C0/2z0 is the trap configurational constant. z0 is the characteristic dimension of

the trap along the vertical direction from the null point and C0 is the geometrical constant

of the trap. Under static conditions, when a droplet is trapped at the centre (null point)

of the trap, all the time varying forces (qEAC,z and qEAC,r,) or the fields EAC,z and EAC,r

in equation 4.1 and 4.2 vanishes. The gravitational force (weight of the droplet) and the

electrostatic force from the applied DC voltage using equation 4.1 and 4.3 are balanced by

the relation:

mg = qEdc,z = qkVDC (4.4)

where g is the gravitational constant. In equation 4.4, all the external forces such as pho-

tophoresis, thermophoresis or radiation pressure effects have been ignored since their ef-

fects were not observed in any of the experiments conducted in this study. Additionally,
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even though we rarely observed some influences due to drag force under certain experimen-

tal conditions, its effects had little consequences on the investigated droplets under study

and hence is assumed negligible. The droplet charge q is unknown a priori and can be de-

termined by several means including drag force method or controlled discharge of particles

[89, 97]. Thus for a stationary droplet in the geometric centre of the trap, balanced against

gravity, the mass -to-charge ratio of the droplet can be determined as:

m

q
= k

VDC

g
(4.5)

Using the fact that m = 4πa3

3
ρ

l
, where ρ

l
is the density of the liquid and with a constant

charge q, the DC voltage required to balance the droplet weight at the centre of the trap is

proportional to the droplet mass m and subsequently to the droplet radius [98].

If the driving potential or the voltage applied to the ring electrodes is given by: UDC +

VAC coswt, where UDC is the DC bias voltage and VAC coswt is the AC potential with

driving frequency w, the radial and the vertical components of the electric field vector in

the radial and vertical directions in the trap are given respectively by [99]:

EAC,z = −2
UDC + VAC,z coswt

d2
z

EAC,r =
UDC + VAC,r coswt

d2
r

(4.6)

where d =
√

1
2
r2
0
+ z2

0
and r0 is the radial distance from the centre of the trap (r = z = 0)

to ring electrode. w = 2πf and f is the driving frequency of the AC source with the

amplitude VAC and t is the time. It should be noted from equation 4.6 that, the motion of a

charged droplet in the vertical z, and the radial r directions are mutually independent, i.e.

the two components of the electric field vectors (EAC,z and EAC,r) are out of phase.

From equation 4.1, 4.2 and 4.6 and by noting that, r(x, y), the differential equations

describing the stable confinement of the motion of a charged droplet in a 3D quadrupole

field can be re-written as [94]:

d2

dt2

xy
z

+
q

md2
(
UDC + VAC,z coswt

) x
y

−2z

 = 0, (4.7)
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The equation of motion can be written in a more convenient form into a system of three

dimensionless differential equations of the homogeneous Mathieu type given as:

d2

dτ 2

xy
z

+
(
ax,y,z − 2qx,y,z cos 2τ

)xy
z

 = 0, (4.8)

where aj and qj are dimensionless stability parameters for all of the coordinates in the j (x,

y and z) direction and τ is real variable [94]. For the 2D linear electrodynamic quadrupole

trap used in this study z0 = 0, such that the field generated at the centre of the trap has only

two dimensions along the vertical y and the horizontal x directions.

By comparing equations 4.7 and 4.8, the dimensionless parameters ax,y,z and qx,y,z

variables can be defined as [93, 94]:

ax = ay = −4qUDC

md2Ω2
, qx = qy =

2qVAC,z

md2Ω2

az =
8qUDC

md2Ω2
, qz = −4qVAC,z

md2Ω2
τ =

1

2
Ωt

(4.9)

The solutions of the Mathieu equations presented in equation 4.8 results in working param-

eters ar,z and qr,z which can be plotted on what is known as the stability diagram. Figure

4.1 show a stability diagram for a 3D confinement of a charged droplet. The values of a

and q for which the solutions are stable and result in three-dimensional confinements of

the droplet at the centre of the trap simultaneously for both directions (r, z) corresponds to

the overlap regions of the stability diagram [99]. In this study, the most important for our

experimental purposes is the stable region near to the origin which has been entirely used

for trapping all the droplets investigated in this work.
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Figure 4.1: The stability domains for the three - dimensional quadrupole trap.
The shaded region (A) marks the overlap of the composite plot ar,z qr,z on
the same axes along both the (r, z) directions. Three-dimensional stability is
assured in the overlapping regions [99].

4.3 The 3D Electrodynamic Quadrupole Trap

The 3D electrodynamic quadrupole trap used for the optical characterisation of the evap-

oration of the droplet processes is a variant of previous traps developed by Jakubczyk et

al. [98, 100, 101] at IPPAS. The heart of the experimental system is shown in figure 4.2

with an expanded view of the trap system in figure 4.3. The trap system consists of three

machined brass electrodes separated by plastic spacers. The electrodes consists of a top
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and bottom electrodes and a middle double-ring electrode. Since we want to observe and

evaluate the scattered light from the droplets only, it was essential to reduce the scattering

of light from the surfaces of the electrodes inside the trap. In this respect, the electrodes

were blackened with graphite in order to reduce any undesirable stray light scattering.

An alternating AC potential which can be varied between 100 Hz and 1.2 kHz for

amplitudes between 1.0 - 8.5 kV is applied to the middle double-ring electrode to provide

time-dependent axial and radial restoring forces, to keep a trapped droplet centred at the

null position in the trap. To keep the droplet stabilised at the centre of the trap, a DC loop

voltage driven by a PID-type controller is applied across the top and bottom electrodes to

balance the weight of the droplet. The DC voltage could be regulated between ± 300 V.

The electrodes are placed in a climatic chamber with eight symmetric side ports for

optical access to the trap. Two of these ports are made up of holes of diameter 2 mm and

are used to introduce laser lights into the trap to illuminate a constrained single droplet

levitating at the centre of the trap. The chamber is covered at the top and bottom by two

aluminium flat plates. Figure 4.4 and 4.5 shows respectively a photograph of the experi-

mental setup mounted with the necessary peripherals and a levitating droplet illuminated

by laser light at the trap centre.

The top plate has central opening for the insertion of the droplet on demand genera-

tor and also provides electrical access to the trap. The bottom plate has an opening for

the introduction of (nitrogen) gas to control the atmospheric conditions in the trap. Other

important component of the setup includes the: the temperature and humidity control sys-

tem; the droplet imaging systems consisting of microscope objectives with CCD cameras;

the droplet on demand injector and the laser systems for the droplet illumination. These

peripherals are given a further description in the next sections.
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Figure 4.2: A schematic diagram of the experimental setup.
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Figure 4.3: An expanded view of the 3D electrodynamic quadrupole trap system.
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Figure 4.4: Photograph of the climatic chamber with other peripherals. The
electrodynamic quadrupole trap mounted inside.

Figure 4.5: Levitating droplet at the centre of the trap with laser light illumination.
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4.3.1 Temperature and Humidity Control System

The trap and its components are thermally regulated by a circulating fluid from an external

gas-liquid heat exchanger/thermostatic bath (see figure 4.7). The fluid is transferred from

an external thermostatic bath to the water jacket of the climatic chamber. This is achieved

via an insulated flexible tubing connected to the inlets and outlets on the top and bottom

plate sealing the climatic chamber and its component. The temperatures of the control

bath and the climatic chamber are monitored and measured with a K-type thermocouple.

Figure 4.6 shows temperature stabilisation measurement for a period of 2 hours from a

thermocouple inserted into the climatic chamber from the top plate and the circulating fluid

thermostatic bath. Stabilisation of the temperatures could be achieved after an hour time

period. The thermometric accuracy of the K-type thermocouple used was measured verses

a calibrated mercury thermometer as ± 0.15 ◦ C
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Figure 4.6: Stabilisation of temperature measurement in the climatic chamber
and the fluid circulating thermostatic bath.
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Figure 4.7: Photograph of the temperature control systems.

4.3.2 Detection and Optical Systems
Droplet Detection Systems

Three CCD cameras together with three optical systems were mounted for the detection

and observation of single trapped droplets levitating at the centre of the trap. In figure 4.4

the positions of the camera systems are labelled as CCD1, CCD2 and CCD3 at specific

angles around the trap and the climatic chamber.

The optical systems for CCD 1 and CCD 2 (Giganetix Camera GC651, SMARTEK

Vision) were built from commercial objectives (25 mm CCTV Board MTV lens systems).

CCD1 and CCD2 cameras were interfaced with Gigabyte Ethernet card and operated on a

computer with dedicated in-house built software in Matlab. CCD 1 together with its optical

system is used for live video imaging of a constrained droplet levitating at the centre of the

trap with 1:1 image magnification. The low magnification live view video images allow

detection of stray droplets, satellites or overlapping microdroplets in the trap since single
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droplets were of primary importance. Moreover, the presence of these undesirable droplets,

degrade or even prohibit the correct processing of the droplet images for size evolution and

further optical diagnostics as well as the correct droplet weighting. CCD 2 is used to

view the in- focus imaging of the levitating droplet with 10x magnification. The video

image of the droplet is simultaneously used for adjusting the DC voltage to compensate the

gravitational force on the levitating droplet via a stabilising loop DC voltage applied across

the top and bottom electrodes.

Fringes formed by the scattered light from the levitating droplets (Mie fringes / speckled

patterns) are recorded as AVI file format by a CCD 3 (CCD, Pike F-32C, Allied Vision)

placed at the right angle of the scattering plane. The angular scattering range for θ is 90

± 16 ◦ (azimuth) and 0 ± 5 ◦ (elevation). CCD3 and its corresponding objective system is

one of the most important peripherals on the set-up. The corresponding optical system for

CCD 3 used for the Mie scattering imaging consists of only two plano-convex lenses, sheet

polarisers and a confocal aperture with 2 mm diameter. Further description of this system

is given in the next section.

Optical System for Mie Scattering Imaging (MSI)

The Mie scattering imaging method relies on using collecting optics for short exposure,

out-of-focus image of droplet present in the scattered laser light. The out-of-focus image

plane is defined by the geometry of the trap viewing port aperture (within an azimuth and

elevation angular range) and the optical system used for the imaging. The scattered light as

predicted by the Mie theory is received which appears in the form of interference fringes.

The fringes merge into glory spots when the image plane is moved to its in-focus position

[102]. It is understood that, the out-of-focus position is in the far field. This means that,

the fringe pattern is independent of the distance and it only scales with the distance. This

condition is easily satisfied for the droplets sizes studied in this work. The fringes contain

information on the droplet diameter and the refractive index in terms of fringe spacing,

position and intensity. Invariably, there is a strong angular dependency of the scattered light

intensity which is utilized by Mie scattering imaging experiments [23, 46]. The information
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can be retrieved by solving the inverse problem [46]. For a successful MSI method and

accuracy of the inversion procedure, a good knowledge of the parameters of the optical

system must be known a priori. The experimental setup used in this study is configured in

such that, the optical axis of the laser beams passes through the centre of the trap where the

droplet (usually of size range between 35 µm down to 0.5 µm radii) is situated. The size

of the droplet in comparison to the laser beams (2 mm in diameter) used for the droplet

illumination is therefore negligible. The dimensions of the laser beam size to the droplet

size ratios are satisfactory for plane wave illumination of a sphere (droplet) assumptions

required by the Mie theory (see chapter 2).

The scattered light from the droplet can be interpreted as an outgoing modulated spher-

ical wave generated by a point source. With the knowledge of these requirements, a dedi-

cated optical system for confocal imaging of the droplet unto the out-of-focus camera plane

was designed [101]. The system consists of two anti-reflection coated plano-convex lenses

with apexes pointing inward, separated at 37.4 mm from their apexes, two semi-circular

polarisers placed in between the lenses and a 2 mm diameter diaphragm placed at the back

focal plane. Each plano-convex lens has the following parameters: 12.4 mm diameter; ra-

dius of curvature, 10.3 mm; edge thickness, 1.8 mm and centre thickness 4 mm. The lens

systems are equipped with wide acceptance angle and high transmittance but inherently

burdened with high spherical and chromatic aberrations. However, the aberrations can be

numerically corrected in post-data processing. In order to do this, a correction function

with ray tracing was used. The size of the droplet compared to the aperture defined by the

trap system (9 mm) and the entrance lens of the optical system is negligible. In simulating

such an objective system, the droplet is assumed as a point light source placed at a given

origin of the coordinate system as in figure 4.8. The origin of the coordinate system is set

at the centre of the trap and the droplet can also be displaced off-centre. This is important

because the droplet can sometimes move off the mean central position (null point) in the

trap due to mechanical inaccuracy or stray charge distribution and must be accounted for in

further data processing stages. Propagation of light rays through the polariser is accounted

for by adjusting the optical path length of the light rays between the two lenses.
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Figure 4.8: 3D ray tracing of the Mie scattering imaging system.

At the back focal plane, a confocal circular diaphragm of 2 mm diameter is placed

after the second lens from the origin. The distance from the centre of the trap where the

droplet is situated (∼ 17 mm) to the first lens is equal to the distance from the second

lens to the circular diaphragm. The shape and size of the out-of-focus image correspond

to the entrance aperture which, in this case, is simply defined by the viewing port of the

trap system. The image plane (CCD 3 position) can be translated along the optical axis of

the object and the image plane to obtain the desired size of the out-of-focus image of the

droplet. The out-of-focus image is basically filled with what is now present in the former

object plane, the droplet. That is, the intensity distribution of the scattered light delineated

by the aperture angle. Rays are generated from the droplet position evenly in the sense of

the sphere surface density, over the azimuth and elevation angle range. The angular ranges

are slightly larger than the ones defined by the viewing port of the trap. The ray tracing is

performed in a standard manner and rays falling outside (skew rays) of the apertures of the

optical system are eliminated. The ray tracing process takes into account all the rays closer
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to the axis and the marginal rays traversing the lens systems through the aperture defined

by the trap system. For each refracting surface we find the point of intersection of the ray

with the lens surface by solving a line-refracting surface set of equations pertaining to the

interface. Then Snell’s law is applied in vector form to find the refracted ray. This process

is used successfully to trace the rays through the entire optical system. At the origin, each

ray is assigned a unique azimuth elevation angle pair and the unitary initial intensity. The

number of rays are much larger (the larger the better) than the number of pixels defined

by the imaging CCD camera. The azimuth and elevation angles are averaged over all rays

hitting a pixel in the camera plane. The objective system is assembled in a body made of

aluminium designed to match the dimensions of the viewing port and the climatic chamber

encasing the trap system. Figure 4.9 shows the complete objective system in its aluminium

body casing.

Figure 4.9: Assembled objective system for the MSI.

Synchronisation of Data Acquisition Channels

In order to obtain a fully synchronised and supplementary (in the case of solution, and sus-

pension droplet/aggregate) droplet size evolutions, the acquisition channels (CCD 2 and C-

CD 3) for the Mie type data recording and the droplet weighting signal need to be synchro-

nised. The synchronisation process was achieved using an in-house-built "Valve echo2" fil-
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ter2 DirectX filter embedded into a Montivision Workbench graph (www.MontiVision.org).

CCD 2 and CCD 3 were interfaced to the computers via a POE and a fast FireWire IEEE

1394b interface respectively.

The valve filter works in client-server architecture. The DirectX filter contains a source

filter for the video stream flow. It is in turn controlled (valve opened/closed) with a client

program, running from a Matlab command line, talking to a corresponding socket address

(TCP/IP port) on a server computer. Data recording is realised by starting a PID - type

loop software control system for the droplet position stabilisation. This simultaneously

starts the recording of the stabilisation voltage on the client computer and opens the valve

on the server computer for the video recording of the interference patterns captured by

CCD 3. The data recording process is ended by stopping the loop and the weighting signal

recording and remotely closing the valve with a client program. Figure 4.10 shows a simple

architecture of the Montivision workbench filter graph for the video stream flow and the

recording of the output Mie interference fringes.

Figure 4.10: Montivision workbench graph for data recording and preview.

The AVI file movies (Mie fringes) are recorded at 14 f/s, based on the format and the

shutter speed set by the Pike camera driver. Problems of repeated frames and junk sections

within the recorded frames were sometimes encountered because of data buffer operations
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between processes involving data transfer and data storage in the AVI file container. The

Pike camera driver also comes with unspecified peculiarities, for instance introducing junk

sections within the recorded frames. However, this does not affect the frame count for the

synchronization process even though the information within the frame is lost.

4.3.3 Microdroplet Generation

As stated earlier, the experimental techniques employed in this study involves optical di-

agnostics of single evaporating microdroplets of well-defined sizes and production of ag-

gregates with known sizes a priori from mixed component droplets evaporation. Such

measurements require reliable and reproducible sizes of droplet generation into the trap.

In achieving this, an in-house-made piezoelectric injector similar to e.g. [103, 104] was

used to create droplets on a droplet-on-demand principle to inject droplets into the trap.

The piezoelectric elements are driven by gated high voltages (also in-house-made electron-

ic circuit device) or a high voltage linear amplifier (High Voltage Amplifier, AMS.AMT

series, Matsusada Precision Inc.). The basic structure of a piezoelectric droplet generator

is shown in figure 4.11.

a

ed

c

b

Figure 4.11: Basic structure of the home build droplet generator. (a) internally
tapered end of the cylindrical glass pipe (nozzle), (b) piezo actuator element
(PZT), (c) electrodes and electrical connections to the electronic circuit device,
(d) open end of the capillary glass pipe and (d) silicon tube attached to glass-
capillary for feeding liquids.

The major components of the injector includes the piezo electric element and the cylin-

drical fused silica capillary tube. The method used in preparing the nozzle of the glass
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capillary is similar to the one described in [103]. The capillary was fitted into the piezo-

electric tube and glued to the tube using an Epoxy resin 353ND. In operation, the capillary

glass cylinder is filled with a fluid via the extension silicon rubber tube attached to it. Then,

a square voltage pulse is applied to the inner and outer electrodes of the piezo element

using an electronic circuit device (Pulse generator). The applied pulse excites the PZT to

contract radially, creating a pressure wave within the fluid inside it [103, 105]. The pres-

sure wave radiates along the axis of the capillary tube. By this way a single drop can be

formed from the liquid which is forced through the nozzle[103, 104]. The characteristics

of the square voltage pulse such as width, amplitude, and eventually, the repetition rates are

controlled with the pulse generator used to drive it. Typically, a square voltage pulse with

50 - 200 Vp-p amplitude, 10 µs - 500 µs pulse duration was used to inject a single droplet

into the trap. For the experiments in this study, the droplet generator was adjusted so that

a single droplet resulted from the nozzle at each injection. However, if satellite droplets

are detected (usually at higher pulse amplitudes), they are quickly flushed out of the trap.

The droplet generator is covered with an insulation tubing (figure 4.12) to protect it against

any mechanical damage and then placed in an injector holder made from an acetal rod and

inserted into the trap from the top.

(a)

(b)

Figure 4.12: Final preparation and assembly of the droplet on demand injector:
(a) covered with an insulation tape, (b) fitted into the acetal tube.
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Additionally, as expected, the droplet diameter is roughly determined by the nozzle

diameter [106]. However, variation of the pulse width and amplitude of the pulse can

lead to droplets smaller or larger than the nozzle diameter. Smaller nozzles appear more

capable of generating droplets larger than the nozzle diameter, while larger nozzles are

more capable of generating droplets smaller than the nozzle diameter. In this study nozzles

with diameters ranging from 35 µm - 90 µm were used depending on the chosen liquid and

droplet composition.

During the experiments it was also observed that negative or positive polarity of charge

on an injected droplet into the trap had no influence on the results in the sensitivity of the

measurements. However, one daunting problem often encountered in the experimental pro-

cess was the generation of static electrical fields around the tip of the injector due to the

high voltage applied to the PZT electrodes. The generated static field somehow interfered

with the field inside the trap causing instability and sometimes droplet oscillations at the

centre of the trap. Hence, once a droplet is injected into the trap, the electrical connections

to the injector were quickly disconnected before measurements commences. Other prob-

lems including, clogging of the nozzles by bubbles and sometimes solid particles were also

encountered. In such situations, the glass capillary is thoroughly cleaned with an acetone

and the injector is dried under vacuum.

Droplet Charge and Injection Timing vs Phase Control

For the experiment involving the use of the 3D quadrupole trap, the droplets were charged

by charge separation in the external field of the trap on emerging from the injector nozzle

(i.e. no additional charging electrodes were used). Thus, the sign and the value of the

charge were, to some extent, determined by the injection timing versus the phase of the

trapping AC field. The basic architecture of the signal generation to the trap and the droplet

on demand injector is shown in figure 4.13. The sine and the square wave signals are

generated by a PCI sound card into two channels. The sine-wave signal is sent to the

signal amplifier and to the trap electrodes. The square-wave signal is simultaneously sent

to the pulse generator for square pulse generation that is used to drive the piezo injector.
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By varying the phase between the two waves, single microdroplets of varying sizes can

be generated in any phase voltage. This means, by choosing appropriate injection timing,

it is possible control the charging process of droplets. The size and sign of the charge of

the droplets depends on the phase of the voltage at the time of injection. In the case of

the 2D electrodynamic trap, two additional charging electrodes were used. The charging

electrodes were made of a wire rings attached just in front of and just behind the ejection

aperture of the nozzle. The induction electrode induces a charge separation on the droplets

as they emerge from the tip. When the dedicated controlling device is used, the square,

piezo-driving pulse is synchronized with the rising slope of the continuous square wave of

the same frequency as the sine wave driving the trap.

Signal  

control 

system

Signal 

Anplifier
Trap

Droplet

 injectorsquare pulse

Sine wave signal

Sound card

2

Figure 4.13: Architecture of signal generation to the trap and the droplet on
demand injector from the PCI sound card.

Droplet Charge Instability Induced Breakups

Droplet charge instability induced breakup or coulomb explosions were observed for some

of the droplets we studied. In this case the droplet loses some charge and escaped from the

centre of the trap or stayed there and continued evaporation. The charge loss at the breakup

was observed from the DC voltage required to balance the gravitational force acting on the

droplet. An example of such breakups is presented in figure 4.14. It shows the temporal
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evolution of DC voltage (upper panel),the optical radius on obtained from Mie theory anal-

ysis (middle panel) and a vertically polarised scattered light intensity (lower panel). The

data was obtained from an evaporating single microdroplet of solution composed of sodium

dodecyl sulphate (SDS) and diethylene glycol (DEG) liquid.
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Figure 4.14: Temporal evolution of DC voltage obtained from the evapora-
tion of droplet composed of Sodium dodecyl sulphate and diethylene glycol
solution (upper panel). Evolution of the droplet radius obtained from optical
method (middle panel) and corresponding integrated scattered light intensity
from vertically polarised scattered light (lower panel).
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4.3.4 Laser Systems

The results, presented in this thesis were conducted with an argon ion laser (Coherent

INNOVA R⃝ 300C) and a diode laser of wavelengths 458 nm and 658 nm respectively. The

incident polarisation of the argon ion laser source was vertical to the scattering plane and

allowed detection of vertically polarised scattered laser light (IV V ). That of the diode laser

was horizontal to the scattering plane and permitted the detection of horizontally polarised

scattered laser light (IHH). For the single microdroplet characterisation experiments, a 15

mW and 12 mW power for the argon ion laser and the diode laser were generally used

for the droplet illumination. An argon ion laser (Coherent INNOVA R⃝ 300C), lasing at 528

nm wavelength with 25 mW power was similarly used for the illumination of microdroplets

during the aggregate formation and deposition experiments in the LEQT.

4.3.5 Materials and Procedures for Single Microdroplet Experiments
Materials

Table 4.1 gives a summary of the relevant physical properties of the materials used in this

work. Two grades of diethylene glycol (DEG) liquid: analytical standard, purity ≥ 99.5 %

(GC) and BioUltra, purity ≥ 99.0 % (GC) were purchased from Sigma-Aldrich and used

for the pure liquid experiment and preparation of mixtures of solution and suspensions

respectively. Sodium dodecyl sulfate, ACS reagent grade, purity > 99.0 % was also pur-

chased from Sigma-Aldrich and used with the DEG (purity ≥ 99.0 %) for the evaporation

of solution and suspension droplet experiments. Additionally, monodispersed colloidal sil-

ica (SiO2) nanospheres; C-SIO-0.25 and C-SIO-0.45 with 125 nm and 250 nm radii were

purchased from Corpuscular Inc. The mass concentration of the SiO2 was 5 %.
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Table 4.1: Relevant physical properties of experimental materials. Refractive index and
density of substances used in experiments @ 23 ◦C. The dispersion curves for SiO2

nanospheres (fused silica) and DEG were adapted from [107] and [108] respectively. The
surface tension of SDS and DEG were obtained respectively from [109] and [110].

Materials
Density
[kg/m]

Surface
Tension
[mN/m]

Molecular
mass [g/mol]

Refractive
index @
458 [nm]

Refractive
index @
658 [nm]

DEG 1.118 44.8 106.120 1.452 1.445

SDS
1.176
[111]

38 ± 1 288.372 1.461 1.450

Silica 1.700 - - 1.465 1.456

Sample Preparation

The experiments presented in this thesis were conducted on evaporation of microdroplets of

different composition generated from pure liquids, solutions and suspensions. The single

component liquid microdroplets evaporation studies were conducted with the analytical

standard DEG grade with the highest purity (≥ 99.5 %). Samples for the investigation of the

solution droplets evaporation processes were generated from the mixture of DEG (BioUltra,

purity ≥ 99.0 %) and SDS. The solutions were prepared based on molar concentration

measurements (i.e. Ci = ni/V = mi/MiV ). ni (moles) is the amount of i constituent

in the mixture. V , mi and Mi are volume of the mixture, mass of the constituent i in the

mixture and molar mass of the substance i respectively. The weights of the SDS solute

samples were measured with a Sartorius CPA225D analytical balance (Sartorius Weighing

technology, GmBH) with 0.01 mg readability. Different molar concentrations of DEG/SDS

solution (C = 20 mM, 40 mM, and 100 mM) were prepared by mixing weighted SDS with

DEG in an insulin syringe, followed by ultrasonication to obtain uniform mixing.

Similarly, for the experiments conducted on microdroplets of colloidal suspension of

DEG/SiO2/H2O/SDS mixtures, an initial suspension of DEG/SiO2/H2O was prepared and

successive percentages by mass of SDS was added. The prepared suspension was then

sonicated to obtain uniform mixing. The prepared liquid solution and suspension mixtures

were carefully transferred into the droplet on-demand injector under controlled dust free
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environment to prevent contamination of the samples during the liquid transfer process.

Experimental Procedure for Single Droplet Evaporation

Single microdroplets of pure liquids (DEG), solution (DEG/SDS) and colloidal suspension-

s (DEG/SiO2/H2O/SDS) were introduced into the trap centre using the droplet-on-demand

injector described in section 4.3.3. The droplets were charged by charge separation in the

external field of the trap on emerging from the injector nozzle. The vertical position of the

trapped microdroplets levitating at the centre of the trap was stabilised by balancing the

weight of the droplet with the DC field driven by a PID-type Matlab software controller.

A schematic of the electrodynamic quadrupole trap showing the optical arrangement of the

major recording peripherals is presented in figure 4.15. A microdroplet suspended at the

centre of the trap is simultaneously illuminated by a horizontally (H) polarised diode laser

(658 nm; 10 mW) and vertically (V) polarised argon ion laser (458 nm; 12 mW) with re-

spect to the scattering plane. The light scattered by the droplet is monitored and recorded

by a CCD camera (CCD 3 of figure 4.15 or 4.4) placed at the right angle of the scattering

plane at a scattering angular range of φ = 90 ± 16◦ (azimuth) and θ = 0 ± 5◦ (elevation).

The scattered light passes through a polarisation sheet (PS) that maps the horizontal po-

larisation of the scattered light to the scattering plane in the lower half of the camera and

vertical to the plane in the upper half of the camera. Figure 4.16 (a & b) and (c & d) shows

respectively the out-of-focus angularly resolved Mie scattering interference patterns and

in-focus images captured from an evaporating microdroplet composed of DEG/SiO2/H2O

mixture.

In figure 4.16a, characteristic, almost equidistant regular interference patterns on both

the vertical (upper half) and horizontal (lower half) polarisation channels can be seen at

the beginning of the evaporation process. The patterns can be ascribed to the interference

between the reflected laser light from the surface and the refracted laser light from the inner

surface of the droplet.
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Figure 4.15: Scheme showing the optical arrangement of the 3D electrody-
namic quadrupole trap (A). LP: linear polarisers, PS: polarisation sheet plate,
L: Lenses, CCD 2 and CCD 3 are cameras used for the in-focus imaging and
Mie scattering imaging respectively[65].

The reflected and the refracted lights manifest in the in-focus image as the two horizon-

tally displaced glare spots (figure 4.16c) appearing at the droplet equator [112]. The two

displaced glare spots can ideally also be used to determine the diameter of the droplet by

measuring the distance between them [113–115]. As the evaporation process proceeds, the

SiO2 inclusions emerge unto the surface of the droplet and the regular interference patterns

become depolarised and speckled (see figure 4.16b) [2, 64]. Subsequently the two bright

spots on the surface of the droplet also become speckled (figure 4.16d). The initial droplet

radius a0(t0) corresponding to the time (t0) of starting the droplet stabilisation process to

record the experimental data is obtained from the exact fitting of the spatial scattered light
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distribution (phase functions) recorded in the first movie frame with the Mie theory.

(a)

(d)

(c)

(b)

Figure 4.16: Images of out-of-focus interference patterns (a and b) and infocus
glare spots (c and d) observed during the microdroplet evaporation process
[116].

The time lapse between the emergence of the droplet from the nozzle of the droplet

on-demand injector and the start of the measurement procedure, mostly required to pre-

stabilise the droplet in the trap varies but is below 1 s. The relative expected radius change

within this time lapse is below 0.5% for the fastest droplet evaporation that we studied.

For solution droplet evaporation, the corresponding initial concentration (C0) increase is

below 1.5 % at most. Hence C0, corresponding to a0, is assumed equal to the prepared

initial solution/suspension concentration [116]. However, another possible source of error

that can influence the initial concentration of the droplet is the evaporation of solute di-

rectly from the nozzle of the droplet on-demand injector prior to injection. This error is

hard to estimate, but can be minimized by expelling a few droplets just before the proper

measurement.
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4.4 The 2D Linear Electrodynamic Quadrupole Trap

The linear electrodynamic quadrupole trap utilises the quadrupole field created by four par-

allel rods spaced in a square pattern with an AC voltage applied to pairs of diametrically

opposing rods as shown in figure 4.17a. The time-varying field constrains the charged parti-

cles to a point in the two-dimensional plane perpendicular to the rod axes, producing a line

of stability along the geometric centre in the Z-direction. The weight of the trapped parti-

cle is balanced by a static DC field from two annular rings as shown in figure 4.17b. This

method has been exploited in the field of ion mass spectroscopy where the quadrupole field

and a varying potential bias across the rods are used to filter ionized molecules/molecular

fragments by their charge-to-mass ratio [117].

Figure 4.17: (a): Charged particles can be confined at the time-average pseudo-
potential minimum point created by an AC potential on the rods in the plane
perpendicular to the linear electrodynamic quadrupole traps vertical axis. (b):
Trapped particles confined along the central axis in-between the annular rings.
Images adapted from [117].
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The linear electrodynamic quadrupole trap (LEQT) system used in this work for the

aggregate formation and deposition consists 4 rod electrodes with two spaced annular elec-

trodes around them in vertical alignment. Other components includes the climatic chamber,

the laser source, a CCD cameras (Giganetix Camera GC651, 14 f/s, SMARTEK Vision) and

the droplet on demand injector. The droplet on demand injector is driven by a high voltage

linear amplifier (High Voltage Amplifier, AMS.AMT series, Matsusada Precision Inc.).

Argon ion laser

 @ 528 nm

M
Rode electrodes

Annular 
electrodes

Droplet on 
demand injector

Microscope objective 
system and CCD camera

(Imaging  system)

B

Train of levita g
droplets/aggregates

Silicon substrate placed 
on platform for dried 
aggregates deposition

Climatic chamber

Figure 4.18: Linear electrodynamic quadrupole trap (LEQT), M-mounted mir-
ror for directing laser beam into the trap. B - Blocker (for preventing stray
droplets from contaminating the substrate surface).

The 4 electrodes provide the alternating (AC) electric field in a quadrupole configura-

tion which constrains droplets (aggregates) horizontally to a narrow vertical linear region.

The trap is contained in a small climatic chamber which is made of a double-walled air
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tight chamber that can be cooled/heated with Peltier elements. The chamber is equipped

with four accessible side ports together with a top and bottom entrance openings. The

top and bottom openings are respectively used for laser light illumination of a trapped

droplet/aggregates along the line of stability (vertical axis) and insertion of aggregate de-

position platform. The climatic chamber together with the Peltier elements provides the

capability to control the internal atmospheric composition and stabilise temperature in the

trap.

4.4.1 Formation of Aggregates and Deposition Experiments
Sample Preparation

Different molar concentrations of SDS solutions (C = 20 mM, 40 mM, 70 mM and 100

mM) were prepared by mixing weighed SDS with DEG to form the DEG/SDS solution

component. The solution mixture was sonicated to ensure uniform mixing and passed

through a syringe filter of pore size 0.22 µm (Chemland, Nylon 66 SFNY025022N) to

remove any dust and unwanted residues. A constant mass fraction of colloidal SiO2 (0.0128

g of SiO2 nanospheres in 0.25 ml of colloidal SiO2 suspension) was added to the DEG/SDS

solution to form a mixture of DEG/SDS/SiO2/H2O colloidal suspension. The mixture was

again sonicated to obtain uniform mixing and carefully transferred into the droplet on-

demand injector for the experiments.

Experimental Procedure for Aggregate Production

The experimental process involves three main stages: droplet generation, droplet evapora-

tion/drying and aggregates deposition. The droplet evaporation/drying process takes place

in the linear electrodynamic quadrupole trap (LEQT) presented in figure 4.18. The 4 elec-

trodes, driven with ∼ 10 kV AC voltage, provide the alternating electric field that constrains

droplets (aggregates) horizontally to a narrow vertical linear region. A stabilising loop DC

voltage (up to ± 1.1 kV) driven by a PID-type software controller is applied across the

annular electrodes to balance the weight of the constrained droplets at the centre of the trap
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along the vertical pseudo potential minimum. The DC voltage can also be regulated manu-

ally to control the vertical position of the droplet(s)/aggregate(s) by sequentially adjusting

the DC field balancing their weight.

Generation of charged microdroplets into the trap is achieved with the droplet-on-

demand injector [103, 104] placed at one of the side viewing ports of the LEQT. The

droplets are charged by a pair of charging electrodes (charger) made of wire rings attached

just in front of and just behind the ejection aperture of the nozzle of the droplet-on-demand

injector. The sign and the approximate value of the charge on a microdroplet injected into

the trap are adjusted on demand [118] by changing the injection timing, amplitude of the

driving pulse and the voltage of the charger. Droplets injected into the trap are illuminated

by a control laser beam of wavelength 528 nm along the vertical axis and are observed by

a CCD camera placed at one of the side viewing ports. A PID-type loop controller is used

to stabilise the droplet(s)/aggregate(s) positions along the vertical axis of the trap using im-

ages provided by the CCD camera and with the aid of the applied DC voltage to the annular

electrodes.

At the desired moment in time, the aggregate deposition process is realised by slowly

lowering the DC field balancing the weight of the aggregates and gentle deposition of the

final dry aggregates/microobjects singly onto a silicon substrate placed on the deposition

platform inserted from the bottom of the LEQT. This allowed gradual and timely deposition

of the aggregates without modifying the final morphology of the dried microobjects. An

exemplary photos of a train of constrained wet droplets (figure 4.19a) and dried aggregates

(figure 4.19b) along the vertical axis of the trap is shown in figure 4.19. The deposited

products are analysed off-line by scanning electron microscopy (SEM) to provide direct

visualisation of the final morphologies of the final dry microproducts. Results obtained by

drying microdroplets of solution and colloidal suspensions are presented in section 5.2.
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(a) Train of dried
 aggregates

Silicon

Substrate

Train of wet
droplets

(b)

Figure 4.19: Photo of trapped droplets held along the vertical axis of the trap.
(b) Dried aggregates after the solvent evaporation and upward insertion of the
landing platform with the silicon substrate from the bottom of the trap for the
aggregate deposition. The white bright areas of the image are reflections from
the laser on the substrate surface and walls of the electrodes.
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4.5 Data Processing for Microdroplet Characterisation us-
ing Graphics Processing Unit

GPU has evolved into a highly parallel processor with tremendous computational horse-

power [119, 120] and has found major applications in the light scattering domain [121–

123]. In this study, we needed to solve an inverse problem in order to analyse the exper-

imental light scattering data, i.e. to calculate the radius of the droplet from the scattering

pattern for a large number of possible radii to obtain the droplet size evolution. Data pro-

cessing for the recorded experimental data for studying th dynamics of the droplet evapo-

ration process is divided into two parts. The first part involves pre-processing of the raw

movie data recorded from experiments. It is then followed by the inversion procedure to

obtain the temporal evolution of the droplet radius. The implementations of these two parts

are carried out by an in-house-made subroutines running separately on GPUs. Detailed

description of the GPU implementation algorithms for both the data pre-processing and

inversion procedures can be found in [101] and [57] respectively. A brief description is

however presented in the next sections.

4.5.1 Data Pre-Processing Stage

The experimental Mie scattering patterns are recorded in the form of movies by the CCD

camera (CCD 3) placed at the 90 ◦ scattering angle. The movies are encoded in an ARW6

AVI files format (Raw16 bit, 640 x 480 resolution). Mostly, the studied single microdroplet

suspended at the centre of the electrodynamic trap evaporated within a period of 1 - ∼ 40

minutes depending on the composition of the droplet and resulted in huge Gigabit sum-

s of data. Additionally, the subsequent imaging of these interference patterns using the

plano-convex lenses of the objective system inherently introduces optical aberrations in

the recorded data. Thus, a necessary requirement for the data pre-processing stage was to

estimate a number of parameters before the inversion procedure for high accuracy of the

droplet radius evolution. The Mie-type data pre-processing stage needed for the inversion

procedure consists of two major steps [101]:
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a. finding an aberration correction function common for all recorded images (each

frame in the recorded movie data) for numerical correction of aberrations introduced

by the plano-convex lenses in the objective system described in section 4.3.2, as well

as correction of the droplet position versus the centre of the trap and the position of

the out-of-focus CCD camera plane, and

b. conversion of all images in the movie data to a sequence of 1D distributions of light

intensity versus a reduced common 700-element azimuth angle vector for all the in-

cident light polarisations. This second step involves a series of computational tasks

including pixel decoding, debayering and aberration correction, as well as pixel sort-

ing versus azimuth angle, walking average of light intensity and reduction to 700-

element azimuth angle vector.

The workflow of algorithms executing the two data pre-processing steps is shown in figure

4.20. Both processes are implemented by separate subroutines on GPUs based on C-like

codes running on CUDA platforms and have been documented elsewhere in [101]. In

running the application, the movie pre-processing is done frame by frame. For each frame,

firstly, an averaged background for each colour (incident wavelength) is subtracted in the

upper and the lower halves of the image. Then, the correction function is applied. All the

pixels are then ordered verses the azimuth angle and the scattered light intensity (for both

wavelengths) is smoothed versus azimuthal angles (θ), which entails also averaging over

elevation angles (φ).
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Figure 4.20: Top: The outline of the Pike Reader application work-flow.
Bottom-left: the image intensity correction array in one of the colour channels
(Blue channel). Bottom-right: visualization of a sample of IHH array[101].
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Finally, the angular intensity distribution is scaled to a 700-element vector correspond-

ing to a 700-element azimuth angle vector, which is common for all frames. The results for

the whole pre-processed movie data are stored in 2D arrays named Ipp(IHH) for p(H) (hor-

izontal) polarisation and Iss(IV V ) for s(V) (vertical) polarisation. In order to keep order

of notations the use of IV V and IHH will be used in the rest of the thesis. The IV V and IHH

2D arrays contain the angular and temporal evolution of intensity distribution IV V (θ, φ, t)

and IHH(θ, φ, t) of the scattered light intensities. Figure 4.21 shows an exemplary out-

put of pre-processed intensity distribution surface data plot. It displays the evolution of

IV V (θ, φ, t) for an evaporating microdroplet of pure DEG liquid.

Figure 4.21: Surface plot showing evolution of intensity distribution of ver-
tically scattered lights from vertically polarised incidence lights for the evap-
oration of pure DEG microdroplet evaporating under controlled atmospheric
conditions.
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The sequence of the angularly resolved intensity distributions IV V (θ, φ) and IHH(θ, φ)

with θ and φ dependences from the experimental data (droplet evaporation) are compared

with theoretically stored library of Mie theory predictions (look up table method) for the

inversion procedure to obtain the droplet radius evolution. Additionally, the pre-processed

IV V (θ, φ) and IHH(θ, φ) signals can be integrated over the scattering angles (θ and φ) to

obtain their temporal dependences IV V (t) and IHH(t) (See section 5.1.4).

4.5.2 Data Inversion Procedure for Droplet Size Evolution Using GPU

Mie calculations have gained a reputation for being time-consuming because of the upper

limit imposed by the estimation for the minimum required expansion order of the spherical

Bessel functions usually expressed as:

nmax = xmax + 4x1/3max + 2 (4.10)

where xmax is the upper limit value of the size parameter. It was however prudent to struc-

ture the Mie computation for maximum efficiency, while at the same time maintaining

accuracy and avoiding numerical instability and ill-conditioning. Here, these computation-

al tasks were executed on GPUs by numerical algorithms that find the solution of the linear

least square problem defined by:

min
rn

√∑
θ

[Iexp(θ, φ)− s(rn)Itheo(θ)]2 (4.11)

rn is vector of stored radii and s(rn) is the regularization parameter expressed as:

s(rn) =

∑
θ

Iexp(θ, φ)Itheo(θ, rn)∑
θ

I2theo(θ, rn)
(4.12)

The quantities Iexp(θ, φ) and Iexp(θ, φ) correspond respectively to experimental light

scattering patterns (phase functions) and matrices (look-up-tables) of theoretically gener-

ated phase functions calculated for given droplet radii (rn). The implementation of the

inversion algorithms is subdivided into two main steps [57]:
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• Generate pattern procedure and

• Reference distance algorithm calculations

The "Generate Pattern" procedure calculates the theoretical lookup table used for the

data inversion. It is based on numerical computations of quantities implicit in the gener-

al solution of the Mie theory over the particle radius (rn), refractive index mand incident

wavelength λ. These quantities involve the angle-dependent functions (πn and τn), the scat-

tering coefficients (an, bn) of equation 2.23 and 2.24 and finally the scattering amplitudes

(S1 and S2) of equation 2.27 and 2.28.
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Figure 4.22: The phase functions corresponding to an electrodynamically
trapped ethylene glycol droplet with Mie theory calculations for illumination
wavelengths 532 nm and vertically polarised incidence light. The experimental
droplet phase function (black line) with the Mie theory calculation of best fit
(red line) [57].
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The "Reference Distance" procedure performs numerical inversion using the "Gener-

ate Pattern" results and finds the radius of the sphere corresponding to the experimentally

recorded Mie phase functions. It calculates the regularization parameter s(rn) which is used

to normalize the differences between the experimental and the theoretical phase functions

and subsequent fitting of the two scattering phase functions. The process is concluded with

an output droplet size evolution when the value of the radius corresponding to the numeri-

cal predicted values of the phase functions with minimum distance from the experimental

one is accepted as the experimental value of the droplet (particle) radius. In this work,

droplet radius evolution based on this method was used. In the case of the solution and

suspension microdroplet evaporation processes, the method is supplemented by the stabili-

sation voltage obtained synchronously via the electrostatic weighting of the droplet during

the evaporation process.
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CHAPTER 5

Results and Discussions

In this chapter, droplet size evolutions, thermodynamic-like surface diagnostics and inte-

grated scattered light intensities characterising evaporation of microdroplets of different

compositions at relatively controlled atmospheric conditions will be presented. The evapo-

ration of solution and colloidal suspension microdroplets leads to formation of evaporation

-driven microproducts after the evaporation process. Hence in addition, formation of dif-

ferent microobjects of single and mixed component aggregates will be shown. The chapter

is divided into two parts.

In the first part, results obtained from temporal evolution of pure, solution and suspen-

sion droplet radii based on the Mie scattering lookup table method (MSLTM, see section

4.5.2) will be presented. For the solution and suspension microdroplets, the evolution of the

droplet radius using the MSLT method will be supplemented by the electrostatic weighting

signal obtained from stabilisation of the droplet position at the centre of the trap. Addition-

ally, thermodynamic -like modelling of the evaporation rate in the form of surface pressure

isotherms will be presented. Analysis of integrated scattered light intensities will be pre-

sented as a means of further diagnostics for the interaction of laser lights with the surface

properties of the evaporating microdroplet of different compositions. In these results, we

will seek to investigate sizes and surface evolutions of microdroplets of diethylene glycol

and the influence of added inclusions (SDS and SiO2) on the dynamics of the evaporation

process and microstructure evolutions.

In the second part, production of final dry microobjects of different properties from
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the aggregate deposition experiments (section 4.4.1) will be presented. Here, an off-line

micrographs from scanning electron microscopy (SEM) imaging of different aggregates

with variable sizes and compositions will be shown. This should further compliment our

understanding of the aggregation processes that led to the observed optical diagnostics

presented in the first part. Analysis of the final microproducts morphology evolutions will

also be presented. Each of the two parts will be followed by a short summary of the

presented results.

5.1 Part I: Diagnostics of Elastic Light Scattering from
Levitated Microdroplets Evaporation

Two aspects of the light scattering measurements are employed particularly for measuring

the optical properties of the microdroplets. The first is the angular dependence of the elastic

scattered radiance from which the evolution of the droplet radius is obtained. The second

is the existence of the droplets optical modes of the Mie structural resonances from which

the temporal dependence of the intensity signals are obtained. These two light scattering

measurements are the primary diagnostic tools employed in the optical characterisation

of the various composed droplets studied in this work. Parts of these results have been

published in [65, 116].

5.1.1 Measurement of Droplet Radius

Pure liquid microdroplets of diethylene glycol (DEG), solution microdroplets composed

of DEG/SDS and colloidal suspensions of DEG/SDS/H2O/SiO2 were injected into the trap

(see section 4.3.5) and characterised optically by measuring the angularly resolved Mie in-

terference patterns in the form of huge gigabytes of AVI movie file data. The raw angularly

resolved Mie interference patterns were preprocessed using the PikeReader Application

[101] and subsequently inverted to obtain the temporal evolution of the droplet radius us-

ing the MSLT method. The Mie scattering look up table method involves fitting of the

complete Mie theory predictions stored in a Library to an experimentally obtained elastic
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light scattering patterns or phase functions. The elastic scattered patterns are dependen-

t on the incident light wavelength λ, the droplet size a and the real refractive index m.

The refractive indices used for the inversion procedure were extrapolated as a function of

wavelength at 23 ◦C using the Cauchy dispersion relation [124]:

m(λ, T ) = −0.00026 ∗∆T + A0 +
A1

λ2
+
A2

λ4
(5.1)

where A0, A1 and A2 are the Cauchy parameters. ∆T = T − Tref is constant and Tref is

the reference temperature.

DEG Droplet Evaporation

Figure 5.1 present radius a(t) verses time evolutions for "pure" DEG droplets (DEG 1 -

6) of several initial sizes. The biggest droplet DEG 1(red) had initial radius of a0 = 26.94

µm whiles the smallest droplet DEG 6 (navy) had initial radius of a0 = 6.40 µm. The

initial droplet sizes were controlled with the parameters of the droplet-on-demand injector

[125]. Real liquids used in experiments always contain some amount of residual impurities

in the form of substances of higher and lower volatility or non-volatile substances and

insoluble particles. Such residues manifest as well in the radius evolutions at the later

stages of the evaporation process (figure 5.2). Additionally, the presence of these residual

impurities can equally reduce the evaporation rate as the evaporation progresses [75, 126]

and consequently a deviation of the a2 - law from linearity and many a times an observation

of curvature in the evolution of the a2 - law.
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Figure 5.1: Temporal evolution of radii of DEG droplets of several initial sizes
evaporating in nearly dry nitrogen gas atmosphere of relative humidity 5 ±
3.5 % and under constant temperature of 23 ± 1 ◦C and standard pressure
conditions. Initial radius, a0 [µm]: DEG 1 (a0 = 26.94), DEG 2 (a0 = 18.66),
DEG 3 (a0 = 12.70), DEG 4 (a0 = 12.28), DEG 5 (a0 = 9.98), DEG 6 (a0 =
6.40).

Under normal experimental conditions, i.e. constant atmospheric and temperature con-

ditions in the trap, the evaporation rate for the pure DEG can be described by equation 3.17.

This can be restated as [23]:

a2 = a20 − β(t− t0) (5.2)

where β =
2DijPa(Ta)

ρlRTa
is constant under these conditions [127]. D

ij
is the diffusion coeffi-

cient for the evaporation species i in surrounding gas j and is mainly temperature dependent

[127], Pa is the vapour pressure at the surface of the droplet at surface temperature Ta. R

and ρ
l

are respectively the universal gas constant and density of the liquid, a0 is the initial
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droplet radius at time t0.
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Figure 5.2: Temporal evolution of radii of selected DEG microdroplets of sev-
eral initial sizes showing the influence of and presence of residual impurities.

For pure liquid microdroplets, the evolution of the evaporation rate of change 2aa′ is

constant if there exist no temporal evolution of droplet surface non-uniformity or density

fluctuations at the droplet surface. Additionally, equation 3.17 known as the a2 - law states

that, the evolution of the droplet radius squared or the droplet surface area varies linearly

with time [117]. Figure 5.3 show a2 verses time for selected "pure" DEG microdroplets

(DEG 1, DEG 2, DEG 3 and DEG 6) converted from figure 5.1. Here, the result is presented

as normalized non-dimensional droplet surface evolutions. i.e. (a/a0)2 vs t/a20. The use of

this type of normalization is advantageous since by normalizing both axes with the square

of the initial droplet radius (a20), the results become independent of the initial droplet size.
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Figure 5.3: Temporal evolution of squared radii of selected DEG droplets nor-
malized with the initial radii. (a) DEG 1, (b) DEG 2, (c) DEG 3 and (d) DEG
6.

In figure 5.3, a liner fit to the normalised a2 evolution is shown in grey (dash lines). The

deviations of the a2 -law from linearity increases as the sizes of the initial droplet radius.

This is obvious since bigger droplets contain higher density of residual impurities than

smaller droplets. As evaporation only occurs at the surface of the droplet, bigger droplets

with large surface area evaporates faster than smaller droplets. This is seen in the slopes of
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the linear fit to the speed of evaporation in figure 5.3. For low concentrations of the residual

impurities, the influence of the residual impurities can be circumvented by using equation

3.22. Similarly, the effects of impurities can be accounted for by incorporating a second

order term α in equation 3.17 as [23]:

a2 = a20 − β(t− t0) + αt2 (5.3)

DEG/SDS Solution Microdroplets Evaporation

The concentrations of SDS solutions studied in this work were higher than the critical mi-

celle concentrations (CMC, 8.2 mM) [128]. Above the CMC, SDS form insoluble mono-

layers [23, 24], crystalline phases [129] and also aggregate to form metastable microgel

state or complex structures of nanocrystals [130]. In this case, it is expected that the p-

resence of SDS in DEG droplet should influence the evaporation rate and obviously the

evaporation process. However, as already noted, it is known that, the effect of SDS concen-

trations on the evaporation rate of droplet does not alter the drop evaporation rate during

the evaporation process [10, 20, 23, 24]. Hence diagnostics of surfaces and structure evo-

lutions from droplet evaporation processes will be considered rather than detailed analysis

of the droplet evaporation rates.

In section 4.3.5, the synchronous recording of the Mie interference patterns by CCD 3

and the electrostatic weighting of the droplet (CCD 2) provides an additional advantage of

obtaining comparable evolution of the droplet radius a(t) [98, 116]. Knowledge of a0 at

the time t0 from the optical measurements (MSLTM), allow calibration of the stabilisation

voltage VDC(t) to obtain equivalent droplet/aggregate radius evolutions for the entire evap-

oration process. Using equation 4.5, the mass m(t) evolution of the droplet suspended at

the centre of the trap can be expressed as:

m(t) = kVDC(t) (5.4)

where k is a scaling factor given as k = a30/VDC0
. a0 is the initial radius obtained from the

optical MSLT method. Here again, a0(t0) corresponds to the time (t0) of starting the droplet
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stabilisation process to record the experimental data and is obtained from the exact fitting

of the spatial scattered light distribution (phase functions) recorded in the first movie frame

with the Mie theory. VDC0
is the initial value of the stabilisation voltage VDC(t) obtained

from the electrostatic weighting of the droplet. It is assumed that, the charge q of the

droplet is usually constant since no coulomb explosions were observed during the droplet

evaporation processes [126]. For solution and suspension droplet evaporation processes,

the effective density ρeff of the droplet is also considered constant. Figure 5.4 show the

evolution of VDC(t) and the optical radius a(t) obtained for an evaporating microdroplet of

DEG/SDS solution at an initial SDS concentration of 20 mM.
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Figure 5.4: DEG/SDS droplet radius evolution obtained with MSLTM for a
solution droplet at an initial SDS concentration of 20 mM (deep yellow empty
circles). Stabilisation voltage (VDC) obtained from weighting of the droplet
at the centre of the trap shown by the line with empty circles (grey). The
red line shows the calibration of the stabilisation voltage with the MSLTM
for the entire droplet/SDS crystallisation process in a nearly dry nitrogen gas
atmosphere and standard pressure conditions in the trap.
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The red line shows the calibration of the stabilisation voltage with the MSLTM for the

entire droplet/SDS crystallisation process. It is worth noting that, the two complemen-

tary methods of droplet size measurements enabled accurate determination of the entire

droplet/SDS crystal radius evolution. Weighting becomes particularly indispensable, when

the experimentally obtained Mie phase functions loses its regular structure and the de-

termination of droplet size using the optical method becomes compromised [10, 23] or

impossible. In figure 5.4, the use of the MSLT method for the entire DEG/SDS evaporation

process breaks down after t = 284 s (see insert in figure 5.4). This is due to the devas-

tation of the regular Mie interference fringes by the SDS solutes appearing at the droplet

surface. During this process, the regular Mie interference fringes transformed into irregular

speckled interference patterns and the fitting procedure then become compromised. How-

ever, careful examination of the evolution of the calibrated droplet radius indicates that, the

droplet (“wet” object) was still drying after the liquid-wet-solid object phase transitions.

Figure 5.5 and 5.6 show temporal evolution of radii of different microdroplets of vari-

able initial sizes from the evaporation of DEG/SDS solution at an initial SDS concentra-

tions of 40 mM (SDS 1-3) and 100 mM (SDS a - e) respectively. Similarly, the evolution of

(a/a0)
2 vs t/a20 is shown in figure 5.5b and 5.6b respectively. Evaporation of microdroplets

containing SDS non-volatile solutes in the volatile DEG solvents create non-uniformity in

the concentration distributions inside the droplets as the droplet size decreases. The exis-

tence of the growing non-uniform concentration gradients ultimately leads to variations in

the mode in which the solvent evaporates from the droplet surface and affects the droplet-

s evaporation rates [131]. In both figure 5.5 and figure 5.6, the evolution of the droplet

radius a(t) as well as the droplet surface were characterised by evaporation driven phase

transitions or stages. These characteristic droplet surface transitions appeared prominently

as kinks in the evolution of the droplet radius or in the surface area. These transitions can

be seen in figure 5.5b and the insert for the SDS 2 and SDS 3 microdroplets from t = 235

s to ∼ 380 and from t = 370 s to ∼ 620 respectively. Similar transitions were observed for

the dense (100 mM) DEG/SDS solution microdroplets evaporation processes in figure 5.6.
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Figure 5.5: (a) Radius evolution of DEG/SDS solution microdroplets of vari-
able sizes at an initial SDS concentration of 40 mM evaporating in a nearly
dry nitrogen gas atmospheric and standard pressure conditions in the trap. (b)
Evolution of normalized squared radius extracted from (a). Insert: log scale of
the vertical axis to show the pronounced evaporation transitions.
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Figure 5.6: (a) Radius evolution of DEG/SDS solution microdroplets of vari-
able sizes at an initial SDS concentration of 100 mM evaporating under s-
tandard atmospheric conditions. (b) Evolution of normalized squared radius
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In figure 5.6, it is observed that, the transitions are much more pronounced for smaller

droplets than bigger droplets (compare e.g. SDS e and SDS a). This observation can

be explained as due to the surface layer thickness of the crystallised SDS at the droplet

surface. For bigger droplet, it is expected that, the density of SDS in the droplet from the

initial evaporation processes is higher. As a result, thicker layer of SDS crystallised surface

can be expected to be created at the droplet surface and hinders the diffusion of the DEG

dispersant through the surface. However, such a scenario can be mild for smaller droplets.

Evaporation Model and DEG/SDS Solution Droplet Evaporation

As evidenced in figure 5.5, the presence of SDS in the DEG droplet greatly influences the

evaporation process. Figure 5.7, show the solution of the evaporation model (dark grey)

presented in section 3.2 fitted to selected experimental a(t) evolutions for the DEG/SDS

solution microdroplets (SDS e, SDS 3, SDS a and SDS c). The vapour pressure at the

droplet surface was expressed in terms of the Köhler equation [74, 75, 77] in a simplified

form as:

Pa(Ta) = Psat,w(Ta)exp
[ M

RTaρl

2σl
a

− ns

(a/a0)3 − ns

]
(5.5)

It should be noted that, S, the relative humidity in equation 3.22 is considered constant

throughout the entire a(t) evolution. ns is approximately equal to the effective mass frac-

tion of SDS and other residual impurities in the droplet. Additionally, for micron-sized

droplets, the surface tension effect can be assumed negligible [132]. Diffusion coefficient

for diethylene glycol liquid, D = 7.3 ± 0.017 × 10−3 [m2s−1] was taken from [133] and

used in the evaporation model for the fitting procedure. The value of ns was varied due to

different droplet sizes and compositions.

From figure 5.7a, it can be observed that, for the smallest droplet (SDS e) with a0(t0)

= 7.10 µm), the model equation compares well at the initial evaporation stages till t =

120 s. After, t = 120 s, the model fails to predict the ensuing slow evaporation process

characterising the drying of the wet/dry SDS crystallised structure formation from t = 120

s to 350 s. From t = 120 s another phenomenon seems to be responsible. The sudden

decrease in the evaporation rate from t = 120 s to t = 350 s is due to the formation of an
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insoluble layer at the droplet surface similar to earlier observations made by Taflin et. al

[23].
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Figure 5.7: Comparison of evaporation model to experimental a(t) evolu-
tions. (a) - magenta, (c)- green and (d) - navy: experimental a(t) evolution for
DEG/SDS solution microdroplets at SDS concentration of 100 mM with a0(t0)
= 7.10 µm, 11.82 µm and 16. 54 µm respectively. (b) - grey: experimental a(t)
evolution at SDS concentration of 40 mM with a0(t0) = 9.34 µm. The deep
grey line is the model fit of the evaporation model presented by equation 3.22
with D = 7.3 ± 0.017 × 10−3 [m2s−1], T = 296.15 ± 1.5 K, ns = 0.023 , 0.011,
.0252, and 0.0424 respectively for figure 5.7a - 5.7d.
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After the formation of the interfacial layer, the mass transfer became controlled by

transport of DEG through the layer rather than by diffusion of DEG vapour in the sur-

rounding atmosphere surrounding the droplets. As such, the SDS crystallised structure

from t = 120 s assumes the properties of a porous material. Hence, the drying process of

the DEG/SDS solution was carried through pores created by the interfacial SDS crystallised

layer at the droplet surface. In figure 5.7b, the model compares well with the experimental

a(t) evolution till t ∼ 100 s for the droplet with SDS concentration at 40 mM. The value

of ns used in the model was 0.011. The experimental evaporation process is observed to

be slower than the model predictions. This seem to suggest that, in a way, the addition

of SDS to the pure DEG droplet influences the evaporation process by slowing down the

evaporation rate.

For the dense DEG/SDS (100 mM) microdroplets evaporation processes, similar devi-

ations of the model fitted to the experimental radius evolution can be seen in figure 5.7c

and 5.7d for the bigger droplets with ns = 0.0252 and 0.0424 respectively. In figure 5.7c

and 5.7d, the model compares well till t = 280 s and t = 386 s respectively. From t = 280

s and t = 386 s in both figures, the evaporation process predicted by the model is faster

than the evaporation rate observed experimentally. These deviations are associated with

the simplicity of the model in describing the entire evaporation and drying process and the

following factors not accounted for in the model.

Generally, the most standard statement for droplet evaporation is that, the change of

droplet surface is proportional to the diffusion coefficient (diffusivity) of the vapour of liq-

uid (solvent) in the atmosphere surrounding the droplet and difference of vapour densities

- near the surface and far away as described by equation 3.22 in chapter 3. In the case of

the droplets with inclusions the solution of equation 5.5 can be applicable. However, such

description only describes evaporation process of ideal liquids with uniformly distributed

inclusions of low concentrations (ns). The model takes no account of the changing proper-

ties of the droplet surface such as the mass fraction of suspended inclusions, roughness of

the droplet surface as well as the state of the droplet surface during the drying processes.

Additionally, the influence of porosity due to the presence of the suspended inclusions at
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the droplet surface is not accounted for by the model. Other factors such as the influence

of hygroscopic properties and diffusion coefficient of the DEG liquid can also have effects

on the evaporation process. Detailed analysis of these factors leading to the misfit of the

evaporation model to the experimental data is beyond the scope of this thesis and requires

additional studies on its own.

DEG/SiO2/H2O/SDS Colloidal Suspension Microdroplets Evaporation

Figure 5.8 show the evolution of three different microdroplets composed of DEG/SiO2/H2O

colloidal suspension with 0.5 %, 1 % and 1.24 % of SDS added to the mixture respectively.
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Figure 5.8: DEG/SiO2 microdroplet evolutions with different percentages of
SDS by mass added to the initial DEG/SiO2 colloidal suspension. Red line:
DEG/SiO2 microdroplets of a0(t0) = 9.11 µm with 1 % of SDS, Olive line:
DEG/SiO2 microdroplet of a0(t0) = 8.90 µm with 1.24 % of SDS and Grey
line: DEG/SiO2 microdroplet of a0(t0 = 8.56 µm with 0.5 % of SDS.
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As observed in the earlier sections for the solution droplet evaporation processes, sim-

ilar evaporation driven transitions can be observed in the droplet radius evolutions. This

observations characterise the drying stages leading to the final structure of the SDS/SiO2

microobjects morphology.

5.1.2 Evolution of Mean Concentration of SDS

Since the mass of the SDS solute (mdry = ρ
dry

4πa3dry/3) in the droplet is constant and

known a priori, knowledge of adry at the end of the drying process together with the no-

tion of mass concentration (CSDS(t) = mSDS/(mSDS + mDEG(t))) provides a measure

of the mean dry concentration of SDS at the droplet surface. Figure 5.9a show the evolu-

tion of the mean concentration of SDS at the droplet surface for droplets of different SDS

concentrations at 20 mM, 40 mM and 100 mM. Th initial radius a0 of the droplets were

respectively 9.34 µm (20 mM), 9.53 µm (40 mM) and 9.76 µm (100 mM). Similar result

is also presented in figure 5.9b for a bigger droplet of twice the initial sizes of the droplets

shown in figure 5.9a with initial radius of 18.55 µm (100 mM). It can be seen that, the final

mean concentration of SDS is independent of the initial droplet composition. A mean con-

centration of 0.55 ± 0.05% can be observed at the end of the droplet evaporation process

for both the smaller microdroplets (ca. 9 µm) and the bigger microdroplets (ca. 18.55 µm)

respectively.
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Figure 5.9: Evolution of mean dry SDS concentration at the droplet surface
from the evaporation of DEG/SDS solution microdroplet. (a) Green line (20
mM), red line (40 mM) and dark grey line (100 mM). The initial droplet radii
were respectively 9.34 µm, 9.53 µm and 9.76 µm in that order. (b) bigger
droplet of initial radius 18.55 µm from droplet of SDS concentration at 100
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The critical concentration of SDS (crystallisation concentrations) at which SDS starts

to crystallise or form an insoluble layer at the droplet surface can be obtained from the

initial droplet radius a0, the initial concentration of the solution C0 and the critical radius

acryst(tcrit). This can be expressed as [88]:

Ccryst = C0

[
a0
acryst

]3
(5.6)

5.1.3 Droplet Surface Diagnostics using Surface Pressure Isotherms

Knowledge of the evaporation rate aa′(t) and droplet radius a(t) evolution make it pos-

sible to have a look on the surface properties of evaporating object ("droplet") using the

notion of surface pressure Π and eventually presenting it as a kind of area - surface pres-

sure isotherm as the function of radius a(t). The evolution of the pressure isotherms are

associated with the creation and collapses of the droplet surface states. This is particularly

due to the continuous population of the droplet surface by the submerged inclusions. These

presentations allow thermodynamic -like analysis of the surface of the droplet during the

evaporation process. Π is defined as the difference of surface tension of pure liquid and

suspension [134]:

Π ≡ (γ0 − γ) =
a

2α
ln

(aa′)0
aa′

(5.7)

where γ is the (effective) surface tension of suspension (or solution), γ0 is the surface

tension of pure liquid (solvent). (aa′)0 is the evaporation rate of liquid approximated with

the evaporation rate at t = 0.

Figure 5.10a and 5.10b displays the pressure isotherm for the evaporation of DEG/SDS

solution microdroplets at SDS concentration of 40 mM and 100 mM respectively. It char-

acterises the thermodynamic -like phase transitions of the submerged non-evaporating SDS

component in the droplet and their assemblage at the droplet surface. The evolution of the

pressure isotherm is plotted against the droplet radius a(t) in figure 5.10a for the lower SDS

concentration at 40 mM and against SDS concentration in figure 5.10b for the more denser

SDS concentration (100 mM) respectively.
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Figure 5.10: Surface pressure isotherm of evaporating droplet of DEG/SDS (a) verses
droplet of initial radius and (b) verses SDS concentration of droplet with a0 16.48 µm.
G - Gas, L1 - liquid expanded state, L2 - liquid condensed state and S - solid state, SC -
surface collapse
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A number of distinct regions or thermodynamic-like phases can be seen on both the

radius and the concentration dependence of the evolution of the pressure isotherms. In

figure 5.10a, at the initial stages, the distribution of SDS at the droplet surface from ∼ 10

µm - ∼ 7.5 µm existed as gas-like phase (G). At this phase, the population of the SDS

that has emerged unto the droplet surface can be assumed negligible and can be considered

as molecular interactions of a gaseous phase. The dispersion of the points in this region

is due to noise observed in the experimental data due to non stability of the droplet at the

initial evaporation stages and a(t) differentiations. Further decrease in the droplet size led

to compression of the surface and a few population of the submerged SDS crystallites at

the droplet surface. A subsequent phase transition to the liquid-expanded phase (L1) from

∼ 7.5 µm - ∼ 5 µm can be observed. Upon further compression, the L1 phase undergoes a

transition to the liquid condensed state (L2) from ∼ 5 µm - ∼ 3.5 µm, and at even higher

densities, the surface layer of SDS inclusions finally reaches the solid phase (S) ∼ 2.4 µm

forming the wet SDS crystalline object as results of larger populace of the SDS crystallites

at the droplet surface. Further compression after reaching the solid-like phase (S) led to the

surface collapse ( ∼ 2.3 µm) suggesting formation of final quasi three dimensional SDS

crystallised structure. The collapse is seen as a rapid decrease in the surface pressure as

seen in the insert in figure 5.10a. Similar thermodynamic -like surface transitions can be

observed in figure 5.10b when the surface pressure was presented as a function of SDS

concentration for the bigger droplet. As the droplet size decreases, the concentration of

SDS at the droplet surface increases with distinct successive phases or regions observed in

the pressure isotherm.

A similar analysis is also presented in figure 5.11 for the evaporation of DEG with

colloidal silica nanosphere suspension of 125 nm radius. This suspension also produced

droplets with sufficiently stable surface formation. However, the behaviour of the evolution

of the pressure was different. The pressure isotherm characterises the evolution of surface

layer population of the silica nanospheres at the droplet surface. Initially, the number of

silica particles at the droplet surface was almost negligible. Hence, the population of silica

particles at the droplet surface can be considered molecularly as surface gas molecules from
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a ∼ 7.2 µm - ∼ 5.5 µm.
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Figure 5.11: Surface pressure isotherm of evaporating droplet of DEG with silica of radius,
a = 125 nm. Red line - fit to the evolution of evaporation rate. Green line -fit with excluded
capillary pressure δp = 2γ/a

As the evaporation continues, the density of silica nanospheres at the droplet surface

increases and become closer to each other due to the decreasing radius of the droplet and

continuous loss of DEG liquid. This led to the compression of the surface and subsequent

transition from surface gaseous state to liquid state from a ∼ 5.5 µm - ∼ 4.5µm. Further

compression of the surface from a ∼ 4.5 µm - ∼ 3.5 µm led to a significant decrease in the

pressure isotherm with distinct minimum. The distinct minimum is potentially due to the

influence of capillary pressure during the surface phase transition gas -liquid. It indicates

the role of capillary pressure emerging due to roughness (larger pores created by the silica

nanospheres) of the surface [135]. Further compression of the surface led to the formation
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of closed shell of silica nanospheres followed with collapse of surface at a ∼ 2.5 µm.

5.1.4 Evolution of Integrated Mie Scattering Intensities: IV V (t), IHH(t)

The existence of optical resonances in droplets or the Mie structural resonances, commonly

referred to as the whispering galley modes (WGMs) (see section 2.2) provides an important

diagnostic means of analysing surface properties of an evaporating microdroplet of solution

or colloidal suspensions [64, 116]. The temporal behaviour of the scattered light depends

on both the bulk and surface properties of the droplet during the evaporation process. For a

homogeneous microdroplet such intensity evolutions can be calculated with the Mie theory

[42].

Figure 5.12 show theoretical IV V (figure 5.12a) and IHH (figure 5.12b) scattered light

intensities as a function of the droplet radius. The calculation is made with the Mie theory

for an evaporating microdroplet of pure DEG liquid of initial radius, a0 = 13 µm in respect

to the scattering scheme shown in figure 2.3. The intensity distribution of the scattered

lights were integrated over the angles of observation to show resonance effects [5]. In this

way, the total cross section also increases compared to the geometrical sizes of the droplets.

In both figure 5.12a and 5.12b, series of rich equally spaced resonances of well defined

structures can be seen from the insert. The origin of these structural resonances depends

on the droplet size (a), shape and the refractive index (m) for a fixed incident wavelength

λ and have been discussed earlier in section 2.2. Intuitively, the approximate condition for

the frequency of such optical resonances of the droplet can be defined as mx = l, where

l is an integer and x = 2πa/λ is the Mie size parameter. In figure 5.12, within the same

interval of the droplet evaporation from 4 µm to 3 µm (see inserts in figure 5.12), it is

worth noting that, higher number of resonances (17 peaks) can be observed in the vertical

component of the scattered light compared to the horizontal component (12 peaks).
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Figure 5.12: Theoretical IV V (blue)(a) and IHH (red) (b) integrated Mie scattered light
intensities calculated with the Mie theory for an evaporating microdroplet of pure DEG
liquid of initial radius a0 = 13 µm. The insert in both figures show fine regular structural
Mie resonances of the modes propagating around the periphery of the evaporating droplet.
These resonances are the so called WGMs of the droplet.

Similarly from the experiments, the intensity distributions IV V (θ, φ) and IHH(θ, φ) ob-

tained from both the vertical (upper half) and horizontal (lower half) polarisation channels

can be integrated over the scattering angles θ and φ to obtain their temporal dependence

IV V (t) and IHH(t) [64, 116]. In the case of the evaporation of the solution and suspension

microdroplets, crossed polarised intensity signals IV H(t) and IHV (t) also emerges as a re-

sult of the increasing inhomogeneities at the droplet surface. This occurs when the droplet

transforms into wet/dry microobjects during the drying process. Figure 5.13 show the evo-

lution of the integrated Mie scattered intensities obtained from the evaporation of selected

pure DEG microdroplets (DEG 3 and DEG 5) in figure 5.2. The intensity evolutions show

series of equally spaced resonances almost at the entire droplet evaporation processes simi-

lar to the theoretical ones presented in figure 5.12. However, in the case of figure 5.13a and

figure 5.13b (for DEG 3), the presence of the residual impurities as noted earlier slowed

down the evolution of the resonances at the later part of the evaporation process. This can

be observed in the main polarization channels, i.e. the IV V and IV V intensity evolution-

s evolutions. In figure 5.13b and 5.13a, it can be seen that from t = 420 s, the distance
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between the frequency of the resonances as well as the width and area of the resonance

structures increased (see insert in figure 5.13a and 5.13b). It should be noted as well that,

the crossed polarised intensity signals IV H(t) and IHV (t) in both cases appeared constant

for the entire droplet evaporation processes.
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Figure 5.13: Evolution of integrated scattered light intensities obtained for the evaporation
of the pure DEG droplets DEG 5 (a, b) and DEG 3 (c, d) from figure 5.2. (a, c) and (b,
d) are the vertical (IV V , IV H) and horizontal (IHH , IHV ) components of the scattered light
intensities.

102



5.1.5 Radius and Scattered Light Intensities from Crystallisation of
SDS

It seems to be interesting to compare the a(t) evolutions with the evolution of the intensity

of scattered laser lights. In comparison to "pure" DEG homogeneous droplets, solution

microdroplets or droplets containing sub-micron particles display additional spatial fluc-

tuations in the scattered light intensities. The temporal profile of such fluctuations in the

scattered light signals exhibits several physical properties and resonance phenomena [2].

Figure 5.14a, 5.14b and 5.15 show respectively, the temporal evolution of the droplet ra-

dius, a(t) (green open circles) and integrated Mie scattered light intensities of DEG/SDS

solution droplet evaporation processes at an initial SDS concentration of (a) 20 mM (figure

5.14a), (b) 40 mM (figure 5.14b) and (c & d) 100 mM (figure 5.15). From the observed

radius a(t) evolution and the intensity profiles, the droplet can be considered as optically

homogeneous at the initial stages of the evaporation process with isotropic shrinking. The

scattered light intensities show series of regularly spaced structural Mie resonances similar

to the "pure" DEG liquid droplet evaporation processes. As the droplet continues to evap-

orate, its size decreases and subsequently the concentration of SDS preferentially at the

droplet surface also increases. At a defined time, t
crit

corresponding to critical concentra-

tion (crystallisation concentration) Ccryst , of SDS (Dash line A, t ∼ 281 s in figure 5.14a),

the SDS crystallites start to accumulate and populate the droplet surface. During such tran-

sition (liquid - wet SDS crystallised (solid) structure), the regularly spaced structural Mie

resonances change its temporal characteristics into irregular (depolarised) intensity fluctu-

ations suggesting non-uniformity and insoluble surface layer (crystallisation) of SDS at the

droplet surface (see insert in figure 5.14a).
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Figure 5.14: Evolution of radius and integrated Mie scattered light intensities for DEG/SDS
solution droplet evaporation for droplets of initial radii a0(t0) [µm] and SDS concentra-
tions, C [ mM ]. Green empty circles: Temporal evolution of the droplet radius a(t) [µm].
Insert: fine regular structural Mie resonances to irregular intensity fluctuations characteris-
ing liquid- wet SDS crystallised (solid) surface transition stage [116].
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Figure 5.15: Evolution of radius and integrated Mie scattered light intensities for DEG/SDS
solution droplet evaporation obtained for different droplets of initial radii a0(t0) [µm] and
SDS concentrations at 100 mM. Green empty circles: Temporal evolution of the droplet
radius a(t) [µm] [116].
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The initial evaporation process characterised by the series of the regularly spaced struc-

tural resonances before the transition stage is considered as a quasi-steady diffusion-controlled

evaporation process and the evaporation rate can be described by equation 5.2. The first

stage evaporation process is followed by a slow evaporation rate before stabilisation when

the final form of the SDS crystallised structure is formed. The slow intermediate evapo-

ration rate transition as observed in figure 5.14b between the initial evaporation stage and

the formation of the final SDS crystallised structure is attributed to the formation of SDS

monolayers [25], soft SDS gel-like phase or gel-like shell made up of porous network of

SDS crystals [22, 130] at the droplet surface. The result is that diffusion through the sur-

face layer (surface with porous properties) becomes the rate-controlling mechanism [25].

Additionally, it is well-known that porous materials dry very slowly, due to slow internal

diffusion of liquid and reduced evaporation area. The three pronounced evaporation/drying

stages leading to the formation of the final form of the dry SDS crystallised structure is

well seen in the evolution of the droplet radius, a(t) (green open circles in figure 5.14b.

The stages primarily consist of [116]:

(i) initial DEG liquid evaporation from the DEG/SDS solution controlled by diffusion.

The Mie structural resonances associated with this stage has regularly spaced an-

gularly resolved resonance patterns (a(t) evolution till the point marked A in figure

5.14a with similar evolutions in figure 5.14b and 5.15,

(ii) slow transitions of evaporation of DEG from DEG/SDS solution microdroplets to

“wet” microobjects (gel-like phase evaporation of DEG/SDS solution through porous

network of SDS crystallised surface, A - B radius evolution in figure 5.14a and sub-

sequent figures). The nature of the fluctuations are controlled by the concentration

of SDS (compare figure 5.14a and 5.15b for both IV V (t) and IHH(t) polarisation

signals), and

(iii) drying of the initially “wet” (containing liquid-DEG) microobjects (SDS gel) into

the final microproducts. This stage subsequently leads to the final morphology of

the SDS crystallised structure and the stabilisation of the droplet radius evolution.
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Modulation of the amplitude of the scattered light intensity fluctuations depend on

the initial droplet size (see figure 5.16).

100 200 300 400 500
6

9

12

15

18
 Smooth Ivv signal 

           from Figure 2c
 Radius

Time [s]

I V
V
 [a

rb
.u

.]

2

3

4

5

6

7

8

 R
ad

iu
s [

m
]

(a)

600 900 1200 1500 1800
1

2

3

4

 I V
V
  [

A
rb

.u
.]

 Smoothed Ivv
        signal from Figure 2d

 Radius

Time [s]

6

8

10

12

Ra
di

us
 [

m
]

(b)

Figure 5.16: Averaged intensity signals (blue line) obtained from figure 2c (a)
and 2d (b) respectively. Green line with open circles - droplet radius, a(t) evo-
lution with a0 = 9.76 µm (a) and a0 = 15.40 µm) (b). Bigger droplets show
higher number of intensity signal modulations characterising the SDS crys-
tallised microstructure evolutions (structure transformations) during the drying
process. [116].
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5.1.6 Diagnostics of DEG/SDS Microdroplets Radius and Integrated
Mie Scattered Light Intensity Evolutions

At lower SDS concentrations (C = 20 mM , 40 mM), the nature of the observed scattered

light intensities (figure 5.14a and 5.14b) exhibited nearly stabilised sporadic intensity fluc-

tuations after the first stage evaporation process. However, at higher SDS concentrations

(C = 100 mM) (figure 5.15a and 5.15b), the scattered light signals showed characteristic

structure transformations at the droplet air-solution interface due to possible SDS surface

shell (layer) creation and deformations. It has been suggested that, at the air-solution inter-

face, SDS can form varieties of structures, from broad band-like or lace-like aggregates to

multiconnected threads [136]. The crystallisation of SDS on the droplet surface is driven

by the increasing concentration of the SDS and the requirement for surface energy min-

imization during the drying process. It can be suggested that, at higher concentrations,

the characteristic temporal modulations of the amplitude in the fluctuating intensity signals

show SDS surface structural transformations dependent on the initial droplet size. In figure

5.15a, such transformations can be observed from t ≈ 184 s to t ≈ 423 s corresponding

to the minimum boundaries of the temporal evolution of the amplitude of the fluctuating

scattered light signals. After t ≈ 423 s, another possible structure onset with scattered light

characteristics similar to the earlier patterns but at rather lower amplitude can be seen. For

the bigger initial droplet size (a0 = 15.40 µm , figure 5.15b ), successive modulations of the

amplitude of the fluctuating intensity signals can be seen from t ≈ 673 s - 1040 s; 1057 s -

1318 s; 1319 s - 1508 s; 1511 s -1680 s and 1680 s - 1807 s as well as from - 1807 s -1833

s. these modulations potentially, characterises SDS crystallised product structural transfor-

mations during the drying process. Figure 5.16a and 5.16b show averaged IV V (t) signals

obtained from figure 5.15a and 5.15b respectively. It is worth noting that, in figure 5.16b,

the amplitude of the first three modulations in the fluctuating intensity signals decreases

as the radius evolution during the second stage (ii) evaporation process. After t = 1508

s corresponding to the fourth minima in the intensity signal, the evolution of the droplet

radius appear to be stabilised showing the final stages of the drying process. Subsequently,
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another set of characteristic intensity fluctuations with decreasing amplitudes similar to the

earlier ones begin at t = 1508 s. The signal seem to be stabilised after t = 1833 s, showing

potentially, the final morphology of the SDS crystallised structure evolution.

From the aggregate production experiment (section 4.4.1), exemplary wet droplets at

the initial evaporation stage (figure 5.17c) and the final dry SDS crystallised structure (fig-

ure 5.17d) at an initial SDS concentration of 100 mM were deposited on a substrate and

analysed further with scanning electron microscope (SEM). It can be seen that, the final

form of the SDS crystallised microproduct had irregular and deformed surface symme-

try.This can be viewed as a structure evolution from a more regular microobject, i.e. from

an initially spherical droplet symmetry. As seen in figure 5.17c, the wet DEG/SDS droplet

deposited during the initial stages of the evaporation process generally show uniform pat-

tern after drying on the substrate.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.17: SEM images of wet and dried aggregates obtained from the e-
vaporation of 1 : 3 by volume of diethylene glycol and colloidal SiO2 sus-
pension with 0 % SDS (a, b), SDS only (c, d) and 1.24 % of SDS added to
DEG/SiO2/H2O mixture (e, f) [116].

109



5.1.7 Scattered light Intensities during Crystallisation of SDS in Sus-
pension Microdroplets

Figure 5.18 present the temporal evolution of the scattered light intensities obtained for the

evaporation of microdroplet composed of 1 : 4 : 19 ratios of DEG : SiO2 : H2O colloidal

suspension by volume respectively with 0 %, 0.5 %, 1 %, and 1.72 % fractions of SDS by

mass.
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Figure 5.18: Temporal evolution of integrated Mie scattered light intensities
for the evaporation of DEG/SiO2/H2O with (a) 0 % SDS, (b) 0.50 % SDS (c)
1.0 % SDS (d) 1.72 % SDS [116].

At the initial stages, the temporal evolution of the signals exhibited series of sharp-

peaked regularly spaced resonances similar to the SDS solution droplet evaporation stages
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(compare figure 5.14 and 5.15) and in agreement with results reported in [64, 65] before

the transient critical periods. However, controlled addition of SDS to the DEG/SiO2/H2O

mixture led to the observation of characteristic scattered light features during the SDS

surface layer formation on the drying microobject surface.

In figure 5.18a, with 0 % of SDS added to the DEG/SiO2/H2O mixture, a rapid increase

in the intensity signals after the initial quasi-steady diffusion limited evaporation process

can be seen from t = 321 s . The quick rise is followed by stabilisation of the ensuing

fluctuating intensity signals. The sharp rise in intensity at t = 321 s and the subsequent

stabilisation can be understood in terms of the surface formation and morphology evolution

of the SiO2 aggregate symmetry in the droplet during the SiO2 nanosphere aggregation

process. A microdroplet injected into the trap maintains its spherical shape due to surface

tension. Hence, the air-liquid interface of the droplet can be considered as a smooth surface.

Preliminary SEM studies from sample deposits of the suspension (DEG/SiO2/H2O) droplet

/aggregate at the initial isotropic evaporation stage (figure 5.17a) and the final dry-aggregate

(figure 5.17b) stage indicates a possible rapid transition between scattering on a smooth

evaporating droplet surface (air-liquid interface) and on a more corrugated SiO2 nanosphere

aggregate surface (air-solid interface). Figure 5.17a shows the well-known coffee ring

effect [137] driven by the capillary flow of the suspended SiO2 nanospheres in the droplet

after the deposition on the substrate. The final dry aggregate had well organized layers of

SiO2 nanospheres.

With systematic addition of SDS to the initial DEG/SiO2/H2O colloidal suspension,

it was observed that, the crystallisation of SDS at the droplet surface manifested in the

evolution of the elastic scattered light signals during the drying process. In figure 5.18b,

with 0.5 % of SDS, first, a steady increase in the IV V , IV H , and IHH intensity signals with

noticeable rise from t = 152 s before stabilisation after t = 256 s after the initial evaporation

stages can be observed. This characteristic transition can be attributed to the surface layer

transformations occurring at the droplet surface. Figure 5.18c and 5.18d show the scattering

profiles for 1 % and 1.72 % of SDS added to the DEG/SiO2/H2O mixture. The appearance

and duration of the intermediate characteristic rise in the scattered light intensity signals
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during the transient SDS surface layer formation stages are seen to be dependent on the

concentration of SDS added to the mixture. In figure 5.18c, the transitions during the SDS

surface layer formation appeared between t = 198 s and t = 328 s and occurred at t = 676 s to

t = 1146 s for the 1.72 % of SDS. The well-pronounced scattered light intensities suggests

possible surface structure and symmetry deformations as the aggregates transforms from

loose packing of the SiO2 nanospheres to more compact and regular SiO2/SDS structure.

Figure 5.17e and 5.17f show respectively preliminary SEM micrographs of a pattern

generated by drying of a microdroplet deposited during the initial evaporation stage and

SDS/SiO2 aggregate structure deposited at the final drying stage. In figure 5.17e, it is

observed that the final SDS/SiO2 microobject formed had SDS crystal shell filled with

the aggregated SiO2 nanospheres. Detailed description of the formation and evolution of

similar SDS/SiO2 microstructures will be discussed in details in section 5.2.

Similarly, it was also interesting comparing the radius and scattered light intensity evo-

lutions for the suspension droplet evaporation processes. In figure 5.19, the evolution of

the droplet radius a(t) with a0 = 9.10 µm and the integrated Mie scattered light intensi-

ties is presented for DEG/SiO2/H2O colloidal suspension with 1.24 % of SDS. The main

polarisation signals (IHH(t) and IV V (t)) as well as the crossed polarised signals (IHV (t)

and IV H(t)) are compared separately with the evolution of the droplet radius. In figure

5.19a - 5.19d, the evolution of all the intensity signals and the droplet radius had initial

characteristics similar to the DEG/SDS solution droplets evaporation processes during the

isotropic shrinking of the droplets till t = 245 s. Additionally, from t = 245s - ∼ 450 s,

high intermediate scattered light intensity signals characterising transient SDS surface lay-

er formation at the wet objects surface can be observed in all the polarisation channels. The

transition is equivalently seen in the evolution of the droplet radius as the kinks at t = 245 s

and t ∼ 450 s. However, slight differences can be observed in the character of the evolution

of the vertical and the horizontal polarised scattered light intensities after the transition at t

= 245 s. In figure 5.19a and 5.19b, for the upper vertical polarisation channels (IV V (t), and

IV H(t)), the evolution of the intense transitory intensity signals is characterised by a gradu-

al increased in both the main polarisation signal IV V (t) and the depolarised signal IV H(t))
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from t = 245 s to t ∼ 450 s. The signals appeared nearly stabilised after t = 450 s. In the

case of the lower horizontal polarisation channels (IHH(t), and IHV (t)), the character of

the main polarisation signal (IHH(t)) and the depolarised signal IHV (t)) were different.
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Figure 5.19: Temporal evolution of integrated Mie scattered light intensities
for the evaporation of DEG/SiO2/H2O with 1.24 % SDS. The green line with
sqaure symbols show the evolution of the droplet radius a(t). (a, c) - Main
polarisation (IV V (t) and IHH(t)) intensity signal evolutions. (b, d) - Cross
polarised intensity signals (IV H(t) and (IHV (t).

In figure 5.19c, though the high intensity fluctuating signals can be seen from t = 245
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s to t ∼ 452 s, there was no observable rise in the evolution of the intensity signals as

compared to the IHV (t) depolarised signal in figure 5.19d within the same time range.

These observation in the main polarisation signals (IV V (t) and IHH(t)) are due to different

cross-sections of the droplet surface and size seen by the different state of the polarisations.

It is expected that as the droplet continues to dry, the volume cross-section detected with

respect to horizontal polarisation should decrease. It can also be noticed that critical radius

at which the transitions occurred coincides with the critical time at which the scattered light

transformed into irregular intensity fluctuations.

5.1.8 Scattered Light Intensities and Interference Patterns

From figure 5.17 and 5.18, it is worth noticing that, the addition of silica to the DEG/SDS

solution microdroplets alters the evaporation dynamics and enhances the evolution of the

scattered light intensities from the wet microobject surface particularly during the SDS

surface layer formation process. To further see these transient phenomena, similar exper-

iments were performed under the same experimental conditions as before but with bigger

sizes of silica nanospheres of diameter 450 nm and additionally analysed sample snapshots

of interference patterns. The approximate initial mass fraction for the composition was

SDS : SiO2 : DEG = 1 : 10 : 215. Figure 5.20a and 5.20b show the evolution of the inte-

grated scattered light intensities and snapshots of interference patterns (frames: A, B, C, D)

taken at specified times during the evaporation process respectively. An evolution of cubic

root of raw data of the stabilisation voltage V 1/3
DC (t) obtained during the droplet evaporation

process is shown in grey in figure 5.20a.

114



0 500 1000 1500 2000
0

1

2

3

4

5

 

 

CB D

In
te

ns
ity

 [a
rb

.u
.]

Time [s]

A

1

2

3

4

5

 [V
D

C]
1/

3   [
V

]

(a)

A B

C D

(b)

Figure 5.20: Evolution of scattered light intensities and interference patterns
from the evaporation process of microdroplet of suspension composed of SD-
S: SiO2: DEG = 1: 10: 215. (a) represents intensities of scattered light on all
four polarisation combinations IV V (blue), IHH (red) , IV H (orange) and IHV

(cyan). The evolution of the stabilisation voltage balancing the weight of the
droplet is shown in dark grey. (b) Snapshots of interference patterns (frames)
captured by CCD camera from video recording of the droplet evaporation pro-
cess at specific times marked in (a) as vertical grey dashed lines [65].
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The observed temporal profiles of the scattered light intensities (IV V (t), IHH(t), IV H(t)

and IHV (t)) show a well-pronounced stages of structure evolutions during the drying pro-

cess. In figure 5.20a, regularly sharp peaked resonances and regular interference patterns

(figure 5.20b[A]) were seen during the initial stages of the evaporation process similar to

earlier observations in previous sections. This was followed by intense but short lived fluc-

tuating scattered light intensities from t ∼ 900 s to ∼ 1100 s. The intense intermittent

scattered light signals or spikes (point marked [B] in figure 5.20a) was associated with

the appearance of blinking interference patterns or flashes of intense depolarised signals

(figure 5.20b[B]) on both polarisation channels. Such an observation show potentially wet

microobjects evolution with SDS covered surface. At t ∼ 1100 s interference fringes (fig-

ure 5.20b[C]) appeared before being distorted by the SiO2 nanoparticles beneath the wet

crystallised SDS surface layer. The evolution of the interference patterns at the minima

after the intense spiky scattered lights show continuous drying of the wet object and the

transient spherical symmetry of the evolving microobject.

As the drying process continues form t ∼ 1100 s, the surface layer of the crystallised

SDS surface layer is submitted to considerable capillary stresses and surface tension [86,

138, 139] induced by the interactions between the dispersed SiO2 nanoparticles beneath

the surface layer. This result in deformation of the SDS surface layer and creates surface

sites for the SiO2 nanoparticles to appear gradually and accumulate partly on the drying

droplet surface. Such transient processes led to structural transformations of the final dry

microproducts as it will be later on discussed in the second part of this work. Light scat-

tered from such a gradual surface transformation to a more corrugated surface was seen as

the gradual increase of the depolarised light signals from t ∼ 1100 s to 1700 s in 5.20a.

Similar observations can also be seen in figure 5.19a, 5.19b and 5.19d. The stabilisation

of the intensity of the scattering signals from t ∼ 1700 s onwards marks the end of inten-

sive evaporation process, structure transformations, and the final morphology of the dried

composite microobject. During this stage, the surface of the object formed had rough sur-

face and speckled interference patterns on both the upper vertical and the lower horizontal

polarisation channels can be seen as in figure 5.20b[D].
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5.1.9 Summary of Part I

Evaporation of microdroplets containing dispersed particles or dissolved materials exhibit

pronounced complex optical and thermodynamic -like properties than that of the evapora-

tion of pure liquid microdroplets. It is here shown that, elastic light scattering diagnostics

can be used to study characteristic properties of evaporating microdroplets of solution and

colloidal suspensions. The Mie Theory Lookup Table (MSLT) method was used to size

"pure" DEG liquid microdroplets. For solution and colloidal suspension microdroplets, the

evolution of the stabilisation voltage from weighting of the droplet were calibrated with the

MSLT method and made possible to measure the entire droplet/aggregate size evolutions.

This made possible to study evaporation rates of the various microdroplet composition-

s, transitory processes characterising the drying processes, and the thermodynamic -like

analysis of the inclusions gathering at the droplet surface.

For DEG/SDS solution microdroplets evaporation process, it was observed that grow-

ing inhomogeneities due to the presence of SDS at the droplet surface resulted in the evolu-

tion of well-pronounced intensity signals characterising SDS solution microdroplet drying

transitions. In the case of microdroplet composed of DEG/SDS with colloidal silica, the

intensity fluctuations were enhanced and had profiles dependent on the initial composition

of the suspension. Exemplary wet droplets at the initial evaporation stages and final dry

aggregates of SDS and SDS/SiO2 deposited on a substrate and observed with SEM showed

features that correlated well with the elastic scattered light measurements characterising

the drying processes.
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5.2 Part II: Aggregate Formation and Deposition

In this part, a study of unique microobjects from microdroplets of DEG/SDS solution as

well as SiO2/SDS colloidal suspension and the effect of initial droplet composition will

be presented. Different sizes of microdroplets of variable compositions were trapped and

dried at the centre of the linear electrodynamic quadruple trap (LEQT) presented in section

4.4.1, allowing unsupported droplet drying process and regular microobjects morphology

evolutions. The final dried microproducts were deposited on a substrate after a typical

evaporation time of 45 minutes, by ensuring that the solvent/dispersion medium (DEG)

has completely evaporated and analysed further with SEM. The formation of different but

complex morphologies of final dry composite microobjects due to crystallisation of SD-

S from DEG/SiO2/H2O/SDS mixture was realized by tuning the initial droplet size and

composition.

5.2.1 Evaporation Driven SDS Crystallization from DEG/SDS Solu-
tion Microdroplets

To study the final composite microproducts obtained by drying microdroplets of colloidal

suspension composed of DEG/SiO2/H2O/SDS mixture, an initial experiment were made to

investigate the final dry microproducts from crystallisation of SDS in evaporating micro-

droplet of DEG/SDS solution as well as aggregation of SiO2 nanospheres in microdroplets

of DEG/SiO2/H2O colloidal suspension. Such data provided the necessary references for

further analysis of the mutual influence of the SDS and SiO2 on the final morphology of

the dry SDS/SiO2 composite microobjects. It should be noted here that DEG is a wide-

ly used solvent and is well-known for its efficient stabilisation of nanoparticles [140] and

hence was chosen as a suitable solvent for the sample preparation. Figure 5.21a and 5.21b

present SEM micrographs of the final dry SDS crystallised microstructures from the evap-

oration of DEG/SDS solution microdroplet at an initial SDS concentration of 100 mM. The

final dry DEG/SDS solution evaporation microproducts are compared with SiO2 aggregates

obtained from evaporation of DEG/SiO2/H2O microdroplet (figure 5.21c and 5.21d). The
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initial mass fraction of SiO2 in the DEG/SiO2/H2O mixture was 1.32 %. All the products

were carefully monitored and deposited after 45 minutes of evaporation/drying freely in the

LEQT. For initially small DEG/SDS solution droplet sizes, the final microobject observed

with SEM had 2-dimensional surface structure (figure 5.21a). The SDS crystal microprod-

uct was mechanically unstable and collapsed inwards under its own weight [141] after the

deposition on the substrate. With an increased initial droplet size but at the same SDS con-

centration, a micro apple-like SDS crystal microobject with nearly spherical shape (∼ 18.5

µm × 21.5 µm) (figure 5.21b) was formed. However, the surface of this SDS microproduct

had cracks and pores. These irregularities can be understood as due to the drying process.

Figure 5.21: SEM micrographs of deposited dried microproduct formed by the
evaporation of levitating droplets composed of DEG/SDS solution (1st row; a,
b) and from DEG/SiO2/H2O suspension (2nd row; c, d). The final products
were deposited after 45 minutes of drying freely in the LEQT.
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As the droplet continue to evaporates, its size decreases leading to increased concen-

tration of SDS at the droplet surface [142]. Since SDS is a surface-active material, it starts

to crystallise by formation of gel-like phase consisting of a porous network of SDS surface

layer crystals at the droplet surface as remarked in section 5.1.5. This process is understood

to be due to charge shielding between the SDS micelles [130]. The inner core of the SDS

crystallised microobject contains trapped residues of the DEG liquid solvent. The cracks

observed on the surface of the structure served as porous channels for continuous slow e-

vaporation/drying of the DEG inside the wet SDS crystallised structure. As expected, for

initially small size of microdroplet of the DEG/SiO2/H2O colloidal suspension, the final

aggregates formed by the drying microdroplets (figure 5.21c) was spherical and regularly

ordered SiO2 nanosphere aggregates similar to the ones reported in [28]. The final dried

SiO2 aggregates deposited was of diameter ∼ 2.8 µm. However, bigger SiO2 nanospheres

aggregates (figure 5.21d) from initially larger droplets lost sphericity. The final SiO2 aggre-

gates had translational symmetry with size of ∼ 5.5 µm in diameter. Figure 5.22 presents

an overview of SEM micrographs of several aggregates of different sizes built of 250-nm-

diameter silica deposited on a silicon substrate after similar drying time in the LEQT. The

aggregates shown in figure 5.22 exhibit spherical shape and highly regular ordering of the

single layer of silica nanoparticles on their surface.
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Silica aggregates produced by 
drying DEG/silica

 microdroplets

Figure 5.22: Overview of SEM micrographs of several dry aggregates built of
250-nm-diameter silica deposited on a silicon substrate. Final diameter of the
aggregates ranges from 2 µm - 5.8 µm.

5.2.2 Morphologies of Composite SDS-silica Nanospheres Microob-
jects

The SEM micrographs presented in figure 5.21 evidently show different dynamics of evap-

oration driven crystallisation of pure SDS and the aggregation of SiO2 nanospheres from

the drying microdroplets. Crystallization of SDS from the solution microdroplets led to the

formation of SDS surface-like crystallised bubbles (crystallised surface), whiles the silica

led to volume aggregation of compact silica structures as observed in both figure 5.21 and

5.22. Thus, the common drying of DEG/SDS solution with SiO2/H2O colloidal mixture

microdroplets seemed very non intuitive and promising as it would show the effects of
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mutual influence of SDS and the SiO2 nanospheres during the drying process.

To study this process, microdroplets composed of DEG/SDS/SiO2/H2O colloidal solu-

tion were injected into the LEQT and allowed to dry under similar experimental conditions.

The composition of the injected droplets were varied by changing the initial concentrations

of SDS (C = 20 mM, 40 mM, 70 mM and 100 mM) and kept constant the initial mass

fractions of the DEG and SiO2/H2O in the mixture. The fractions of SDS by mass in the

DEG/SDS/SiO2/H2O mixture is expressed as 0.5 %, 1.0 %, 1.72 % and 2.6 % correspond-

ing respectively to the studied SDS concentrations for convenience and easy description.

Additionally, the initial droplet sizes were controlled with the parameters of the droplet-

on-demand injector (driving pulse width and the pulse amplitude) [125]. Figure 5.23(a -

f) presents sample SEM micrographs of the final (dry) SDS/SiO2 composite microobjects

deposited after 45 minutes of the evaporation/drying process. The morphology of the de-

posited structures after the evaporation process were dependent on the initial composition

of the droplet mostly driven by the concentration of SDS in the mixture as well as the initial

droplet size.
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(a) (b)

(c) (d)

(e) (f)

d = 5.7 C = 20 d = 2.8 C = 40

d = 11.4 C = 100 d = 11.8 C = 70

d = 14.3 C = 100 d = 20 C = 100

Figure 5.23: SEM micrographs of deposited composite microobjects of dried
SDS/SiO2 obtained from evaporating microdroplets with different SDS con-
centration C [mM], d [µm] being the final diameter of composite microobjects.
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Interestingly, the gallery includes a diversity of dried SDS/SiO2 composite microob-

jects with distinctive morphologies and properties but in a way similar to the smaller and

larger initial droplet sizes [figure 5.23a, c, e and b, d, f] but with appropriate SDS initial

concentration. The morphology of the final deposited structures were strongly driven by

the properties of the SDS by way of comparison with the dried silica aggregates presented

in figure 5.22. The smallest SDS/SiO2 composite microobject (∼ 2.8 µm) observed was

fully covered with crystallised SDS (figure 5.23a) with 1 % of initial SDS concentration

and seems to be due to drying of small enough porous droplet as described later on in next

sections. The drying process led to the formation of stable spherical product covered by

SDS crystal shells with filled SiO2 nanosphere inclusions. Most probably, the visible sur-

face irregularities served as pores for slow evaporation of DEG from inside through the

surface layer created by the SDS crystals. Such an observation could well be explanatory

to the observed light scattering properties characterising the drying processes studied in the

earlier sections. The most essential observation seems to be the stabilising role of SiO2

nanospheres, serving as the support for solid SDS crystal surface layer stressed by surface

tension. In a way, this product can be considered as a spherical SDS microcrystal structure

of relatively small size supported by SiO2. The composite microobject with comparable

diameter (figure 5.23b) was also obtained with twice smaller density of SDS at 0.5 %. The

density of SDS was evidently too small to cover the entire surface of the compact aggre-

gating SiO2 nanosphere inclusions in the volume of the drying microdroplet. SDS however

crystallised in the form of desert rose-like structures (plates perpendicular to the surface)

with silica in between SDS crystal rose flakes. The morphologies of larger composite mi-

croobjects were in a way a reproduction of the first two microstructures presented in figure

5.23a and figure 5.23b. Additionally, it is observed that, the final morphology of the com-

posite microobjects with comparable diameters (∼ 11.4 µm and ∼ 11.8 µm) in figure 5.23c

and 5.23d were strongly dependent on the initial concentration of SDS in the mixture. The

surface of the microproducts with higher fractions of SDS (2.6 % of SDS) (figure 5.23c)

was covered with SDS crystal layers, whiles with low concentrations (1.72 % of SDS)

(figure 5.23d), SDS crystallised in the form of desert roses with an open view to exposed
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aggregated nanospheres of SiO2. Larger composite microobjects (figure 5.23d, 5.23e) lost

spherical symmetry with SDS crystals forming the shape of a beetle (figure 5.23d) or even

ring (doughnuts) (figure 5.23e) with external surface covered with SDS crystal layer and

inner part filled with aggregated SiO2 nanospheres. The external SDS crystal shell (surface

layer) served as a microcontainer for the aggregated SiO2 nanospheres.

The size driven microobject morphology transformation was observed for the suspen-

sion with 1.72 % of SDS (figure 5.24). In figure 5.24 it is observed that smaller SDS/SiO2

composite microobject (∼ 11.4 µm) had the form of cabbage with SDS crystallised foils

growing on the surface towards the centre (figure 5.24a). With relatively small increase

of diameter of the composite microobjects as observed in figure 5.24b - d based on in-

creasing initial droplet sizes, the SDS crystal foils steadily opened, forming walled micro-

compartment SDS crystallised strands that enclosed the SiO2 nanospheres and served as a

reservoir for the aggregated SiO2 nanospheres during the final drying/crystallisation pro-

cess. Additionally, similar trends of size dependent empty rings shaped SDS/SiO2 struc-

tures were observed for the more dense concentration of SDS at 2.6 % in the mixture (figure

5.25). The dimensions of the nearly spherical ring-like SDS/SiO2 structures (figure 5.25a,

b) changed into nearly oblate-like structures (figure 5.25c, d) with respect to increasing ini-

tial droplet sizes. The outer surface of the rings were covered with SDS crystallised shells

separated as well from the aggregated SiO2 nanospheres.
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(a)

(d)

(b)

(c)

Figure 5.24: Variety of SDS/SiO2 microobjects obtained from drying
DEG/SDS/SiO2/H2O colloidal solution with 1.72 % of SDS. The final sizes
of the structures are: (a) ∼ 11.4 µm (cabbage-like microobjects) (b) ∼ 13
µm(desert rose-like microobject) (c) ∼ 13.7 µm (desert rose-like microobject)
and (d) ∼ 14.6 µm (desert rose-like microobject).
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Figure 5.25: Variety of SDS/SiO2 microobjects obtained from drying
DEG/SDS/SiO2/H2O colloidal solution with 2.6 % of SDS. The external di-
mensions of the final sizes of the structures are: (a) ∼ 14.4 × ∼ 14.0 µm
(spherical ring) (b) ∼ 15.8 µm × ∼ 13 µm (nearly spherical ring) (c) ∼ 16.6
µm × ∼ 11.7 µm (oblate -like microobject) and (d) ∼ 20.7 µm × ∼ 14.1
µm(oblate -like microobject).

As illustrated in figure 5.26, it was noticed that, the SiO2 nanospheres aggregated sepa-

rately either inside or outside the SDS crystallised formed foils/strands, reflecting possibly,

an interplay of synchronous but different interaction forces driving separately the SDS crys-

tallisation process and the aggregation of the silica nanospheres with silica mostly serving

as mechanical support for the SDS crystal sheets during the drying process.
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(a) (b)

(c)

(d)

Figure 5.26: Landscape of surface of different forms of the composite microobject âĂŞ
fully covered with SDS (a), cabbage âĂŞlike form (b), desert rose-like (c) and ring (d).
Silica nanospheres are densely packed and do not appear inside crystallised SDS.

5.2.3 Analysis of Microobject Morphology Evolution

To gain insight into the morphology of the microproducts observed experimentally, we re-

view the possible mechanisms leading to the formation of the structures. Drying kinetics of

evaporating microdroplet of colloidal suspension can exhibit complex transitory structures

during the process of evaporation of the dispersant [4, 143]. Initially, the liquid evapo-

rates via simultaneous transfer of mass ṁ and heat q̇ driven respectively by differences in

vapour density ∆ρν and temperature difference ∆T at the droplet surface and far from the

droplet surface as discussed in chapter 3. The continuous loss of liquid results in droplet

size recession and increase of particle concentration at the droplet surface. This process

leads to accumulation and population of the dispersed particles at the droplet surface as
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noted from the analysis of the pressure isotherms. The drying process of droplet of col-

loidal suspension of SDS/DEG with nanospheres of silica is conducted by flow of liquid

through suspended silica nanospheres towards the surface, then DEG is evaporated leaving

the surface layer of SDS. From the moment the droplet moisture content falls to its criti-

cal value, another process must be responsible for the continuous shrinking of the surface.

This observation is also evidenced by the light scattering studies during the second stages

of the solution/suspension droplet evaporation processes. Consequently, the droplet cannot

be treated as a droplet with liquid-air interface and solids but as a wet structure consisting

of an interface with porous properties. The flow of solution through the pores between the

silica nanospheres can be expressed by the Darcy law [135, 144] which relates the volume

flux (Jv[ms−1]) with the permeability k[m2], the fluid viscosity µ [Pa*s] and the pressure

drop ∆P across the porous material (radius of droplet) as:

Jv =
k

µ

∆P

a
(5.8)

where a is the radius of the droplet. The pressure difference ∆P conducting the flow

is composed of the Laplace pressure 2γ
a

due to the curvature of the droplet surface and

capillary pressure pc due to the porosity of droplet interior (silica inclusions) [135]. i.e.:

∆P =
2γ

R
+ pc (5.9)

where γ is the surface tension of the droplet. The pressure within the droplet resulting

from this capillary pressure leads to transport of the continuous DEG/SDS solution phase

towards the outer surface. At the same time, the tension from the curved interface drives

the SiO2 particles closer to each other via capillary interactions towards the droplet centre

[145, 146]. The interplay of two forces - Laplace and capillary pressure due to spherical

symmetry of the drying droplet and the interaction of silica nanospheres seem to have an

important influence on the evolution of final morphology of thee observed structures. As

mentioned elsewhere in [147], the deformation of the initial shape of the droplet increas-

es with increasing the droplet size and by decreasing the surface tension of the droplet.
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It seems thereof to suggest that, the transport of DEG/SDS solution carrying SDS and

the deformation of the initially spherical droplet shape into the observed SDS crystallised

transformed final dry products is strongly radius dependent. It is absent for big droplets

then plays essential role for small ones. In a way liquid is squeezed by surface tension

(with help of capillary phenomena) from porous interior of droplet like from sponge. This

explains why smaller observed objects are covered with SDS. Just transport of SDS from

droplet interior towards surface is effective for droplets with small radii. This observation

seem to be true comparing for example the radius (a(t)) evolution in figure 5.6a (SDS

e and SDS a). For bigger products another phenomenon should be responsible for final

shape and fractionalization of silica and building sheets of SDS. The biggest microobject

with ring-like shape was covered with tiny sheets of SDS and was obtained for initial SDS

concentration of 2.6 % suggesting formation of SDS surface film supported with silica ag-

gregation. At such higher ratio of SDS : SiO2 volume fractions, and for bigger droplets, it

has been observed that such transition is strongly dependent on the volume fraction of the

colloids in the droplets [34]. The transition can be due to buckling of the initial spherical

droplets, which occurs when the capillary forces driving the deformation overcomes the

interparticle forces [34, 37, 148, 149]. The evolution of character of dried object is sum-

marized in the figure 5.27. It contains a rough estimation (ca 30% accuracy) of surface

converge of the fraction of SDS and fraction of silica nanospheres present on the dry mi-

croobjects as a function of dry objects final diameters for constant initial densities of SDS

at 1.72 % and silica. Three regions of structures can be remarked: Small objects (below

11.5 µm) crystallised surface of SDS foils is dominating (figure 5.24a), then transitional

region (11.5 µm - 13.2 µm) of aggregated silica nanospheres inside SDS pockets - radially-

directed sheets of SDS (figure 5.24b, c) followed by separation of SDS surfaces, closing

silica (figure 5.24d).

130



11 12 13 14 15

0.2

0.3

0.4

0.5

0.6

0.7

0.8  SDS
 Silica

C
ov

er
ag

e 
[%

]

Diameter [ m]

Domination of silica
in open  pockets
Fig 4b,c

Domination of SDS
with mostly closed silica
Fig 3d
 

Domination 
of SDS surface
Fig 4a

Figure 5.27: Summary of fractions of SDS and SiO2 surface coverage on dry microobject
for the colloidal suspensions (DEG/SDS/SiO2/H2O) with 1.72 % of SDS.

In addition, further analysis of the dependence of increasing concentrations of SDS in

the mixture to the final diameters (D) of collated products of the aggregates obtained from

the drying experiments is presented in figure 5.28. Statistically, three characteristic size

range in relation to the evolution of the final dry products symmetry and morphology can

be identified. The microproducts obtained with final diameter (D) ≤ 11.5 µm, had quasi-

spherical symmetry (see e.g. figure 5.22, 5.23). Within the range of 11.5 µm ≤ D ≤ 14 µm

different products of SDS mediated crystallised structures with transformed symmetries

ranging from cabbages, desert rose-like structures and beetle like structures were obtained.

It is worth noticing that, the morphology of these products were strongly dependent on the

concentration of SDS. For D ≥ 15 µm, ring-like shaped structures of tiny sheets of SDS at

131



the surface with inner aggregated silica was obtained as in figure 5.25.

0.4 0.8 1.2 1.6 2.0 2.4 2.8

2

4

6

8

10

12

14

16

18

20

22

Cabbage-like, and
desert-rose-like shaped
SDS/SiO2 microobjects

 1.3 % of Silica
 0.5 % of SDS
 1 % of  SDS
 1.72 % of SDS
 2.6 % of SDS

D
ia

m
et

er
 o

f f
in

al
 d

ry
 p

ro
du

ct
s [

m
]

Concentation of SDS [%]

Mostly spherical microobjects

Ring products with open
SDS crystallised surface

Figure 5.28: General statistics of the dependence of increasing concentration of SDS to the
final diameters of collated aggregates and their morphology evolutions

As noted earlier in figure 5.26, the fractionalization of silica and building sheets of SDS

(separation of sheets of SDS from aggregated silica nanospheres) seem to be driven by

another phenomenon. Such processes could be due to an interplay of depletion interactions

[150, 151] between the two components in the droplet during the drying process with SDS

serving as the depletant at such higher SDS concentrations. This seem to play the role of

the aggregation of silica into objects serving as support to the SDS preliminary crystallised

sheets.
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5.2.4 Summary of Part II

Evolution of final microproducts from evaporation-driven nanoparticles self-assembly of

colloidal suspensions is many a time influenced by the extensive optimization processes as

well as the presence of the substrates or poor control of the evaporation process. However,

it is shown from the above results that, the use of electrodynamic levitation technique and

soft-landing (deposition) of the dried microproducts and with an off-line scanning electron

microscopy (SEM) analysis can be a simple but a necessary solution.

It is here demonstrated that, aggregates of highly ordered SiO2 nanospheres with spher-

ical symmetry can be produced using the linear electrodynamic quadrupole trap. Addi-

tionally, unique microobjects can be created by sodium dodecylsulfate (SDS) from crys-

tallisation of drying microdroplets of SDS with colloidal suspension of silica nanospheres

(SiO2, 250 nm diameter). The crystallised microobjects had forms with final morphology

dependent on the initial droplet size and compositions. SDS formed crystallised structures

always separated from silica aggregates with variable percentage of surface crystallised S-

DS and surface aggregated silica nanospheres. The general statistics show that different

microobjects of interesting shapes can be created at higher SDS concentrations. The small-

est obtained submicron products had spherical form with surface of SDS shells and interior

filled with SiO2 nanospheres for initial SDS concentration at 1 %. SDS formed crystallised

foils of cabbage-like products then desert rose-like pockets filled with SiO2 nanospheres

at higher initial SDS concentrations > 1.72 %. Finally, bigger microproducts transformed

into structures of SDS forming thin foil bulbs and rings with silica serving as a support.
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CHAPTER 6

Conclusions and Outlooks

The primary objective of this thesis was first, to use electrodynamic levitation and elastic

light scattering techniques to investigate evaporation dynamics of microdroplets of differ-

ent compositions and secondly, to study formation of microproducts from drying of solu-

tion and colloidal suspension microdroplets. Two experimental setups based on the electro-

dynamic levitation techniques were utilised for this purpose. To investigate the evaporation

and elastic scattered light properties of single microdroplets of various compositions, a 3D

electrodynamic quadrupole trap (double-ring electrodynamic trap configuration) with all

the necessary peripheries was assembled and used. Single microdroplets of pure diethy-

lene glycol (DEG), sodium dodecyl sulfate solutions (DEG/SDS) and colloidal suspension

of DEG/SDS/SiO2/H2O were trapped at the centre of the trap. The droplets were then

illuminated with two counter propagating vertically and horizontally polarised laser beam-

s. The scattered lights from the droplets were detected at the right-angle of the scattering

plane and analysed.

In the first part, evolution of sizes and surfaces of microdroplets of pure diethylene

glycol (DEG), sodium dodecyl sulfate solutions (DEG/SDS) and colloidal suspension of

DEG/SDS/SiO2/H2O were studied. It was observed that, the influence of residual impu-

rities present in the microdroplets of the pure DEG, led to non-linearity of the droplet

temporal evolutions. Subsequently, deviations in the a2 - law was observed. The evolution

of sizes and surfaces of SDS solution and SDS/SiO2 colloidal suspension microdroplets

showed characteristic transitions from liquid droplets to dry solid microobjects. The ob-
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served drying transitions were made possible by combining optical measurements of the

droplet radius and calibration of the droplet mass evolutions.

For DEG/SDS solution microdroplets evaporation dynamics, three characteristic evap-

oration/drying stages were identified. Initially, the droplets evaporated under normal quasi-

steady diffusion limited conditions, then the evaporation process slowed down during the

solution/suspension- “wet” microobjects transition and appeared stabilised during the dry-

ing of the initially “wet” microobjects into the final microproducts. These observations

were also seen in the evolution of the DEG/SDS/SiO2/H2O microdroplets.

By comparing the diffusion limited evaporation model to the experimental DEG/SDS

evaporation data, it was concluded that, the evaporation model was inadequate in predicting

the entire radius evolution for droplets of the SDS solutions and the SDS/SiO2 suspensions.

Several reasons including: simplicity of the model, influence of porosity of the drying mi-

crodroplets, roughness of the droplet surface, and the state of surface of the droplets during

the drying stages were stated as the primary factors. The studies evidently show that, new

models incorporating at least diffusion limited evaporation processes and porous material

properties is required to fully model the evaporation rate of solution and suspension mi-

crodroplets evaporation/drying process. Creating such model was beyond the scope of this

work and will be dealt with in future studies.

Additionally, the evolution of the droplets evaporation rate also made possible to s-

tudy how the non-evaporating solid inclusions (SDS and SiO2 nanoparticles) gather at the

droplet surface. This was done using the notion of the surface pressure isotherm. Suc-

cessive thermodynamic-like surface states were observed in the evolution of the surface

pressures for both the drying droplet of SDS solution and the SiO2 colloidal suspensions.

The evolutions were associated with the creation and collapses of SDS surface films (SDS

films) in the case of DEG/SDS solution and silica surface layers in the case of the sus-

pension microdroplets. These observations were connected with surface evaporation of the

dispersant (DEG), which increases the surface density of inclusions (SDS and silica) at the

droplet surface. It was observed that, further droplet evaporation/drying subsequently led

to the destruction of the surface films/layers (surface collapse) and resulted in an oscillatory
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character of the surface pressure isotherms.

Diagnostics of the optical resonances (integrated Mie scattered light intensities) of SD-

S solution and SDS/SiO2 colloidal suspension microdroplet showed elastic scattered light

characteristic of droplet surface evolutions different than those for pure DEG droplets. The

SDS solution, SiO2 and SDS/SiO2 colloidal suspensions in DEG microdroplets showed

regularly spaced resonances similar to the evaporation of pure DEG liquid microdroplets

during the initial solvent evaporation process. However, continued drying led to the ob-

servation of intermediate fluctuating higher signals in the scattered light intensities. The

intermediate signals were attributed to the transient formation of SDS surface layers at

the droplet/wet object surface. This was observed in the droplet radii evolutions during the

drying of the initially “wet” (containing liquid-DEG) microobjects into the final microprod-

ucts. Additionally, it was observed that, in the case of the SDS/SiO2 colloidal suspension

in DEG microdroplets, the initial composition of the droplet and in particular the amount

of SDS added to the mixture defined the evolution of the well-pronounced changes in the

elastically scattered light intensities.

Preliminary microproducts of intermediate wet and final dry structures of the solution

and the colloidal suspension mixtures were deposited on a substrate after the evaporation

processes and analysed with SEM. The SEM micrographs of the dry SDS and SDS/SiO2

microproducts correlated well with the elastic scattered light diagnostics od the studied

microdroplets. Here, another interesting observation which was only remarked in this thesis

was the formation of the so called coffee ring effects and the influence of the SDS surfactant

on the ring shapes. Detailed analysis of these structures requires additional data and will

be interesting as it has direct and practical applications.

The second part of this work involved the formation of distinctive, rich shaped microob-

jects from the evaporation/drying of microdroplets of solutions and colloidal suspensions.

This was accomplished with the 2D linear electrodynamic quadrupole trap in the vertical

alignment. Microdroplets of SDS solution and SDS/SiO2 colloidal suspensions were dried

in the linear electrodynamic quadrupole trap and deposited after 45 mins when all the DEG

solvent have evaporated. The final dry products were deposited on a substrate and analysed
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off-line by SEM imaging.

The SEM micrographs obtained from drying of microdroplets of the DEG/silica col-

loidal suspension had spherical symmetry of well ordered nanospheres of silica aggregates

in comparison to the SDS solution microproducts. Interesting structures of distinctive mor-

phologies were obtained by mixing the two components (SDS and silica) and by tuning the

initial size and composition of the droplets.

For a small initial size of microdroplets, highly spherical shapes of SDS/SiO2 com-

posite microobjects with crystallised SDS surface surrounding squeezed aggregated SiO2

nanospheres were observed. It was suggested that, Laplace and capillary pressure were

responsible for driving the transport of SDS/DEG solution through pores between silica

nanospheres inside the evaporating droplets. Bigger SDS/SiO2 composite microobjects of

the order of ∼ 11µm were observed to be highly dependent on the concentration of SDS.

The structures have aggregated silica layers arranged in between SDS crystallised flakes.

The SDS flakes were similar to cabbage-like leaves (curved lobes) for smaller microob-

jects (11.4 µm) and resembled the so-called desert rose-like microobjects (13 µm - 15 µm)

with radially-directed SDS crystal flakes for higher concentrations of SDS > 1.72%. This

variety of structures changing profoundly with small change of initial droplet parameter-

s seemed very interesting since it gives possibility to breed microproducts with different

external exposure of nanospheres or SDS to the surface. This property was made visible

for microobjects of size larger than ∼ 14 µm forming closed microobjects with a (proba-

bly) thin SDS surface. Furthermore, it was observed that the biggest microproduct ( > 15

µm) lost spherical symmetry and transformed into ring-like microcontainers that served as

reservoirs for the aggregated SiO2 nanosphere inclusions.

These results showed the importance of the influence of repulsion between SDS crys-

tal layers and the SiO2nanospheres in colloidal solutions. However the role of dense SDS

macromolecules still needs to be understood. From another point of view, the use of the lin-

ear electrodynamic quadrupole trap demonstrate relatively simple and non-costly method

for creating complex composite microobjects with tailored properties. The observed mi-

croobject morphology evolutions provides information to develop more rigorous models of
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interactions in aggregating colloidal systems. The interesting questions are the role of SD-

S micelles in competition/cooperation in such process or the demixing effects of the SDS

crystallised surface layers from the aggregated silica nanospheres, not studied in this thesis.

It will therefore be interesting to use molecular dynamic -like simulations to study the evo-

lution of these structures. This should provide additional insight into the main interaction

forces not studied in this work.
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APPENDIX A

Appendix

A.1 Solving The Lorenz -Mie Scattering Problem

In solving the Lorenz -Mie scattering problem, the following two time harmonic vector

functions M and N are introduced [51]:

M =M0e
−iωt, N = N0e

−iωt, (A.1)

where;
M = ▽× (rΨ)

N =
▽×M

k

M =
▽×N

k

 (A.2)

M is perpendicular to the radial vector r which is convenient when taking the curl of M in

spherical coordinates to calculate N (see equation A.2 ). Moreover, because the divergence

of the curl of any vector vanishes, both M and N are divergence free. i.e.:

▽ ·M = 0, and ▽ ·N = 0 (A.3)

If the scalar function Ψ is the solution of the scaler wave equation A.4, then M and N also

satisfy the Helmholtz wave equations (i.e. equations A.5 and A.6).

∆Ψ+ k2Ψ = 0 (A.4)
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∆M + k2M = 0 (A.5)

∆N + k2N = 0 (A.6)

Comparing the above relations for M and N to those for the E and H field reveals that, the

vector spherical harmonic functions M and N have all the properties of an electromagnetic

field. Additionally, the vector spherical harmonics are related to the transverse magnetic

(TM) modes or the transverse electric mode as [61]:

E = E0N

H =
kE0

iw
M

 TM modes (A.7)

and the transverse electric TE modes or the magnetic modes as with the

E = E0M

H =
kE0

iw
N

 TE modes (A.8)

E0 is dimensionless constant that represents the magnitude of the electric field. The spher-

ical symmetry of the problem dictates the obvious choice of the spherical polar coordinates

(r, θ, φ). Thus, in spherical coordinates the scalar wave equation is given by equation 2.8:

A.2 Incidence and Internal Fields

The corresponding expansions for the incident radiation of the plane wave in spherical

harmonics are expressed as [45, 54]:

Einc =
∞∑
n=1

En

(
M

(1)
e1n + iN

(1)
o1n

)
Hinc = − k

µ0ω

∞∑
n=1

En

(
M

(1)
e1n + iN

(1)
o1n

)
En = in

2n+ 1

n(n+ 1)n
E0

(A.9)

The field inside the sphere (E1, H1) from figure 2.1 is represented as:

E1 = Ein

H1 = Hin

(A.10)
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Similarly, the expansion for the internal fields are given as [54]:

Ein =
∞∑
n=1

En

(
cnM

(1)
e1n − idnN

(1)
o1n

)
Hin =

k

µ0ω

∞∑
n=1

En

(
dnM

(1)
e1n + icnN

(1)
o3n

)
En = in

2n+ 1

n(n+ 1)n
E0

(A.11)

E0 is the amplitude of the electric incident field. cn and dn are another pair of undetermined

Mie coefficients.

A.3 Extinction and Scattering Cross Sections

By considering the real part of the time average of the Poynting’s vector law (i.e. S =

E2×H2), the net rate of change of energy as light traverses the particle can be determined.

The total cross section for the particle comprises energy abstracted from the incident beam

both by scattering and absorption. This is designated as the extinction cross section and is

the sum of the scattering cross section and the absorption cross section (Cext = Cscat+Cabs

). The scattered and the extinction cross section can be obtained using the relation [45]:

Cscat =
Wscat

Iinc
(A.12)

Cext =
Wext

Iinc
(A.13)

where Iinc represents the intensity incident on the surface of the particle. Wscat and Wext

are the scattered and extinction energies given respectively by:

Wscat =
i

2
ℜ
∫ 2π

0

∫ π

0

(
Eθ,scatH

∗
φ,scat − Eφ,scatH

∗
θ,scat

)
r2 sin θdθdφ (A.14)

Wext =
i

2
ℜ
∫ 2π

0

∫ π

0

(
Eφ,incH

∗
θ,scat + Eφ,scatH

∗
θ,scat

−Eθ,incH
∗
φ,scat + Eθ,scatH

∗
φ,inc

)
r2 sin θdθdφ

(A.15)
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The absorbed energy Wabs is related to the scattered and the extinction energy as:

Wabs = Wext +Wscat (A.16)

Using equations 2.25, 2.26 together with A.14 and A.15 in equation A.12 and A.13,

the scattered and extinctions cross sections are respectively expressed in terms of the Mie

scattering coefficients by [45]:

Cscat =
λ2

2π

∞∑
n=1

(2n+ 1){|an|2 + |bn|2}

Cext =
λ2

2π

∞∑
n=1

(2n+ 1){ℜ(an + bn)}
(A.17)

The corresponding efficiency factors associated with the scattering and extinction cross

sections are obtained by division by the geometric cross section G , which is πa2 for a

sphere or a particle of radius a.

Qscat =
Cscat

G
=

2

x2

∞∑
n=1

(2n+ 1){|an|2 + |bn|2}

Qext =
Cext

G
=
λ2

x2

∞∑
n=1

(2n+ 1){ℜ(an + bn)}
(A.18)
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