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Abstract

Results of experimental research into magnetic colloid non-isothermal mass
transfer phenomena and characteristics are presented in this thesis. At focus
of the research is effects of excess surfactant on surfactant stabilized colloid
thermophoresis and physical characteristics, and temperature dependence of
colloid mass transfer coefficients. Colloid thermophoresis and mass diffusion
is investigated in free fluid conditions and in a porous medium, comparison
between the two environments providing a third focal point for the research
presented here. In addition, effect of an external magnetic field on ferrofluid
thermophoresis and mass diffusion is investigated. Investigations carried out
in a porous medium rely on magnetic properties of the colloidal nanoparti-
cles, which enable measurement options not available for non-magnetic par-
ticles - specifically, Vibrating sample magnetometry. Mass transfer processes
in free fluid conditions are measured by Forced Rayleigh scattering. Other
measurement methods are employed for further characterization of the fer-
rofluids and cross confirmation of certain results. The results demonstrate
that both temperature and amount of excess surfactant act to decrease fer-
rofluid Soret coefficient. In a porous layer, this reduction has been shown to
change particle behavior from thermophobic to thermophilic, resulting in a
negative Soret coefficient. Viscosity of a ferrofluid has been found to have a
curious dependency on excess surfactant amount. Theoretical predictions on
effect of an external magnetic field on Soret and mass diffusion coefficients
have been confirmed.



Anotacija

Disertacija izklastiti eksperimentalu petijumu rezultati, kas apskata neizo-
termiskus magnetisku koloidu masas parneses procesus un ar Siem procesiem
saistitus koloidu raksturlielumos. Petijjumu uzmanibas centra ir papildus
virsmaktivas vielas pievienosanas ietekme uz ar virsmaktivo vielu stabilizetu
koloidu termoforezi un fizikalajiem raksturlielumiem, ka ar1 koloidu masas
parneses koeficientu atkariba no temperaturas. Koloidu termoforeze un ma-
sas parnese tikusi petita gan briva skidruma, gan poraina vide. So divu
metozu salidzinajums ir tresais no centralajiem §1 darba petijjumu aspek-
tiem. Papildus tam, ticis izmeklets art areja magnetiska lauka iespaids uz
magnetisko skidrumu termoforezi un masas difuziju. Petijumos poraina vi-
de, merijumu veiksanai tikusas izmantotas koloidalo nanodalinu magnetiskas
1pasibas, kas padarijusas iespejamas merijjumu metodes, kas nav pieejamas
nemagnetisku koloidu izpete - proti, vibrejosu paraugu magnetometriju. Ma-
sas parneses procesi briva skidruma tikusi veikti ar uzspiestas Releja izkliedes
metodi. Vel citas merjjumu metodes tikusas izmantotas talaka skidrumu rak-
sturosana un merijjumu rezultatu salidzinajumam starp vairakam metodem.
legutie rezultati demonstre Sore koeficienta samazinasanos temperaturas un
papildus virsmaktivas vielas daudzuma ietekme. Poraina slani, Sis samazina-
jums var novest pie negativam Sore koeficienta vertibam, kas iezime pareju
koloidalo dalinu uzvediba, no termofobas uz termofilu. Ir tikusi atklata ne-
parasta magnetiska skidruma viskozitates atkariba no pievienota papildus
virsmaktivas vielas daudzuma. Guts eksperimentals apstiprinajums mode-
lim, kas apraksta areja magnetiska lauka ietekmi uz Sore un masas difuzijas
koeficientiem.
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Introduction

Context and motivation

In this thesis, experimental research results of processes and changes in char-
acteristics of ferrofluids in non-isothermal conditions are presented. As such,
the body of research given for readers’ consideration here touches upon two
intriguing subjects. One is the nature of magnetic fluids, understood here
as fluids composed of single domain magnetic particles colloidally dispersed
in a liquid carrier, alternatively (and seemingly more popularly) denoted as
ferrofluids. This fascinating class of materials has been a source of research
interest and applications since it’s definition in the 1960s, see refs. [1] and
2] for historical context. Understanding of processes in ferrofluids driven by
a temperature gradient is highly relevant to their thermal applications, both
classical, like loudspeaker cooling, and an ever expanding list of novel ones,
like in solar collectors[3], electrochemical thermal energy harvesters[4] and
cooling of electronic devices|5].

The other point of interest here is colloidal particle thermophoresis. Ther-
modiffusion, the effect of mass flux induced by a temperature gradient, was
first described by Ludwig and Soret in the 19th century (see ref. [6] for an
introduction on the topic), and is hence sometimes referred to as Ludwig -
Soret effect. This is a curious subject, as thermodiffusion in liquids is as of
yet lacking a universally accepted theoretical interpretation|7] and colloidal
particle thermophoresis is considered a challenging subject both theoreti-
cally and experimentally [8]. This lack of fundamental understanding makes
this direction of research interesting from the perspective of insight into the
physical phenomena concerned.

A source of interest in experimental research of role played by excess
surfactant on physical characteristics of a surfactant stabilized colloid, look-
ing from the perspective of field of magnetic fluids, concerns the possible



implications on manufacturing processes of these colloids for certain applica-
tions, where a role played by excess surfactant presence on certain ferrofluid
properties should be considered. Investigation into peculiarities of ferrofluid
viscosity as a function of surfactant concentration holds interest in contexts
not limited to thermal applications. Interaction between surfactant and col-
loid might also hold some interest from the perspective of surfactant research,
with their role in commercial applications like those related to cosmetics, and
the less attractive importance as a pollutant[9] being potentially relevant to
experimental results concerning surfactant effects on colloid properties.

Porous medium holds interest as an experimental system for thermally
driven mass transfer research, be it due to the suppression of convective
flow in such an environment, see for example ref. [10], interest in ther-
mogravitational separation[11] or the related environmental and industrial
processes|[12]. It has been shown in previous experimental research[13] that
thermophoretic ferrofluid transfer in a porous environment is much reduced
compared to free fluid conditions. Authors of this work associated their obser-
vations with interaction between surfactant and the porous material. This
finding has served as motivation for the research described in this thesis.
Properly understood, this phenomena might expand the possibilities of tun-
ing surfactant stabilized ferrofluid properties by altering their composition,
thereby allowing optimization of them for certain applications, much like it
is being successfully done with charged ferrofluids by varying ionic strength,
see refs. [14] and [15].

Convection suppression provided by a porous environment holds an ad-
ditional importance in magnetic systems, where thermomagnetic convection
can affect mass transfer in the presence of a magnetic field and a temperature
gradient, which provides a significant challenge to experimental research of
thermophoresis in a magnetic field[16]. Introduction of a porous environment
can solve the convection problem, however, new possible interactions between
the porous material, mass flux and magnetic field can arise. These include
microconvection induced by nonmagnetic grains[17] and magnetic pressure
acting upon boundaries of a porous layer if such are exposed to mass flow
and a magnetic field[18]. An experimental system that would exclude these
possible interactions would provide the possibility of investigating effects of
a high magnetic field on ferrofluid thermophoresis. A porous layer as used
in the aforementioned research presented in ref. [13] could be employed as
such a system, which provides additional motivation for deepening our un-
derstanding on thermophoresis in a porous layer.
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Crucially, an opportunity has been taken to employ magnetic properties
of ferrofluids as a tool for performing challenging measurements, such as
those concerning colloidal particle transport within a porous medium.

Goal of thesis and set tasks
Goal

Demonstrate and investigate the effects of excess surfactant amount, tem-
perature, porous medium and an external magnetic field on ferrofluid ther-
mophoresis and physical characteristics and processes within a ferrofluid that
are related to thermophoresis.

Tasks

1. Examine ferrofluid viscosity and particle size at multiple values of tem-
perature and excess surfactant concentration; conclude if and how these
ferrofluid parameters depend on temperature and amount of excess sur-
factant

2. Investigate ferrofluid thermophoresis and the influence of temperature
and excess surfactant on thermophoretic and diffusive mass transfer of
magnetic colloids; observe the effects of a porous medium on ferrofluid
thermophoresis and mass diffusion

3. Characterize the influence of temperature and excess surfactant on car-
rier fluid (magnetic nanocolloid solvent) thermoosmosis; evaluate this
influence in the context of thermophoretic particle transfer

4. Experimentally verify the effect of an external magnetic field on diffu-
sive and thermophoretic transfer of magnetic nanoparticles in a porous
environment

Thesis statement

Presence of excess surfactant, a porous environment and temperature all
influence characteristics of ferrofluids in a way that significantly alters the
properties and behavior of surfactant stabilized ferrofluid under a tempera-
ture gradient.



Structure of thesis

o In chapter 1, the theoretical basis employed in further sections is es-
tablished

e Overview of ferrofluids used in experimental work is provided in chap-
ter 2, along with select properties of the fluids. Other physical proper-
ties and their dependence on parameters related to experimental work
described in this thesis are investigated in further chapters

o Experimental methods are described in chapter 3

o Investigation of ferrofluid properties and their dependence on tempera-
ture and amount of excess surfactant is described in chapters 4 (viscos-
ity) and 5 (particle size and mass diffusion coefficient), both chapters
therefore contributing to resolution of task 1. In ch. 5, measurements
of mass transfer coefficients and experiments in a porous layer are in-
troduced, which is the first contribution to task 2

o In chapter 6, ferrofluid thermophoresis is investigated. The results
provided in this chapter are arguably the most curious in this thesis
and cover the remainder of task 2

o Chapter 7 is dedicated to thermoosmosis experiments, conducted in
an attempt to provide interpretation to results of ch. 6, this chapter
covers task 3

o Effects of an external magnetic field on ferrofluid mass transfer coeffi-
cients are investigated in chapter 8, fulfilling task 4

10



A partial glossary
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nanoparticle mass concentration

nanoparticle relative mass concentration

nanoparticle volume concentration

nanoparticle relative volume concentration

surfactant mass concentration

relative distance (definition not fixed and given in each relevant section)
dynamic viscosity

kinematic viscosity

surface tension

Soret coefficient

mass diffusion coefficient

thermodiffusion coefficient

carrier fluid thermoosmosis coefficient

hydrodynamic diameter of a colloidal particle
non-dimensional time

Arrhenius activation energy

porous layer thickness

layer thickness parameter

tortuosity of a porous medium

coefficients for an empirical model for Sp(T'), see sect. 6.4.2
coefficients for a linear model for S (T), see sect. 6.4.2
linear coefficient in Onsager equation system, see sect. 1.3
manometer incline angle

mass flux of a component

flow velocity

permeability of a porous medium
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Chapter 1

Review of theoretical concepts
and previous studies

1.1 Ferrofluids as colloids

Ferrofluids are colloids with single domain magnetic colloidal particles. The
basic understanding of ferrofluids in this section comes from Rosensweig’s
fundamental book on the subject, "Ferrohydrodynamics”, see ref. [19].

The matter of colloidal stability is a paramount aspect to consider in
colloid physics, and it is for the reason of maintaining it that gives ferroflu-
ids some of the structural properties investigated in this thesis. Indeed, as
suggested by Doi[20], often in colloids it is in fact rate of agglomeration that
should be looked at, rather than colloidal stability, due to unlikeliness of the
latter to be achieved. In ferrofluids, colloidal stability is determined not only
by sedimentation, and van der Waals attraction, but also by magnetic dipole
- dipole interaction.

Both gravitational sedimentation and magnetic agglomeration are coun-
tered by thermal motion of the particles. Balances of thermal energy and
that of gravitational and magnetic nature can both be expressed in terms
of particle diameter, setting size limitations for the particles. Gravitational
considerations yield:

(1/3)
d=< <6k32) (1.1)
Tpg

where L is the height over which particle concentration would decrease
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by a factor of e. Balance of magnetic and thermal energy gives:

(1/3)
g oo (12T 12)
7TM0M2

where M is magnetization. Sedimentation would limit particle size to
d =~ 15—20nm and is of no real concern. Magnetism would give a maximum
size for a magnetite particle of d = 7.2nm, and that is already on the verge
of size for particles used in the research reported on in this thesis. Then,
there is still the matter of van der Waals attraction.

To ensure colloidal stability, the particles are covered with a layer in-
tended to prevent agglomeration. In sterically stabilized ferrofluids (also
referred to as surfactant stabilized, or surfaced), molecules of surfactants
are adsorbed on to surface of the particles. The polar head group is then
fixed at the particle and the chain tails are pointed outwards, see fig. 1.1
for illustration. Another way to achieve colloidal stability is through elec-
trostatic interaction. Agglomeration can be prevented by surface charge on
the particles. This class of ferrofluids is referred to as "ionic”. The concept
is explained in ref. [21]. In citrated ferrofluids, the charged particle surfaces
attract chain molecules that add steric repulsion to electrostatic one[22].

A note should be made that, because of the covering of the particles,
a distinction between two characteristic ”sizes” can be made - that of the
magnetic core particle, and that of the colloidal particle, including the layer
around it. Existing research, such as by Zhang et al.[23], has shown iron oxide
nanoparticle size to increase by around 4 nm as the particles are coated with
oleic acid - that is, twice the OA molecule length, which is around 2 nm.

Incomplete surfactant covering of nanoparticles has been found by Susan-
Resiga[24] et al. to lead to particle clustering. In the research mentioned,
the source of imperfect covering was identified as presence of poorly sta-
bilizing surfactant among the desired surfactant material. Buzmakov and
Pshenichnikov[25] reported on NP aggregates in ferrofluids, noting a distinc-
tion between aggregates that are stable with respect to temperature alter-
ation, and those forming in a reversible way under temperature variation.
Hoell et al. looked at the nanoscale structure of magnetite nanoparticles by
means of neutron scattering and found that, while a double layer of the sur-
factant, oleoylsarcosine, formed in a water based ferrofluid, it did not form
in toluene, which is more relevant to the colloids used in research reported
on in this thesis|26].
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Figure 1.1: Visual representation of a sterically stabilized ferrofluid magnetite
particle. The red circle represents the magnetic core made of magnetite. The
size of this core is referred to as magnetic size. The dashed line represents the
entire colloidal particle - magnetic core together with a layer of surfactant.
The size of this particle is referred to as hydrodynamic size

1.2 Ferrofluid magnetic properties

Magnetic properties of a ferrofluid are determined by the structure of it -
single domain particles made from a material with a known magnetization
act as magnetic dipoles. Magnetic moment of a single nanoparticle is:

where M, is domain magnetization of particle material and V,, is particle
volume. The particles are suspended in the carrier fluid. In the absence of
a magnetic field, and with no agglomeration taking place, particle moments
are not aligned to each other and there is no long range order, as thermal
fluctuations reorient the magnetic moments in a random manner. When a
magnetic field is applied to a ferrofluid, the particle moments align with the
field, giving rise to ferrofluid magnetization. This kind of magnetic behavior
is termed "superparamagnetism” (differing to paramagnetism in that low and
medium field magnetization is much larger).

Ferrofluid magnetization is described by:

M(H) = MsL(€) (1.4)

14



where Mg is saturation magnetization of ferrofluid and L(§) is the Langevin
function, so that:

M(H) = Mg [coth &) — ﬂ (1.5)
with
E= o (1.6)

where m is magnetic dipole moment of a particle. The full equation is,
then:

MUUIA@LMh( mH)_ @T}

Ho kgT womH

It may be beneficial to consider in stead of a single magnetic moment of a
particle value, a distribution of magnetic moments, as particles in a ferrofluid
cover a range of volumes and, therefore, magnetic moments. Then, eq. 1.7
becomes|[27]:

M(H) = My /m nf f(m) {coth (“OIZ_Q{> - Mﬁfnj;l} dm (1.8)

Here, m; and my are the lower and upper boundaries for possible magnetic
moment values and f(m) represents distribution of particle sizes (in terms
of volume density) and, therefore, dipole moments.

(1.7)

1.3 Thermodynamic processes in ferrofluids

Mass and energy transfer processes in colloids are viewed here in the context
of non-equilibrium thermodynamics. The fundamental basis here is not a
topic of this thesis, and is only touched upon briefly to provide context for
equations directly employed in the work presented here, found at the end
of this section. The understanding given here is largely based on books by
Callen (ref. [28]) and Blundell and Blundell (ref. [29]).

The first law of thermodynamics can be rewritten for local entropy ds,
taking into account that d@Q) = T'dS, as:

15



1 i
ds = —du + ; N, (1.9)

Here, du denotes internal energy density, /V; is number of particles for
species denoted by j and p; is the chemical potential of said species. At this
point, generalized densities are introduced, denoted by pj, (for example: du,
dN;), as well as generalized potentials, denoted ®; (for example: %) Then,
eq. 1.9 becomes:

ds =) Opdpy (1.10)

J

For the generalized densities, continuity equation is true: % +VJ, =

0, where fk are generalized current densities. For entropy current density,
continuity is in the form % +VJ, = Y2, where X is local entropy production
rate. Entropy current density can be related to other current densities by
J, = >k ®;.J;. It can then be shown that, then & = >k Vo, J,.

By assuming for the response of a generalized current density J; to a
generalized force field V®; to be linear, a relation can be written, in general,
as:

Ji=> LV, (1.11)
J
Coefficients L;; are known as kinetic coefficients. Onsager’s reciprocal
relations tell us that

It should be pointed out that this relation is only true when the principle
of microscopic reversibility is true. Mazur and de Groot[30] extended On-
sager’s reciprocal relations to systems with magnetic field, arriving at relation
Lij(r',B";r,B) = Lyi(r, B;r", B"), where r and ' indicate spatial coordinates
at two positions in the system and B and B’ denote magnetic field at those
positions.

If we recall how the generalized potentials were introduced, we see that
the generalized current densities given by eq. 1.11 can be written out for a
system of two components and energy as

16



Ju = LV + Luxi Vi + Lo Vi
Jvi = LNluV% + LyiniVE + LyinoVE (1.13)
In2 = LN2UV% + Lnani VG + Lnan2VEE

The three flows are thus expressed through generalized force fields for
1 . : 1
energy (VT) and the two species particle count (V?).
For a colloidal system[31], the system of equations 1.13 can be written

for flows of solvent, solute (both in Z2) and heat (=3%-):

J fluid = a1V + aeVis + 0413%
Jparticles = 021V 1 + a2V e + CY23% (1.14)
Jheat = az1Vur + azVus + 0433%

The chemical potentials can be interpreted as Vu; = —V,Vp, where V;

is solvent molar volume, and Vi, = <%%) V¢. Mass and heat flows of a

colloid can thereby be described as driven by gradients of pressure, particle
concentration and temperature.

A number of relations given by system 1.14 correspond to phenomeno-
logical laws of physics, for example, J_}lm-d = a12V g, which can be writ-
ten as jfzm'd = —d,Vc (d, being the osmotic coefficient), is osmosis and
fpmmes = 9o Vmuy written as fpamdes = —D,,Vcis Fick’s law of diffusion,
with D,, being mass diffusion coefficient.

Equation for heat flux from system 1.14 describes the processes of con-
vective enthalpy transport, Dufour effect and thermal diffusivity. As shown
by Blums in ref. [32], for a ferrofluid with characteristics closely resembling
the fluids used in experimental work described in this thesis, convective en-
thalpy transport and the Dufour effect both give a negligibly small contri-
bution to the heat flow (it has been suggested by Wiirger that coefficients
for thermal diffusion and Dufour effect do not satisfy Onsager’s relations
for colloid thermophoresis[33]). With these two cross effects, convective en-
thalpy transport and the Dufour effect, discarded, heat flow is driven solely
by temperature gradient.

17



1.4 Colloid thermophoresis

Third term of particle flow equation in system 1.14 refers to species mass flux
driven by a temperature gradient. This is called the Ludwig-Soret effect, or
simply Soret effect. For mass transfer of particles under their own mass con-
centration gradient Ve and temperature gradient, we can write mass flux of
the particles as(here and up until the definition of Soret coefficient, approach
given in ref. [34] is followed):
Jparticles = —Dm Ve — F(¢)DpVT (1.15)
Here, Dy is thermodiffusion coefficient. It is common to use F(c) =
¢(1—c), ¢ here being mass fraction of particles, and to assume that ¢(1—c¢) ~
co(1 — cp), where c¢q is initial value of ¢. Under steady state conditions, when
jpamCles = 0, concentration and temperature gradients can be related:

D
Ve = D—Tc0(1 — ¢))VT (1.16)
The ratio
Dr
—L_5s 1.17
D= (1.17)

defines the Soret coefficient. If S > 0, particles move away from higher
temperatures as a result of the Soret effect. Such behavior can be described
as thermophobic. If Sy < 0, particles are said to be thermophilic, moving
towards higher temperatures.

While a theoretical description exists for thermodiffusion in gases, there
is no universally accepted description for liquids|[7], and no generally ac-
cepted theoretical framework for the Soret coefficient exists[35]. Strength of
Soret, effect varies considerably among different systems. For example, St
for ethanol in water can be Sy = 0.0056 (6], while for 490 nm polystyrene
particles in water Sy = 1.3[36]. For ferrofluids (charged), Sy is shown to
have a positive correlation with particle size[37]. Soret coefficient is also a
function of temperature, which is elaborated upon in sect. 1.5.

Particle transport driven by a temperature gradient is referred to as ther-
mophoresis, setting it apart from thermal diffusion in fluid mixtures. With
relations between certain colloidal properties and particle thermal mobility
in certain systems being known, such as those mentioned in previous para-
graph, it should be said that strength of the thermophoretic effect is not

18



universally tied to any particle property[8]. While there is a lack of a fun-
damental theoretical basis, it would appear that this motion of particles is
driven by microscopic processes in the layer around a particle that constitutes
the interface between the particle and solvent[38]. Following is an overview
of some of theoretical approaches proposed for thermophoresis.

Brenner, in his work "Navier-Stokes revisited”[39], presented an equa-
tion for thermophoretic velocity of a sphere, driven by temperature-induced
density gradient:

K
1+ (ky/2ks)

here, x is thermal diffusivity, [ is coefficient of thermal expansion, ks and
k, are thermal conductivities of, respectively, solvent and particle. Semenov
and Schimpf suggested[40] a hydrodynamic approach, where they related
thermodiffusion of a molecule to the local temperature-induced pressure gra-
dient in the liquid layer surrounding the molecule, and to a macroscopic pres-
sure gradient in the system. Their model relies heavily on knowing Hamaker
constants for components of the system.

Morozov[41] describes the colloidal particle thermophoresis as driven by
interaction between the particles and smaller species, like surfactant molecules,
relating thermal transfer of colloidal particles to molecule redistribution around
the particle under the influence of temperature. In ref. [41], an analogy with
a swimmer is used, describing how the particle forces the surrounding fluid
to move and moves itself as a result. The equation given for Sy of surfactant
coated colloidal particle is in the form:

U=— VT (1.18)

P
=7
where P is a microscopic characteristic of a colloid called the protec-

tive layer state parameter, being a function of microscopic parameters that
characterize interaction between particle and carrier fluid, namely:

St (1.19)

P =6mlrpl(1 — k)€ —1) (1.20)

Here, I' is Gibbs excess surface concentration, ry is hydrodynamic radius
of the particle, [ is solute - particle interaction length, x is a parameter of
thermal conductivities, ¢ is a parameter of particle and surfactant layer sizes,
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—¢ is the value of solute-particle potential when the surfactant molecule is
attached to the surface of the grain.

Ruckenstein[42] considered both diffusiophoresis (motion driven by gradi-
ent of concentration of a chemical species) and the Marangoni effect as driv-
ing forces to particle motion, and points out an analogy between phoretic
velocity of a particle and Marangoni effect. He gave a formula to ther-
mophoretic velocity of a particle:

J—_-9% (1.21)

Here, [ is Debye length and ~ is interfacial tension.

Derjaguin and Sidorenkov considered[43] thermodynamics near particle
surface in terms of local enthalpy density h and arrived at an expression for
the Soret coefficient:

_Amr h
C kpTT

Another result of their research was an expression for fluid slip velocity in
a membrane pore, driven by a similar mechanism, with excess enthalpy in the
boundary layer resulting in flow towards colder temperatures, and negative
enthalpy driving flow towards higher temperatures:

St (1.22)

2.dT" [
Uy = _T_nccll_z i dx - zh(x) (1.23)

Experimental results have shown thermoosmotic flow of water and ethanol
mixtures through synthetic membranes to be directed towards higher tem-
peratures[44], which is consistent with Derjaguin’s findings. Bregulla et al.
investigated[45] flow around a heated gold nanoparticle, driven by thermoos-
mosis resulting from a non-uniform heat content along the solid - liquid
boundary. Their results were found to suggest a considerable contribution of
thermoosmotic processes along solid - liquid interfaces to thermophoretic
measurements in thin films. They also found slip velocities to be much
stronger in interfaces covered with non-ionic polymers than those of bare
charged glass.

Parola et al. presented[46] a microscopic description of thermophoretic
phenomena in dilute suspensions of spherical colloids, relating thermophore-
sis to interfacial interaction between particle and solvent. Their expression
for St is:
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_Amr O(ly)
- kgT 0T

Here, v is interfacial tension between particle and solvent, [ is length scale
of the colloid-solvent interaction and r is particle radius. This approach is
also linked[47] to the empirical model for temperature dependence of St given
in sect. 1.5.

- (1.24)

1.5 The Soret coefficient depending on tem-
perature

To characterize dependence of Soret coefficient St on temperature, an em-
pirical model put forward by lacopini and Piazza is employed. The model
describes an exponential dependence of S; on T, and claims that a tem-
perature T™ exists for the system, at which particles change their behavior
from thermophobic to thermophilic - "thermophobic” referring to particle
motion away from higher temperatures, and "thermophilic” to motion to-
wards higher temperatures. It was introduced in ref. [48]. Later, research by
Tacopini et al.[47] affirmed validity of the model for a wider range of systems.
A microscopic hydrodynamic model by Parola and Piazza (ref. [46], see also
sect. 1.4), has been referred to in ref. [47] as a firmer theoretical base to the
empirical model. The empirical fitting function is:

=T

0

Sr(T) = S5[1 — exp(

)] (1.25)

Here, T™ is the temperature at which Sy = 0 - or, the temperature at
which thermally induced particle transport changes direction. Parameter 7§
characterizes the strength of temperature effects on Soret coefficient. The
authors refer to S7° as a high temperature thermophobic limit for the Soret
coefficient, in effect describing a sort of a plateau of St values reached as the
temperature increases.

The Tacopini - Piazza model was originally developed to describe ther-
mophoresis in protein solutions, but has since been employed in various sys-
tems, including polymers in aqueous solutions[49] and charged nanoparti-
cles[50]. For polymers in ethanol, a Soret coefficient sign change has also
been observed[51] - however, there St decreased as temperature increased.
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1.6 Mass diffusion and Soret coefficients in a
porous environment

To analyze mass diffusion and Soret coefficients in a porous environment,
we need to introduce the parameter of tortuosity, denoted 75. As a particle
travels, the very presence of a porous medium prevents it from taking a path
it would travel in a free fluid. Therefore, to cover an effective distance [ s,
the particle needs to travel a longer path of length [, see Fig. 1.2.

Figure 1.2: Visual representation of the two distances covered by a particle
in a porous medium - effective one l.;; and the path traveled, [,

The relation between these two parameters is called tortuosity:

Ta = llp (1.26)
eff
Effects of a granular porous medium through on mass diffusion and ther-
modiffusion coefficients for an electrolytic solution has been investigated ex-
perimentally by Costeseque et al. [10], finding relations for D,,:

Dilfree fluid) _ (1.27)

D, (porous)

and Dp (note that the authors have introduced a separate tortuosity value
for thermally induced transfer, 7r, finding it to differ from 7; by less than
1% of coefficient value):
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Dr(free fluid) _ (1.28)

Dr(porous)

Davarzani et al. have investigate thermodiffusion of gas mixtures in a
porous medium theoretically [52] and experimentally [53]. A decrease in
mass diffusion and thermodiffusion coefficients was found. Relation between
D,, and tortuosity has been given as:

D, (porous) _ 1 (1.29)
Dy (free fluid) 74 '
and for Dyp:
Dy (porous) _ 1 (1.30)

Dr(free fluid) 74

In either of these studies, no effect on Soret coefficient has been found.
This is explained as a result from thermodiffusion coefficient having the same
dependence on tortuosity as mass diffusion coefficient, leaving S7 unchanged.

Ahadi et al. investigated thermodiffusion of a hydrocarbon mixture in a
thermodiffusion cell[54]. They found that the presence of a porous medium
increased the time needed to reach steady state. A study by Colombani et al.
found a decrease of Soret coefficient for a liquid mixture in a porous environ-
ment and associated it with adsorption of liquid in the porous medium[55].

Yasnou et al. conducted insightful experimental work in a fluid - porous
layer - fluid system, measuring Soret, diffusion and thermodiffusion coef-
ficients, and investigating thermal conductivity within the system|[56]. In
their research, they have found S7 to slightly increase in a porous medium,
by around 5% of value, while also suggesting that changes in D,,, correspond
to tortuosity of porous material as given by eq. 1.27, rather than porosity of
the material, as suggested in ref.[57].

Blums et al. showed that ferrofluids in a porous environment can present
a decrease in thermally induced particle transport[13]. The authors associ-
ated their observations with slip velocity mechanisms, as described in [58],
inducing flow through fluid - pore wall interaction. Later, a decrease in
Soret, coefficient of a ferrofluid was also found in thermophoresis through a
layer formed by two permeable grid-like walls [59, Blums et al.], especially
in an external magnetic field, where a reversal of particle flow direction was
observed. In the latter study, influence of the permeable walls on particle
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thermophoresis in an external magnetic field was associated with microcon-
vective flow of the fluid and magnetophoretic transfer of the particles, both
induced by the grid elements.

1.7 Effect of an external magnetic field on fer-
rofluid mass transfer, mass diffusion and
thermophoresis

The Bernoulli equation for a ferrofluid contains an additional term to account

for the effects of magnetism. The ferrohydrodynamic Bernoulli equation
is[19]:

1
P+ 5;)1)2 + pgh — ugM H = const (1.31)

If we consider a setup of two regions adjacent to each other in way that
gravitational and velocity terms of Bernoulli equation are in balance, we
arrive at pressure difference between the regions[60]:

Ap = Mo (MlHl — MQHQ) (132)

This is referred to as magnetic pressure. An example of a system where
magnetic pressure could be expected to contribute to ferrofluid mass transfer
is a porous layer placed between two ferrofluid volumes kept at different
temperatures, such as described in ref. [18].

Effect of a magnetic field on ferrofluid mass diffusion has been described
by Bacri et al., see ref. [61]. Two geometries are considered - one where mag-
netic field is parallel to particle distribution gradient and the other where
field is normal to the distribution gradient. In the first case, effect of a
magnetic field on particle mass diffusion is predominantly caused by inho-
mogeneity of the magnetic field due to particle distribution. Then, mass
diffusion coefficient becomes:

LZ
Dunary,| = Dim,p=0 (1 + 11MV—MS()§)) (1.33)

where L(§) denotes the Langevin function with £ = uog—?, see sect. 1.2,
while v,/ is the reduced parameter of magnetic dipole - dipole interaction:
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o™
= oo Mzj—— 1.34
v = poMy T (1.34)

In the second case, when magnetic field is perpendicular to particle con-
centration gradient, this inhomogeneity of particle distribution would have no
contribution to D,,. Then, the principal mechanism through which magnetic
field would influence mass diffusion would be through magnetic interaction
between the particles. To characterize it, effective field constant A is intro-
duced. Calculation of A with effective field model is described in ref. [62].
For the purposes of the work described here, \ is treated as a known constant
of the ferrofluid that is used in mass diffusion experiments in magnetic field,
see sect. 2.2. Diffusion coefficient D,, is, then:

_ AL () )
1+ Ay L'(€)

For thermophoresis in a magnetic field, we are only looking at a case
where temperature gradient and magnetic field are aligned. Principal mech-
anism of magnetic field influence on ferrofluid thermophoresis is expected
to come from magnetic field gradients associated with particle distribution
non-uniformity. Theoretical considerations for these circumstances are laid
out in ref. [59]. The approach is based on employing equation 1.15 for par-
ticle mass transfer and writing out thermodiffusion coefficient according to
definition of S, then applying to D,,, dependence on H as given by eq. 1.33.
Dependence of particle magnetization on temperature is taken into account
through pyromagnetic coefficient ap. The expression for Sp(H) is, then:

Sr = Sr.5-0 [(1 - %g—;) / (1 + %)] (1.36)

Dyyrr),L = Dy =0 (1 (1.35)

A mechanism of ferrofluid mass transport driven by microconvection in-
duced by nonmagnetic grains is proposed in ref. [17]. This phenomenon,
referred to as thermomagnetoosmosis, would induce not only additional mix-
ing of the fluid, but also a macroscopic translation flow directed towards
increasing temperatures. This corresponds to a decrease of Soret coefficient.
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1.8 Ferrofluid viscosity

Rheology of a ferrofluid can be analyzed as that of a dilute or moderately
concentrated suspension ([63]; ref. [63] has been used as the fundamental
basis of understanding of rheology in this thesis). We are looking at all
fluids concerned in experimental work as Newtonian liquids, with viscosity
not dependent on shear stress. This means no shear thinning or thickening
being present. For suspensions, shear thinning would be expected starting
from particle volume concentration values of roughly around ¢ = 0.3 and
shear thickening from around ¢ = 0.4. Both values of particle concentration
are well above those found in the colloids used in the work described here,
see sect. 2.2 (note that fluid compliance with Newton’s law of viscosity has
also been confirmed experimentally, see Sec. 4.2).

For dilute colloids, dynamic viscosity should change with particle volume
concentration according to Einstein formula

n =ns(1+ 2.50) (1.37)

However, for particle concentration exceeding ¢ = 0.03 while still below
¢ = 0.1, Batchelor formula would be more appropriate:

n = ns(1+ 2.5¢ + 6.2¢%) (1.38)

Temperature dependence of viscosity can be derived from comparing
molecular motion induced by collisions arising from Brownian motion and
by shearing motion. In terms of activation energy v* and activation barrier
AH, the viscosity is given by

kgT AH
1=~ Toexp (ij—T) (1.39)

Here, 7 = QAO 1075 is the average time between molecular collisions,
as )y is the molecular collision rate and 7. is viscosity at "infinite tem-
perature”. Equation 1.39 describes Arrhenius type dependence of viscosity
on temperature. The form of Arrhenius equation used in analysis of results
presented in this thesis is:

E
= S 1.4
1 Tleo XD (RT> (1.40)
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Here, R is the gas constant, T is temperature and E, denotes activation
energy. Existing research in similar physical systems, see for example [64]
and [65], shows that ferrofluid viscosity decreases with temperature, driven
by the viscosity of the carrier fluid.

Yang et al.[66] have looked at magnetic microparticles suspended in methyl
silicone oil and mineral oil with oleic acid as surfactant. They observed that
viscosity increases with an increase of excess oleic acid.

A mechanism is described in ref. [63], by which a colloid with sterically
stabilized particles can have viscosity reduced through lubrication provided
by the molecular layer around the colloidal particles. Lubrication is then
provided by motion of molecules within the surfactant layer relative to the
nanoparticles.
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Chapter 2

Ferrofluids used in
experimental work

Majority of ferrofluids used in this work were prepared in Institute of Physics,
University of Latvia. Those include samples S-1, U5 and df105, which is the
most thoroughly studied ferrofluid in the research described in this work. One
sample, FF13-04, was prepared in Laboratory of Magnetic Soft Materials,
University of Latvia. Oleic acid and lauric acid used as surfactants were
provided by Sigma — Aldrich. Overview of all ferrofluids used in the work
can be found in table 2.1.

Ferrofluids df105, S-1 and Ub are all surfactant stabilized. This means
that the single domain magnetic core is coated in a layer of surfactant par-
ticles. Production of ferrofluids of this type is described in refs. [67], [68]
and [69]. Particles are synthesized from ferric and ferrous salts by chemical
coprecipitation and then coated with the surfactant layer. Advantages of
this method, comparing to sol-gel, microemulsion and others, include being
relatively simple and economical, and highly efficient[70]. Challenges of the
method include insufficient dispersion, which can be countered by ultrasonic
mixing, and uneven size distribution. In the ferrofluids concerned in this
work, particle size is controlled by centrifugation at 7000g for a time of sev-
eral hours. The particles are treated with high gradient magnetic separation
- filtered through a wire matrix placed in an external magnetic field. Two
of the three surfactant stabilized ferrofluids here use oleic acid as surfactant
- it is a popular choice for ferrofluids of this type, providing good colloidal
stability even compared to similar surfactants due to excellent wettability of
oleic acid layers on surfaces by hydrocarbons|[71].
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Production of the ionic layer stabilized ferrofluid is described in ref. [72].
The particles were synthesized by coprecipitation, following the Massart
method and stabilized by covering the nanoparticles with citrate ions.

2.1 Characteristics of ferrofluids used in ex-
perimental work

Materials and production methods of ferrofluids used in this work are summa-
rized in table 2.1. Ferrofluid densities and volume and mass concentrations
of the magnetic phase can be found in table 2.2.

. method of

ferrofluid parthe carrier fluid stabiliza- surfactant

material )

tion

df-105 tetradecane oleic acid

Fe304 di-(2- surfactant | oleic acid
S-1 ethylhexyl) +  lauric

sebacinate acid

Ub undecane oleic acid
FF 13- 04 }62 03_ water + citrate ﬁglfayi?u_ citrate

Table 2.1: Overview of ferrofluids used in experimental work

ferrofluid P 25 ‘ np.v, % (magnetic phase) ‘ Np.m, %0 (magnetic phase) ‘
df-105 1.037e3 4,75 24.05
S1 1.062¢3 1,48 7.34
Us 0.965e3 4,00 21.76
FF 13 - 04 | 1.043e3 0,87 4.37

Table 2.2: Physical parameters of the ferrofluids

29




2.2 Nanoparticle properties

In table 2.3, sizes of the magnetic phase of nanoparticles of the ferrofluids
are characterized. Particle sizes are measured with Vibrating sample mag-
netometry, as described in ref. 3.7.

ferrofluid particle size d, nm dispersity b
number average \ mode \ volume average

df-105 8.8 9.7 11.6 2.3

S-1 5.0 4.8 5.6 1.4

[O15) 8.7 9.7 11.4 2.2

FF 13- 04 24.2 27.6 32.3 2.4

Table 2.3: Nanoparticle size properties (magnetic phase)

Dispersity, D, is defined as:

D=2 (2.1)

M,, is weight average molar mass and M, is number average molar mass.
The formula used to calculate dispersity (sometimes called polydispersity
index) D, assuming uniform density across particles and all particles having
a spherical shape, is:

r(vol.average)?

~ r(numb.average)? (22)

Nanoparticle hydrodynamic size measurements are performed for sample
df105. Measurements and results are described in sect. 5.3. The determined
mean apparent hydrodynamic diameter of a df105 particle is d, = 16.7nm.

In figs. 2.1 and 2.2, particle magnetic phase size distribution of ferrofluid
df105 are given relative to, respectively, particle number and volume. Mag-
netization measurements from which these were calculated are shown in fig.
2.3. Magnetic properties of the particles of all ferrofluids can be found in
table 2.4. All ferrofluid size distributions are given in appendix A.

Effective field constant A of ferrofluid df105 is A = 0.286.
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Figure 2.1: Nanoparticle size distribution (magnetic phase) in ferrofluid df105

’ ferrofluid ‘ particle magnetic moment m, A - m? ‘ particle material My, % ‘
df-105 2.3-1071 490
S-1 0.3-1071 490
U5 2.2-107% 490
FF 13- 04 5.0-107 % 430

Table 2.4: Nanoparticle magnetic properties

2.3 Addition of excess surfactant

In some experiments, an excess of surfactant being present in the colloid. The
respective surfactant of each ferrofluid is used. Due to preparation procedures
of the ferrofluid, all oleic acid present before the addition of excess surfactant
is assumed to be bound to the nanoparticles, corresponding to 0% surfac-
tant concentration. Surfactant volume concentration is consistently used as
“concentration” value for surfactant, even when not specified. Preparation of
fluids with excess surfactant consists of simply mixing the specified amount
of surfactant in the fluid, so that a ferrofluid with say 2% excess surfactant
would have 2% of volume taken by surfactant not bound to nanoparticles and
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Figure 2.2: Nanoparticle size distribution (magnetic phase) in ferrofluid df105
as fraction of volume

98% of volume taken by the original ferrofluid, with volume concentration of
each component reduced by 2%.

As tetradecane is non-polar, no micelle formation from surfactant molecules
is expected. This is confirmed by Dynamic Light Scattering measurements,
see sect. 5.3.
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Chapter 3

Experimental methods

Introduction

Experimental research methods described here can be divided into three cat-
egories. One describes the work carried out that concerns a porous medium,
including two experimental setups, characterization of a porous medium and
convective stability concerns. This category consists of sections 3.1 through
3.5. The second category describes the method of Forced Rayleigh Scatter-
ing as it is applied in the research presented in this thesis, given in sect.
3.6. The third category describes measurements performed with ready made
experimental apparatus and includes sections 3.7 through 3.9.

3.1 Measuring thermophoresis in a porous layer

In porous medium thermophoresis experiments, illustrated in fig. 3.1, a flat
cylindrical porous layer is placed in a temperature gradient. The layer is
fully enclosed by walls, allowing for no mass transfer to or from the layer.
Side walls are thermally insulated, having been made from a solid ring of
polytetrafluoroethylene, more commonly referred to as teflon. Top and bot-
tom walls are kept at a constant temperature through thermostatted fluid
circulation, with top wall being heated and bottom wall being cooled.

The device can be seen in fig. 3.2. The porous layer is placed inside,
between the two sides which are then pressed together. The layer itself is
described in sect. 3.4 - it is formed of ten sheets of filter paper pressed
together to form a continuous porous medium.

34



heating
cooling
o
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porous layer 9-20 ym 2 nm surfactant
pores layer

Figure 3.1: Schematic layout of thermophoresis experiments

Figure 3.2: Experimental device for measuring thermophoresis in a porous
layer. Top and bottom halves are thermoregulated with water circulation,
see the tubes. Heat flux through side walls in prohibited by the teflon ring

(white).
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layer number NP mass conc., ¢, | NP relative conc., ¢ 6 — &)
1 0.07% 5.00% 0.0475 0.0579 0.0103
3 0.07% 6.25% 0.0457 0.0723 0.0267
5 0.13% 7.80% 0.0835 0.0903 0.0068
7 0.17% 9.55% 0.1109 0.1106 0.0004
9 0.25% | 13.48% | 0.1649 0.1560 0.0090

Table 3.1: Particle concentration measurements with two methods of sample
preparation for VSM, ferrofluid df105

The porous layer is saturated with a ferrofluid. Diameter of the layer
is 67 mm and the setup is positioned so that the axis of the flat cylindrical
porous layer is aligned with the gravitational field. The temperature gradient
is created at the start of the experiment and being kept constant throughout.
Experiment is ended after 24 hours, which is a well sufficient time for Fourier
time 7 = %’gt to reach values of 7 > 1 (for D,, measured with Forced
Rayleigh scattering, see Sec. 3.6) and therefore the particle distribution to
reach a steady state.

After the experiment is ended, the ten layers are split apart and samples
are extracted from each layer. Concentration of magnetic nanoparticles in
each layer is measured with the method of vibrational magnetometry, see
sect. 3.7.

For sample extraction, two approaches are evaluated. In one of them, the
center of each layer is cut out after the experiment, and the fluid is rinsed
out in a test tube. In the other approach, the layer is dried and a segment
is cut out. The results for magnetic particle mass concentration are given
in table 3.1. The resulting relative particle distribution is shown in fig. 3.3.
It is found that no method provides an obvious advantage compared to the
other in terms of result reliability.

The accuracy of vibrating sample magnetometry measurements is given
by the manufacturer as better than 2% of value reading. There are, how-
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Figure 3.3: Example of relative particle distribution in the porous layer,
measured from rinsed center cutout and a dried cutout section

ever, other sources of error, possibly the most prominent being associated
with splitting apart the layers post experiment and possible parasitic mass
transfer during that process. To better estimate the measurement error, an
experiment is performed with no temperature gradient present and, there-
fore, an expected uniform distribution of particles. The deviation of particle
concentrations in this experiment gives us a measurement error of 7 % of
initial particle concentration.

Nanoparticle size distribution in each of the layers at the end of this
isothermal test is given in fig. 3.4. No significant deviations in size distribu-
tion profiles are found between the layers.

3.2 Measuring mass diffusion in a porous layer

Diffusive transfer of the magnetic nanoparticles of a ferrofluid is investigated
in a porous layer of the same geometry and composition than that used in
thermophoresis experiments. The layer has a flat cylindrical shape and is
composed of ten coaxial, tightly packed sub-layers. The mass diffusion coef-
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layer number

relative particle concentration

1

0.987

0.991

0.889

1.080

1.032

Table 3.2: Particle distribution through sections of the porous layer with no
mass transfer induced by temperature

o
o
o

particle relative concentration

0.01

Layer #

—e—1

——2

25 30 35

Figure 3.4: Particle size distribution in the ten layers that form the porous
medium after 24 h long isothermal experiment
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ficient is evaluated from measurements of particle concentration across the
layer, where the mass transfer is driven by the development of concentration
profile from initial step-vise distribution. The schematics of diffusion exper-
iments and how they compare to thermophoresis experiments is given in fig.
3.5.

L a b

Figure 3.5: Schematic of porous layer arrangement in thermophoresis (a)
and diffusion (b) experiments. Shading represents layers saturated with fer-
rofluid.

In diffusion experiments, no mass flux through any wall is present. No
temperature gradient is present and no heat flux through top, bottom and
side walls is allowed. At the starting point of an experiment, five of the ten
sub-layers are homogeneously saturated with ferrofluid, while the other five
are saturated with pure carrier fluid. Experiments are performed for 2 and 4
hours for each of samples df105 and FF 13-04, and 24 hours for samples S-1
and Ub. After this time has passed, the layers are split apart and particle
concentration within them measured with VSM, much like in thermophoresis
experiments. Average of D,,, from experiments of various time frames is given
as the end result. It is from this averaging that measurement error of D,, is
estimated, and is found to be 15 % of measurement value.
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Figure 3.6: Schematic layout of thermoosmosis experiments

3.3 Measurements in a two volume thermoos-
mosis cell

Thermoosmosis experiments are illustrated in fig. 3.6. If colloid thermophore-
sis experiments investigate flow within a closed porous layer, in carrier fluid
- surfactant thermoosmosis experiments that layer is "opened up”, allowing
for low through it.

A porous layer with a diameter of djqye, = 15mm is placed between two
equal cylindrical volumes, forming an experimental cell that allows for both
mass and heat transfer to and from the layer and the volumes. Axis of the
cylinders are again aligned with gravitation field. Height of one volume is
15mm. The device can be seen in fig. 3.7.

Both of the volumes have exits to a manometer, which is designed so that
it’s tubes run parallel and both at equal height from the ground at a point
near the experimental cell, with the lower manometer tube being bent to
meet the higher. From that point, the tubes can run either parallel to the
ground (a setup that is referred to as "flow setup” in the article), or at an
incline angle « (this setup is referred to as the "pressure setup”). Fluid levels
in the manometer are monitored with a camera during experiments. The
flow level is then determined from the pictures by an image analysis script
written in Python. An example of a picture taken during the experiment is
demonstrated in fig. 3.8.

The fluid used in thermoosmosis experiments is a mixture of tetradecane,
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Figure 3.7: Experimental device used in two volume thermoosmosis experi-
ments. Manometer tube endings on far left in the picture are where additional
tubing is attached and raised at an incline angle if necessary

which is the carrier fluid of the ferrofluid used in thermophoresis experiments,
and oleic acid - the surfactant of the ferrofluid. Volume concentration of oleic
acid varies from 0% to 2.5 %.

In isothermal experiments, temperatures are Ti,, = 40°C" and Thortom =
40°C. In non-isothermal pressure experiments, end walls of both volumes
are kept at constant temperatures, with T},, = 60°C" and Tyoiom = 20°C. A
series of flow experiments is also conducted at the same temperatures. Addi-
tionally, to examine the effect of using various temperatures and temperature
differences, a series of flow experiments with AT = 20°C' is performed. The
temperature combinations used in this series is T},, = 40 °C'/Thoiom = 20°C
Tiop = 50°C | Thottom = 30°C and Ty, = 60°C/ Thostom = 40°C.

Temperature within the volumes themselves is not measured, but we know
from previous experimental work with cells of identical geometry and mate-
rials used for experiments (such as described in ref. [32]), that such a con-
figuration, with temperatures T},, = 60°C" and Tyosom = 20°C', corresponds
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Figure 3.8: Example of a manometer picture taken during an experiment.
The red arrows point at fluid levels in the tubes. Flow is measured by
detecting these levels
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thickness 0 fiiter 0.15 | mm
minimum pore size dpore,min 9 wm
maximum pore size dpore,maz | 20 | pm

Table 3.3: Parameters of filter paper used in formation of porous medium

to temperature gradient across the porous layer AT}hermoosmosis = S C.

Measurement error of the thermoosmosis series is discussed in sect. 7.3.2,
and found to be approximately 20 % of value for coefficients obtained from
the experiments.

3.4 The porous layer

In both thermophoresis and thermoosmosis experiments, a porous layer is
used. In both cases, the layer is made of ten sheets of filter paper, tightly
packed together to form a continuous porous environment.

The filter paper used is VWR Grade 410 with the relevant properties, as
specified by the manufacturer, shown in Table 3.3.

The filters are found to be chemically inert to all the fluids used in ex-
periments. The resulting layer then has thickness of § = 1.5mm. Porosity
is determined experimentally by comparing the weight of a filter paper sat-
urated with a fluid of known density to that of an "empty” one, and it is
found that ¢ = 0.328.

To estimate permeability of the porous medium, we use the Kozeny-
Carman relation in the form given in[73]:

Ko T
172.8(1 — 22)
and get K = 5.149-1071* m?. It must be noted that this is only an initial

estimation and the value of permeability used in calculations is obtained
experimentally, as described in sect. 7.3.2.

(3.1)

3.5 Convective stability in the porous layer

For the research presented here, it is crucial that convective stability within
the porous layer is ensured in non-isothermal conditions. This matter is
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addressed in ref. [74, Sints et al.]. For our colloids, thermal diffusivity far
exceeds mass diffusion coefficient, therefore the Lewis number Le >> 1, and
for N = %7 it is true for our case that N >> 1 (fr is thermal expansion
coefficient, see table 3.4). It is shown in ref. [75], that when LeN > 10,
convective stability in a fluid saturated porous medium is determined by the
solute Rayleigh number Ra,:

Ra, = RagsDa (3.2)
Here, Ra, is the Rayleigh number and Da is the Darcy number:
K
Da = 52 (3.3)

where K is permeability of the layer and ¢ is the thickness, see sect. 3.1.
Magnetic and gravitational contributions for Ra, are considered:

Ra, = Rayy, + Ray,, (3.4)
For a top heated layer, Ra, is:

K (egoMsL(§)STAT)®  68ypgdoSrATK
nD(1+ L/ (£)) nD
Ineq. 3.5, ¢ is volume concentration of nanoparticles, p and 7 are density

and viscosity of fluid, Sy and D are Soret and mass diffusion coefficients for

ferrofluids, as measured by Forced Rayleigh scattering in Institute of Physics,

University of Latvia (see values of those coefficients in sects. 6.2.3 and 5.2.2),
and 3, is defined as:

Rap = Uo (35>

5y Lo

po 09

Here, py is initial density of the ferrofluid. Values of 3, can be found in
table 3.4.

Magnetic coefficients £ and 7, are those defined in sects. 1.2 and 1.7:
£ = MOITB—I; and vy = ¢0Md%. L(§) is the Langevin function. Values of
solute Rayleigh number Ra,, calculated for AT = 40°C' at zero magnetic
field and B = 0.1T are shown in table 3.5. It can be seen that, for all fluids,

Ra,, is lower than the critical value Racriticar = 472,

(3.6)
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‘ferroﬂuid ‘ Br ‘ Bo |

df-105 6,8e-4 | 5,8

Table 3.4: Thermodynamic coefficients for ferrofluids used in experimental
work

| ferrofluid | Ra,,B=0T | Ra,, B=0.1T |

df-105 -2.18 25.6

Table 3.5: Solute Rayleigh number Ra, for ferrofluids used in experimental
work

3.6 Forced Rayleigh scattering

Forced Rayleigh scattering (FRS) is described in ref. [15] - this article, along
with correspondence with it’s authors, has formed the base for the description
of FRS method given here. Essence of the method is that a colloid is placed
in a thin optical cell, within which a one-dimensional grid is created by a light
source. This causes a spatial periodic temperature modulation AT, which,
through the Ludwig-Soret effect, induces a volume fraction modulation of
the nanoparticles A¢. Soret coefficient St can then be evaluated from these
two modulations. When the light source - which is, effectively, a heat source
- is switched off, volume fraction gradient undergoes a relaxation, driven by
nanoparticle mass diffusion. From this, mass diffusion coefficient D,,, can be
evaluated. Measurements of the modulations are made with a non-absorbing
laser, effectively investigating refractive index modulation.

In the experimental setup in Laboratorie PHENIX, a high power lamp,
500W- Hg Arc Lamp-240 Spectra Physics, is used as the light source to im-
pose the one-dimensional grid. Period gratings A used are 92.5 ym, 110 um
and 156 um, each applied to every fluid sample at every temperature. The
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cell is placed in a temperature regulated sample holder allowing measure-
ments at controlled temperatures. In the work presented here, mass transfer
coefficients are measured in temperature range 7 = 20°C and T = 85°C,
the upper temperature being determined by considerations about possible
carrier fluid evaporation and measurement cell durability.

A number of results presented here have also been measured using the
Forced Rayleigh scattering setup in Institute of Physics, University of Latvia.
There, the grid in fluid is induced by a laser beam, instead of a high power
lamp. The laser in use is a YAG laser with wavelength 532 nm. Laser used
for measurements is a He-Ne laser with a wavelength of 633 nm. Period
gratings are 50 — 100 pm. In these measurements, temperature has not been
controlled. This experimental setup is described in detail in ref. [76].

3.7 Vibrating sample magnetometry

The working principle of Vibrating sample magnetometry (VSM) is described
in ref. [77]. In brief - a sample with some magnetic properties is placed
among a set of measuring, or receiver coils, and in a magnetic field generated
by an electromagnet. This external field magnetizes the sample. A vibrat-
ing motion of the sample is then induced. According to Faraday law, this
motion of a magnetic sample induces a current in the receiver coils. From
that, magnetization of the sample at the corresponding magnetic field can
be calculated.

Description of particle size distribution calculations, as used to character-
ize ferrofluids used in this work, can be found in refs. [78] and [27]. Magne-
tization of a ferrofluid in an external field is given by eq. 1.7 and depends on
particle magnetic moment - therefore, magnetic moment can be calculated
by knowing field and magnetization values, as provided by VSM measure-
ments. Furthermore, a distribution of nanoparticle sizes can be attained by
using eq. 1.8 instead of eq. 1.7.

VSM measurements in this thesis were performed in Institute of Physics,
University of Latvia by using Lake Shore Cryotronics Co., model 7404 VSM
vibrational sample magnetometer.
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Figure 3.9: Stress rate and torque for ferrofluid df105 with 1% excess surfac-
tant. Rotation is constantly at 13.4 1/min

3.8 Rheometry

Viscosity of fluid samples is measured with Anton Paar MCR 502 rheometer,
in a cone - plate setup. In this setup, shear rate 7y is determined from angular
velocity € and angle between cone and plate, «, as:

Q

= o) (3.7)

~

Advantage of measuring viscosity with a cone - plate setup is having an
even shear distribution. A disadvantage is inability to change the gap be-
tween cone and plate, which limits the chance to detect potential wall slip.
The rheometer is equipped with a Peltier temperature control, which enables
measurements at various temperatures. Measurements are done in a continu-
ous rotational mode. Angular velocity is kept constant, while torque exerted
on the rotating cone changes with viscosity. An example of torque changing
with viscosity decrease as temperature increases, along with corresponding
change in shear stress, at a constant shear rate, is given in fig. 3.9.
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3.9 Dynamic light scattering

Method of Dynamic Light Scattering (DLS) is based on measuring fluctua-
tions in light scattered by particles undergoing Brownian motion. Dynamic
light scattering measurements were made with Vasco DLS Particle analyser
from Cordouan Technologies, in Laboratorie PHENIX, Sorbonne Université.
This apparatus works in back scattering. It is adapted for strongly absorbing
colloidal dispersions and allows here the determination of the mass diffusion
coefficient D,, of nanoparticles at room temperature. Nanoparticle apparent
hydrodynamic size d), is related to D,,, through Stokes-Einstein formula:

kT
- 37TT]0Dm

where 1) is viscosity of pure carrier fluid.

dp (3.8)
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Chapter 4

Viscosity measurements

4.1 Overview

Series of experiments are performed with ferrofluid df-105 and the corre-
sponding carrier fluid, tetradecane. Measurements are made at several values
of oleic acid concentration, and at temperatures ranging from 7' = 20°C' to
T = 60°C. The results of viscosity measurements have been used in analysis
of experimental work described in further sections. An unexpected effect of
surfactant concentration on ferrofluid viscosity has been noted, with addi-
tion of more surfactant either decreasing or increasing viscosity of the colloid,
depending on concentration value. Experimental methodology for viscosity
measurements is described in sect. 3.8.

4.2 Newtonian fluid tests

Newtonian behavior at all relevant surfactant concentration values is con-
firmed for the ferrofluid by investigating the relation between shear rate and
shear stress. All measurements are performed at 20°C. The results are
shown in fig. 4.1. In all investigated cases, the ferrofluid displays a behavior
characteristic of a Newtonian fluid.
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Figure 4.1: Shear stress depending on stress rate at 7' = 20°C for ferrofluid
at various concentrations of OA

4.3 Dependence of ferrofluid and carrier fluid
viscosity on surfactant concentration

Viscosity of tetradecane and oleic acid mixture depending on oleic acid con-
centration has been measured at different temperatures. The results are
displayed in fig. 4.2.

Viscosity of ferrofluid and oleic acid mixture is plotted against oleic acid
concentration in fig. 4.3. We can observe a marked difference in the viscosity
characteristics compared to mixtures of pure tetradecane and oleic acid.

4.4 Dependence of ferrofluid and carrier fluid
viscosity on temperature

The temperature dependence of ferrofluid viscosity is shown in fig. 4.5. As ex-
pected, the viscosity decreases with increasing temperature for both ferrofluid
and tetradecane (with and without added surfactant). These measurements
are analyzed within the Arrhenius model, as given by eq. 1.40.

By fitting eq. 1.40 to the data by a Python script, values of activation
energy F, are calculated and presented in table 4.1. We can see that, with
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Figure 4.2: Viscosity of carrier fluid as a function of surfactant concentration
at various temperatures between 20°C' and 60°C

addition of oleic acid, the activation energy of ferrofluid initially presents a de-
crease by around 10%, before increasing at higher surfactant concentrations.
Meanwhile, F, for tetradecane consistently increases with the concentration
of added oleic acid.

4.5 Analysis

Comparing viscosity values of carrier fluid and ferrofluid at 0% excess sur-
factant concentration, we see that viscosity of ferrofluid is higher than that
of carrier fluid at corresponding temperature. The increase exceeds that pre-
dicted by eq. 1.38, which gives a value of n = 0.0026 Pa-s at T = 20°C. This
would suggest that viscosity of a surfactant stabilized ferrofluid possesses
characteristics not described by moderately concentrated colloid model, even
when effects of magnetism are not in play.

For all inspected fluids, viscosity decreases with temperature in a manner
than can be described by Arrhenius’ law. An increase of carrier fluid viscos-
ity following an increase of oleic acid concentration can be observed at all
temperatures. The increase, higher than linear in proportion to surfactant
amount, of tetradecane viscosity as more oleic acid is added, seems to suggest
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Figure 4.3: Viscosity of ferrofluid as a function of surfactant concentration
at various temperatures between 20°C' and 60°C

an interaction between oleic acid molecules. For ferrofluid, viscosity follows
a curious trend, slightly decreasing at low oleic acid concentrations before
increasing again. Then, at the highest investigated oleic acid concentrations,
it reaches values similar to both ferrofluid at low oleic acid concentration and
those of tetradecane with the same oleic acid concentrations.

Similarities of behavior between tetradecane and ferrofluid viscosity at
high oleic acid concentration values seem to suggest that the pattern of fer-
rofluid viscosity changes is a result of two processes acting contrary and bal-
ancing each other at a temperature independent crossover point. Under this
assumption, one of those processes, seen at high surfactant concentrations,
would be a viscosity increase like that seen with tetradecane. The other,
decrease of ferrofluid viscosity at lower, increasing surfactant concentrations,
has no obvious explanation.

Potential explanations for the initial decrease of ferrofluid viscosity could
involve either further adsorbtion of surfactant molecules, saturating the sur-
factant layer around nanoparticles, or some structure organization that could
be compatible with the Newtonian regime of the rheological probing. Con-
sidering that no micelle formation is expected, nor, as briefly touched upon
in sect. 1.1, is a surfactant double layer, the second explanation could be
deemed unlikely.
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sults of eq. 1.40 of eq. 1.40

In the additional adsorbtion interpretation, we would be looking at a
situation where the surfactant layer around the particles, while providing
sufficient colloidal stability, is not saturated, and the added surfactant, in
the initial steps, directly binds to the particles. Then, two mechanisms for
viscosity reduction can be proposed.

In one scenario, structures of nanoparticles would form at lower surfac-
tant concentrations (that would have to be compatible with the Newtonian
regime seen throughout all surfactant concentrations) and dissolve as oleic
acid concentration increases. The addition of surfactant would then lead to

0.0 1.0 - 10 2.0- 107
0.5 1.0 - 10 1.9 -10*
1.0 1.3 - 10 1.8 -10*
1.5 1.5 - 10 n/a

2.0 1.6 - 10 1.7 - 10
2.5 1.7 - 10* 1.9 -10*

Table 4.1: Activation energy F, for tetradecane and ferrofluid depending on
amount of additional surfactant

53



progressive dissociation of weakly bound nanoparticle clusters into individual
nanoparticles fully coated with surfactant. It will be demonstrated by size
measurements performed with DLS (sect. 5.3), that this is indeed the case.
Incomplete surfactant covering of nanoparticles leading to particle clustering
has been previously reported by Susan-Resiga[24] — there, the source of im-
perfect covering was identified as presence of poorly stabilizing surfactant,
while in our case, it is the apparent lack of surfactant on nanoparticles.

Additionally, it could be proposed that it is the saturation of surfactant
layer itself that plays a role in viscosity reduction. Relevance could be sug-
gested to a mechanism of lubrication provided by motion of molecules within
the surfactant layer relative to the nanoparticles. As described in ref. [63],
such lubrication can alter viscosity of colloid with sterically stabilized parti-
cles. The mechanism, as per the source, should apply to rotational oscillation
mode of shear, which is not the case here. However, it does demonstrate the
possibility of surfactant layer contributing to colloid viscosity decrease.

In order to provide an insight into dependence of viscosity on surfactant
concentration, a parameter of relation between ferrofluid and carrier fluid
viscosity ny¢/ma is introduced, displayed in fig. 4.6.
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Figure 4.6: Ratio of ferrofluid and teradecane viscosities 7y/mq at various
values of surfactant concentration and temperature

Three tendencies are immediately seen in fig. 4.6 - the ratio and spread
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of ratio over temperatures both decrease as excess surfactant concentration
increases, and the ratio is decreased by temperature increase. As suggested
by the reduction of 7y /mq under 7" increase, temperature plays a role in ag-
glomerate dissolution at lower surfactant concentration values. The vanish-
ing temperature dependence of 7¢¢/m:q indicates that this role is diminished
as more surfactant is adsorbed onto particles leading to increased colloidal
stability - and less agglomerates to dissolve by temperature. A similarity
could be seen between these temperature effects and nanoparticle aggregates
in ferrofluids, forming in a reversible way under temperature variation, as
described by Buzmakov([25]. This effect of temperature is in agreement with
particle clusters being seen in DLS at room temperature, but not at FRS
results, where VT is present. Reduction of the lowest ratio value at each
surfactant concentration, reached at the highest temperature, could then be
associated with surfactant layer saturation itself, reducing ferrofluid viscosity
through particle lubrication.

As far as more mundane potential explanations of the observed phenom-
ena are concerned, a possibility of wall slip of ferrofluid against rheometer
plate can not be entirely denied, but it would have to be asked why it is not
seen in carrier fluid measurements at the same surfactant concentrations,
which renders this explanation unlikely.

Activation energy (characterizing the dependence of viscosity on temper-
ature) shows a similar trend to that seen with viscosity. For tetradecane,
activation energy increases with oleic acid concentration. For the ferrofluid,
E,, decreases initially, before increasing again at higher oleic acid concentra-
tion values.
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Chapter 5

Nanoparticle size and mass
diffusion coefficient

5.1 Overview

In this chapter, measurements of nanoparticle size and mass diffusion coeffi-
cient, in both free fluid and a porous medium are given. Comparing D,,, in
the two environments comes as a part of the efforts to understand effects of
a porous medium on nanoparticle transport properties. Apart from that, the
purpose and effect of investigations into D,, and particle size measurements
are twofold. Firstly, it is a way of characterizing the colloids by learning their
mass diffusion coefficient and hydrodynamic size, to complement magnetic
size measurements given in sect. 2.2. Secondly, several methods of particle
size measurement have been employed, compared and their joint results used
in context of mass diffusion coefficient measurements made with two FRS
setups. Thus, the results reported in this section serve as a way to provide
cross confirmation between several measurement methods employed in this
thesis.

5.2 Mass diffusion coefficient

Mass diffusion coefficient of ferrofluids is determined in a free fluid and in a
porous medium. In free fluid, D,, is measured by Forced Rayleigh scattering,
as described in sect. 3.6 - by observing dissolution of particle concentra-
tion spatial modulation brought upon by spatial temperature modulation.
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Here, mass diffusion coefficient measurements by FRS setup in Laboratorie
PHENIX, Sorbonne Université are presented, while values of Soret coefficient
determined in the same experiments are given in sect. 6.3. In a porous layer,
mass diffusion coefficient is measured as described in sect. 3.2 - by saturat-
ing half (height wise) of a flat cylindrical porous layer with ferrofluid, the
other half with the corresponding carrier fluid and measuring the developing
particle concentration profile at various points in time.

5.2.1 Mass diffusion coefficient in free fluid

FRS has been used to measure mass diffusion coefficient of ferrofluid df105
at three values of oleic acid concentration and at several temperatures. Mea-
surement results are given in fig.5.1, along with a curve representing D,
values calculated from Stokes-Einstein relation. It should be noted that re-
sults for 1% oleic acid concentration correspond to measurements performed
with a measurement cell that was found to be leaking and could therefore be
found to be less reliable.

kT
" 3mnody,

(5.1)

with the mean size value from all FRS and DLS measurements, given in
sect. 5.3 as dj, and pure tetradecane viscosity as 7.

5.2.2 Mass diffusion coefficient in a porous layer
Mathematical framework

The mathematical formulation used to calculate D,, in a porous layer is laid
out in full in ref. [74, Sints et al.]. We are considering a flat cylindrical
porous layer. Thickness of the layer is taken to be § = 2a, with half of
layer where a > = > 0 saturated with ferrofluid and the other half of layer
where 0 > x > —a saturated with carrier fluid. We introduce parameters for
distance, X:

x

X==: (5.2)

a

concentration, C', with ¢y denoting the initial concentration of particles,
uniform across the ferrofluid-saturated half of layer:
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Figure 5.1: Mass diffusion coefficient D,, of sample df105 as a function of
temperature T, as measured by FRS. The curve represents D,, calculated
with eq. 5.1 from the average particle hydrodynamic diameter determined
by FRS and pure tetradecane viscosity
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C=—-1 5.3
< (53)
and time, 7:
D, t
T=— (5.4)

The equation to be solved is, then:

oc  o*C

T 9x?

With boundary conditions representing no mass flux through top and
bottom walls:

(5.5)

8C(X,7')‘ B 8C(X,7')‘
0X Ix=1 90X Ix=1
It is shown that, at low values of 7, when the development of concen-

tration profile may be described by employing the unsteady boundary layer
approximation, the solution is:

=0 (5.6)

C(X,7) = erf (%) (5.7)

Results

Experimental setup is described in full in sect. 3.2. Experiments are per-
formed for various time lengths and D,, is calculated from particle distribu-
tion in the layer, by fitting equation 5.7. The fitting is done with a MATLAB
script. An example of experimental data and fitted curves for sample df105
is given in fig. 5.2.

Measurements from the porous layer are compared to FRS measurements
of D,, performed in Institute of Physics, University of Latvia. The accuracy
of D,, measurements by FRS is about 5%, the uncertainty being mostly
due to particle polydispersity. It should be noted that these FRS mea-
surements are not performed at a controlled temperature. The accuracy of
measurements in porous layer is estimated in sect. 3.2 to be around 15 % of
measurement value. Results from both methods are given in table 5.1.
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Figure 5.2: Particle distribution in a porous layer after 2h and 4h of diffusive

transfer, corresponding to 7 values of 7 = 0.2 and 7 = 0.4. The solid lines
represent fitting of eq. 5.7

| ferrofluid | D,,,m*/s(FRS) | D,,,m*/s(porous) |

df105 1.86- 1071 1.56 - 10712
S-1 0.41-10~1 0.06 - 10712
U5 3.50- 101 2.85.10712
FF1304 1.34-1071¢ 3.71-10712

Table 5.1: Mass diffusion coefficients in a free fluid and in a porous layer
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Coleicacid,vol.a% ‘ dh,nm ‘

0.0 48
2.0 20

Table 5.2: Hydrodynamic diameter of particles in ferrofluid samples, mea-
sured by Dynamic light scattering at 7' = 20°C

5.3 Nanoparticle size

In this section, size measurements from Dynamic Light scattering and Forced
Rayleigh scattering methods are presented and compared. Measurements
have been made for sample df105 with 0 %, 1% and 2% excess oleic acid
concentration. It would serve well to remind that number average particle
diameter from magnetic measurements was d = 8.8 nm and volume average
magnetic size is d = 11.6 nm.

The DLS method is described in sect. 3.9 - particle size is calculated
from mass diffusion coefficient, using pure carrier fluid viscosity. DLS mea-
surements were performed in Lab. PHENIX, Sorbonne Université. Results
of DLS measurements are given in table 5.2.

Another approach to particle size measurements is to calculate dj from
D,,, measured with FRS. The procedure here is much like in case with DLS
measurements. Viscosity value used in calculations is pure carrier fluid vis-
cosity and temperature is known because the measurement cell is placed in
a thermo-regulated chamber. Results are summarized in table 5.3.

OAconc. | 0% [ 1% | 2%
TC dh, nm

22 16.6 [ 19.4 | 14.3
40 15.1
45 15.8 | 16.1

60 15.7 16.5
64 15.8

85 14.7 | 16.1 | 15.6

Table 5.3: Hydrodynamic diameter of particles in ferrofluid samples, mea-
sured by Forced Rayleigh scattering
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ferrofluid | tortuosity
df105 3.4
S-1 8.3
[815) 3.5
FF1304 1.9

Table 5.4: Tortuosity of the porous environment, calculated from experiments
with different samples

5.4 Analysis

As seen from mass diffusion coefficient measurements in a free fluid, D,, in-
creases with temperature, which is to be expected. Mass diffusion coefficient
does not show a significant or consistent dependence on surfactant concen-
tration. Calculations provide well fitting results if pure carrier fluid viscosity
is used to relate particle size and D,,.

Mass diffusion coefficient in a porous layer is lower than in a free fluid
for all tested samples, by about one order of magnitude. This is consistent
with general expectation of D,, being reduced in a porous medium due to
elongation of particle paths, characterized by the parameter of tortuosity 74,
see sect. 1.6 for details. Table 5.4 shows values of tortuosity calculated from
D,, using eq. 1.27 in the form:

D, (free fluid)
= 5.8
Td \/ D, (porous) (58)
Average tortuosity across the samples would then be 7, = 4.3. This

value is, however, skewed by the large tortuosity value for sample S-1. For
this sample, D,, is considerably smaller than for the other samples, and it
is possible that the 24 hour time allowed for diffusive mass transfer for the
sample has been insufficient to get reliable results. If this measurement is
discarded, a sufficient agreement can be seen between values for different
samples, with an average of 75 = 2.9.

It is found that two methods of particle size determination provide sig-
nificantly different results. Comparison to previous results[23], where iron
oxide nanoparticle size was found to increase by around 4 nm, or about twice
the oleic acid molecule size, as the particles are coated with oleic acid, lets us
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conclude that hydrodynamic size determined by FRS is fairly consistent with
magnetic size measurements given in sect. 2.2. Size measurements performed
with DLS give higher size values, pointing at existence of agglomerates. A
possible cause of this not being detected by FRS is that the agglomerates
are weak, and the temperature gradient imposed during FRS measurements
is enough to dissolve them. DLS, on the other hand, does not perturb the
clusters and is able to detect them.
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Chapter 6

Thermophoresis

6.1 Overview

This chapter of the thesis is devoted to results of experiment series character-
izing ferrofluid thermophoresis. The first series of experiments investigates
how Soret coefficient measured in a porous layer compares to that in a free
fluid, experiments are done with four ferrofluid samples that include both sur-
faced and ionic ferrofluids. The other two series both investigate effects of
temperature dependence and addition of excess surfactant on thermophore-
sis, one in a free fluid and the other in a porous medium. These series focus
on sample df105, a surfactant stabilized ferrofluid.

It will be demonstrated in this chapter that surfaced ferrofluid Soret coef-
ficient has an exponential dependence on temperature that can be described
by the popular Iacopini - Piazza empirical model, and that, in a porous layer
and beginning from certain values of excess surfactant concentration, tem-
perature at which St changes sign from positive to negative can be lowered
to almost room temperatures, resulting in an overall particle transfer towards
higher temperatures for a ferrofluid with a positive S, as measured in a free
fluid. It should be mentioned that another series of ferrofluid thermophoresis
experiments, focusing on effects of an external magnetic field, is described in
this thesis and can be found in chapter 8.
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6.2 Thermophoresis in a porous medium com-
pared to a free fluid

6.2.1 Overview

The first series of experiments to review is concerned with how the presence
of a porous medium affects thermophoretic flow of ferrofluid particles. Soret
coefficient is measured in two environments. In free fluid, Sy is measured by
Forced Rayleigh scattering, as described in sect. 3.6. The FRS setup used is
in Institute of Physics, University of Latvia. The accuracy of FRS St mea-
surements here is estimated to be approximately 10% due to lack of detailed
information about the colloid optical refractive index. Soret coefficient in a
porous medium is measured as described in sect. 3.1 - in brief, a flat cylin-
drical porous layer is saturated with ferrofluid, which is then subjected to a
temperature gradient. At the end of the experiment, the layer is split into
ten along the axis that temperature gradient was aligned with and particle
concentration in each is measured by Vibrating sample magnetometry.

6.2.2 Mathematical framework

The mathematical description of nanoparticle thermophoresis in a flat porous
layer is given in ref. [74, Sints et al.], with only the points relevant to analysis
of experimental results presented in this work given here. We look at a
layer of thickness 6 = 2a, with a temperature gradient along z axis, so that
temperature difference AT = T'(a) — T(—a). It should be noted that this
effectively gives x axis direction opposite to that in diffusion experiments.
We introduce relative concentration of particles C' (with ¢ being the initial,
uniform particle distribution):

C=— 6.1
< 6.1
distance, X:
x
X == 6.2
: (62
time, 7:
D, t
T="3 (6.3)



and parameter k as:

StAT
b= (6.4)
Then, particle mass transfer by thermodiffusion is given by:
oc  9*C oC
— = k— 6.5
or —ox® ' "ax (6:5)

With boundary condition, representing no mass flux through top and
bottom walls:

ool
0X I x=+1

and initial condition, expressing the uniform relative distribution of par-
ticles:

kO‘ —0 (6.6)

X==%1

ol =1 (6.7)

t=0

It is shown in ref. [74] that the solution to eq. 6.5 at a stationary state
is:

C(X) = % (6.8)

6.2.3 Results

Thermodiffusion experiments are conducted in a porous layer for 24 hours.
Experimental values of Soret coefficient are attained by fitting eq. 6.8 to
experimental data of particle distribution in the layer. The results are shown
in table 6.1, where S in a porous layer is compared to values in free fluid
measured by Forced Rayleigh scattering.

Two examples of particle distribution (ferrofluids df-105 and FF 13-04)
with the respective approximation functions from eq. 6.8 are presented in
fig. 6.1. It should be noted that, for the ferrofluid sample FF 13-04 with
St = 0 in free fluid, the particle low within the porous layer is directed
toward higher temperatures, with a negative Sr.
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’ Coleicacid,vol.a% ‘ ST,l(FRS), % ‘ ST,l(pOTOUS)y % ‘

df-105 0.15 0.048
S-1 0.20 0.006
Us 0.15 0.062
FF13-04 0.00 -0.030

Table 6.1: Soret coefficient in free fluid, measured by FRS, and in a porous
medium

25

df105 (surfactant), S T =0.05
m FF 13-04 (ionic), S | =-0.05

2R O

Figure 6.1: relative concentration profiles for surfaced (df-105) and ionic
(FF 13-04) ferrofluid in a porous layer, along with fitting results of eq. 6.8.
Temperature gradient is directed toward positive distance values, opposite
to direction of gravitation force. In the case of ionic ferrofluid, nanoparticle
concentration has increased at higher temperatures, which corresponds to
negative Sp, while Sr = 0 in free fluid.
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6.2.4 Analysis

A conclusion can immediately be drawn from these results, that both diffu-
sion and Soret coefficients measured in the porous environment are signif-
icantly lower than in free fluid. It should be highlighted that decrease of
transfer coefficients does not always correspond to the absolute values of St
decreasing, which would correspond to particle transfer being hampered or,
potentially, a stationary state not having been reached. This is demonstrated
by Soret coefficient for ferrofluid FF 13-04, that has turned negative in the
porous layer. No particle transfer induced by a temperature gradient was
observed in free fluid for FF 13-04, corresponding to Soret coefficient of zero.
In this case, particle transfer has appeared, instead of being diminished.

No immediate explanation for the decrease in St is apparent. It is known
that mass diffusion and thermodiffusion coefficients can both be reduced in
a porous environment. However, they are expected to both decrease by the
same proportion to tortuosity of the porous environment, leaving St un-
changed, see sect. 1.6 for a more detailed look. A possible interpretation
that has been considered draws parallels to the very nature of particle ther-
mophoresis as described by some of the models listed in sect. 1.4. According
to this proposed interpretation, elements of the porous medium would induce
a temperature gradient driven flow of ferrofluid through a mechanism com-
parable to that responsible for thermally induced motion of nanoparticles -
consider an analogy with the slip velocity mechanism described by Ander-
son, or the fluid slip velocity through a membrane pore given by Derjaguin
and Sidorenkov. Attempts to interpret the results given in this section are
revisited in the summary section for ferrofluid particle thermophoresis mea-
surements, sect. 6.5.

6.3 Effects of surfactant concentration and tem-
perature on ferrofluid thermophoresis in
a free fluid

6.3.1 Overview

Ferrofluid thermophoresis has been investigated in free fluid, as opposed to
a porous environment, with particular attention paid to effects of excess
surfactant added to the colloid, and of temperature dependence. All experi-
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ments are done with ferrofluid sample df105. The experimental methodology
of Forced Rayleigh scattering (FRS) has been employed, the methodology is
described in sect. 3.6. Measurements are performed with FRS setup in Lab.
PHENIX, Sorbonne Université and come from the same experimental work
that is described in sect. 5.2.

6.3.2 Results

Soret coefficient is measured by FRS for ferrofluid df105 with 0%, 1% and
2% excess oleic acid concentration at temperatures in range from 7' = 20°C
to T = 85°C. Due to a leaking fluid cell, 1% surfactant concentration
measurements have been deemed unreliable and been discarded. Results of
the measurements are given in table 6.2.

0% OA volume conc. | 2% OA volume conc.
TYC | S, 1/K | T°C| Sr,1/K
22 0.27 22 0.20

45 0.25 40 0.19

60 0.20 60 0.18

85 0.14 85 0.14

Table 6.2: Soret coefficient depending on temperature, measured by FRS at
two values of excess surfactant concentration

6.3.3 Analysis

Soret coefficient as a function of temperature has been analyzed in the frame-
work of the Tacopini - Piazza empirical model given by eq. 1.25, see ref. [48]
and sect. 1.4. However, a need for a slight difference from the model as orig-
inally presented is apparent from the results, see table 6.2 and fig. 6.2 for a
visual representation. The original model contains a coefficient S¢° referred
to as a high temperature limit for the Soret coefficient. However, for the
ferrofluid used here, St decreases with temperature. To acknowledge this,
S7° is replaced by Sr;. With that, the coeflicients are T (the temperature
at which Sp = 0), Ty (characterizing the strength of temperature effects on
Soret coefficient) and Sr; (a "low temperature limit” for Sy). The math-
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Figure 6.2: Soret coefficient depending on temperature, measured by FRS,
along with fitting results of eq. 6.9

Coleic acid,vol. s % ST,la % T 70 C T07O C
0.0 0.37 118.60 | 70.22
2.0 0.22 116.27 | 31.40

Table 6.3: Parameters of lacopini-Piazza model fitted to Soret coefficient
measurements

ematical notation of the model has been slightly modified to reflect these
peculiarities:

-1
) (6:)

Results of the measurements are given in fig. 6.2 as St plotted against
temperature, along with fitting results of eq. 6.9. Fitting is done via a
Matlab script. Parameters attained by fitting eq. 6.9 to experimental data
are shown in table 6.3.

It can be seen already from fig. 6.2 that the addition of excess oleic acid
decreases Sr. At room temperature, the decrease in St between 0% and 2%

Sp(T) = Spa[l — exp(
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excess oleic acid concentration appears to be around a quarter of the initial
value. The values of Sp; quantify this observation.

The decrease of parameter T shows that, by adding more surfactant, the
Soret, coefficient has become less dependent on temperature. Values of T
reinforce what an observation of fig. 6.2 would also suggest - that it appears
possible to reduce St into negative values by further increasing temperature.

6.4 Effects of surfactant concentration and tem-
perature on ferrofluid thermophoresis in
a porous medium

6.4.1 Overview

Experiments series of thermophoretic particle transfer of ferrofluid sample
df105 in a closed porous layer are reported on in this section, the results have
originally been published in [79, Sints et al.]. A series of experiments is done
at different values of excess surfactant concentration, showcasing a depen-
dence on this parameter with fundamental consequences to thermophoretic
characteristics of the colloid. Two approaches to modeling temperature de-
pendence of St have been employed. Experiments at several values of tem-
perature difference are done to compare the two approaches.

6.4.2 Mathematical framework

The significance of temperature dependence displayed by Sp in measure-
ments presented in sect. 6.3 suggest that equation 6.8 used hitherto to de-
scribe particle distribution in a porous layer is not sufficient to describe the
thermophoretic mass transfer process, and that the Soret coefficient must be
viewed as dependent on temperature. For the mathematical description of
colloidal particle distribution as a result of thermophoresis in a layer with
St = Sr(T), equation 1.16, describing particle flux as a result of concentra-
tion and temperature gradients, is used, assuming 1 — ¢ =~ 1, so that, along
the axis of temperature gradient:

dc dT’
% = —CoST% (610)
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We strive here to define concentration relative to initial particle concen-
tration, uniform across the layer: C' = <. A linear temperature gradient

€0
within the layer is assumed:

dr AT

dr  2a

Two models for S7(T") are considered. One of them is the Iacopini - Piazza

model, given in eq. 1.25, in the form given by eq. 6.9, taking into account

that the ferrofluid used in research presented displayed a low temperature

"plateau” of Soret coefficient, followed by a decrease as temperature increases,
see sect. 6.3. Then, eq. 6.10 becomes

(6.11)

dc T—T* .dT
= 1— B 12
gz~ —oSmll = ew(—F—)l (6.12)
which, upon integration, yields particle distribution:
T, - AT =T
¢ = exp|—Sr1 (T AT — Ty exp[ =012 D (6.13)

To
To arrive at relative concentration of particles, it is recalled that c¢ is
initially uniform, so that ¢ = ¢y across a layer of thickness 2a, an there is no
mass flux to or from the layer. Then, with relative distance defined as (note
that this definition of X differs from that used before, in sect. 6.2):
x
X = % (6.14)
o is given by:

1 [ Tx—o 4+ XAT — T*
= — —ST1(XAT — T, dX (6.15
=g [, el bexpl TS (6.15)
And relative particle concentration distribution is:
c exp|—S71 (XAT — Ty eXp[%OAT_T*D] (6.16)
o [ 1% exp[—Sri(XAT — Ty exp[ L=t XAT=T" )y g x

The other model for Sr(7T') is a loose interpretation of theoretical model
found in a work by Morozov[41], following the expression for the Soret coeffi-
cient given as Sy = T%, see sect. 1.4. With the parameters of colloid used in
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Figure 6.3: Soret coefficient depending on temperature, measured by FRS,
along with fitting results of eq. 1.19

our experiments, the temperature dependence of eq. 1.19 can be linearized
to get:

ds
Sp(T) = St + d—TT<T ~To) (6.17)

where S = Sp(x = 0). Figure 6.3 is presented both as an argument for
the possibility of Sp(7T') linearization, and as a demonstration of how well, or
rather ill fitting the model is for our situation. In fig. 6.3, the data points
are the same as given in sect. 6.3.2 and the lines correspond to best fit of
St = T% to said data.

The poor fit of the model to experimental results is no surprise if one re-
calls the general shape of function y = %, and compares that to layout of the
data. It should be highlighted that the approach presented here is indeed an
approximate take on Morozov’s model, as all the physical parameters consti-
tuting the protective layer state parameter P are assumed to be temperature
independent. It could also be recalled that a similar conundrum presented
itself with implementation of the Iacopini - Piazza model, solved by recon-
sidering values of some of the parameters while keeping the mathematical
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formulation. With lack of knowledge regarding the microscopic thermody-
namic parameters constituting P, neither such manipulations, not expansion
of P as P(T') are viable options. With this in mind, the interpretation of
St(T') presented here should not be considered as an implementation of Mo-
rozov’s model, but rather a comparative analysis on how a linear model for
St(T) compares to the exponential one described previously.

Carrying on from eq. 6.17, the stationary particle concentration distri-
bution for thermophoretic transfer is:

dc dST drT )dT
B dT dz™’ dx
From this, we get an expression for particle concentration distribution:

(6.18)

AT dSp AT ,a

c(x) = exp[—Sto 52 S~ T ( o0 ) 5 —] (6.19)
Or, after introducing parameters A = Sro&L and B = %(%)2:
¢ = exp[—2(AX + BX?)] (6.20)

For relative particle concentration =, following a similar approach as
0

before, we get:

< _ exp[—2(AX + BX?)] (6.21)

Co f v exp[—2(AX + BX?)]dX

This approach is referred to throughout this section as the linear approach
due to the linearized temperature dependence of Sr, while the approach
based on lacopini - Piazza model is referred to as exponential.

6.4.3 Particle distribution in a porous layer at different
surfactant concentration values

Eight thermophoresis experiments have been performed with temperatures
Trop = 60°C and Tyorrom = 20°C', with the amount of excess surfactant con-
centration ranging from Csyr factant = 0 % t0 Csur factant = 3.75 %. Experimen-
tal setup has been described in sect. 3.1 and is the same as in experimental
work comparing St in a free fluid and a porous layer, see sect. 6.2.

Particle concentration distributions within the porous layer after 24 hours
of the layer being subjected to temperature gradient are summarized in fig.
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Figure 6.4: Nanoparticle concentration profiles from thermophoresis experi-
ments. Values in legend correspond to surfactant volume concentration

6.4. Here and throughout this section, X = 2= = —0.5 corresponds to
Thottom, or the lower temperatures, and X = 0.5 corresponds to Tj,,, the
higher temperatures.

As was already seen in previous sections, with no excess surfactant added,
particles demonstrate a thermophobic behavior, as their concentration near
higher temperatures has decreased, and concentration near lower tempera-
tures has increased. What is demonstrated in fig. 6.4 is that an increase in
excess surfactant concentration leads to a decrease in the tendency of mag-
netic nanoparticles to move away from higher temperatures. As the excess
surfactant concentration increases, the thermophobic behavior of the parti-
cles diminishes and a thermophilic one emerges and becomes dominant, with
a net particle flux towards higher temperatures at higher values of excess
surfactant concentration.
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Figure 6.5: Comparison of nanoparticle distribution profiles at high and low
values of surfactant concentration

For a more transparent comparison, two concentration profiles are high-
lighted in fig. 6.5, showcasing all but a full reversal in profile, achieved by
increasing volume concentration of excess oleic acid from 0% to 2.5 %.

6.4.4 Particle distribution in a porous layer at different
temperatures

In order to evaluate the ability of two models for Soret coefficient dependence
from temperature introduced in sect. 6.4.2 to describe and predict Sr(T),
thermophoresis experiments are performed at various temperatures and re-
sults compared to predictions made with the two models. Equations 6.21
and 6.16 to the experimental data shown in fig. 6.4 to obtain coefficients A
and B for the linearized temperature dependence model, and Sz, T and T
for the Iacopini model, for different values of excess surfactant concentration.
These are used to predict the distribution of relative particle concentrations
at different temperatures, to be compared with experimental data.

Two experiments are performed at temperatures 7},, = 60 0C and Tyortom =
409C, with excess surfactant concentrations of ¢, = 0.25% (results and
model predictions given in fig. 6.6) and ¢; = 1% (results and predictions
given in fig. 6.7).
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Figure 6.6: Particle distribution pro- Figure 6.7: Particle distribution pro-
file at surfactant concentration 0.25file at surfactant concentration 1.00
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along with predictions made by the along with predictions made by the
two models two models

A single experiment is performed with temperatures Tj,, = 40°C and
Thottom = 20°C, and Csurfactant = 2.5 %, results and model predictions are
presented in fig. 6.8. An unusually high scattering of measurement points
may prevent any clear conclusions from being drawn.

6.4.5 Analysis

The immediate and obvious takeaway from thermophoresis experiments in
a porous layer is that addition of excess surfactant contributes to turning
behavior of nanoparticles from thermophobic towards thermophilic, up to
the point where particle flow at certain values of additional surfactant con-
centration is as strong towards higher temperatures as it was towards lower
temperatures prior to any additional surfactant being added.

Before any analysis of S7 as a function of temperature has been carried
out, it can be noticed that in majority of the concentration profiles, slope
of the profile is inverted at X = 0.5 compared to X = —0.5. This would
suggest that a positive Soret coefficient is observed where fluid temperature
is lower, and is diminished or even inverted where fluid temperature is higher,
particularly at larger surfactant concentrations.

While none of the two models for Sr(7) described in sect. 6.4.2 fail
completely in describing the general shape and direction of particle transfer in
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Figure 6.8: Particle distribution pro-
file at surfactant concentration 2.5 %;
Tiop = 40°C, Thortom = 20°C, along
with predictions made by the two
models

experiments at various temperatures, predictions made with the exponential
model seem to be more accurate in predicting the concentration profiles.
This can be seen particularly in the high particle concentrations near higher
temperatures.

Soret coefficient as described by both models is plotted against temper-
ature in fig. 6.9 for select values of surfactant concentration. A decrease of
the Soret coefficient as the temperature increases is observed, as it was in
a free fluid. This effect is stronger at higher values of surfactant concentra-
tion. Values of St are consistently lower than in free fluid and, unlike in FRS
experiments, cross the value of S = 0, Soret coefficient becoming negative
within the investigated temperature range.

Coefficients from both models that correspond to a form of the Soret
coefficient itself are presented in fig. 6.10. The coefficient Sp(T = 40°C) is
obtained using the linearized temperature dependence model described in eq.
6.21 and describes S7 at temperature 7' = 40°C. We can see a decrease and
a change in sign of the coefficient, also giving a hint on eventual saturation
of the effect. The coefficient Sz, obtained from eq. 6.16, demonstrates a
similar dynamic. The magnitude of decrease of Sy, and Sp(T = 40°0),
compared to Soret coefficient measured in free fluid in the case of no excess
surfactant reaffirm the results of ref. [13] and is comparable to that reported
for Soret coefficient of another surfaced ferrofluid in a different experimental
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Figure 6.9: Dependence of Soret coefficient on temperature at various values
of surfactant volume concentration, as described by the two models

system, as described in ref. [59].

Interpretation of coefficient 7™, from the Iacopini - Piazza model, is very
straightforward, as the temperature at which the colloidal particles change
their behavior between thermophilic and thermophobic. As fig. 6.11 demon-
strates, for the colloid used in our experiments and in a porous medium,
addition of excess surfactant can bring the change-of-sign temperature down
to almost room temperature levels. Once again, we observe what appears to
be a saturation of the effect.

It can be observed that a saturation of the effects caused by addition of
excess surfactant seems to set in at certain values of surfactant concentration.
Approximation with a simple exponential decay of coefficients presented in
figs. 6.10 and 6.11 suggests that saturation should be reached at volume
concentration values of less than 10 %.
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Figure 6.11: Dependence of particle thermophoretic transfer direction inver-
sion temperature on the amount of surfactant volume concentration
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6.5 Summary and discussion of thermophore-
sis experiments

Effect of excess surfactant on thermophoresis

Addition of excess surfactant (beyond the amount necessary to ensure col-
loidal stability that is added in manufacturing process) to a surfactant sta-
bilized ferrofluid decreases the value of Soret coefficient for that ferrofluid.
In free fluid, decrease of positive Sp to smaller positive values has been ob-
served. In a porous layer, at large enough excess surfactant concentrations,
a decrease from positive to negative St values has been demonstrated. The
effects of a porous medium on colloid thermophoresis will be discussed sep-
arately further on.

The physical mechanism through which this influence is exerted has not
been determined. Generally speaking, the mechanism would have to involve
interaction either through the bulk of carrier fluid, or with the colloidal par-
ticles. As far as bulk of the carrier fluid is concerned, we can refer to results
presented in Ch. 4, where no effect of excess surfactant concentration on
mass diffusion coefficient of the ferrofluid examined here was observed. In
sect. 6.2, it is shown that St is the same for two ferrofluids (df105 and U5)
with very similar particle size and oleic acid as surfactant, but with differ-
ent carrier fluids (tetradecane and undecane). This could be taken as a hint
that St is predominantly determined by interaction of the surfactant layer
and the particle, like the thermophoresis models reviewed in Sec. 1.4 would
suggest anyway. There is, however, an intriguing possibility of a spatial
inhomogeneity of surfactant concentration being induced under temperature
gradient. Then, the colloidal particles would move in a gradient of surfactant
concentration, as well as V7. In free fluid, this inhomogeneity would have
to be induced by thermal diffusion of surfactant in carrier fluid. In a porous
layer, a contribution of additional flow induced by the pore walls could be
considered. Regrettably, we lack information on transport coefficients in such
a system that would be necessary to evaluate this possibility.

Possible interaction of surfactant molecules in the fluid with the surfac-
tant layer around colloidal particles could mean either interaction "from the
outside” - surfactant layer interacting with surfactant molecules outside of
the layer, or a sort of a double layer forming - or adsorption of the addi-
tional surfactant molecules onto the particles themselves. In sect. 5.3, it has

81



been shown that addition of excess surfactant does not increase particle size.
Adsorbtion of additional surfactant on surface of the particles would imply
that the surface is not saturated with surfactant after the synthesis process.
Curiously, this has also been offered as an interpretation for effects of excess
surfactant on ferrofluid viscosity in chapter 4. Alteration of St through such
mechanism could be compatible with the models proposed for colloid ther-
mophoresis given in sect. 1.4, as adsorbtion of surfactant molecules from the
fluid onto the particles would have an impact on Gibbs excess surface con-
centration (relevant to Morozov’s model for St), local enthalpy (Derjaguin’s
model) and surface tension (models proposed by Parola and Ruckenstein).
An association could perhaps be made between this proposed explanation
and the retardation of droplet thermophoresis as described in ref. [80]. Eval-
uation within framework of any specific model would require microscopic
characteristics of particle surface, and such are not available.

Soret coefficient as a function of temperature

Soret, coefficient of a surfactant stabilized ferrofluid has been found to de-
crease with temperature in both free fluid and a porous medium. The de-
pendence of St on temperature can be described with a modified Tacopini -
Piazza model in both cases. The modifications are necessitated by St de-
creasing from a low temperature plateau, instead of reaching one at high
temperatures. In a free fluid, change of sign for S; has been predicted at
temperatures higher than the experimentally covered range. In a porous
medium, a change of sign for S has been observed.

Both a porous medium and addition of excess surfactant reduce the de-
pendence of St on temperature. This is shown in table 6.4, where values of
[acopini - Piazza model coefficient T} are given.

Effect of a porous medium on thermophoresis

The Soret coefficient measured in a porous medium has been found to be
lower than that measured in a free fluid. This has been found to be true for
four samples of ferrofluid, including both surfactant stabilized and ionic. For
the three surfaced colloids, St has reduced from a positive value to a lower
positive value. For the ionic ferrofluid, Soret coefficient has reduced from
St = 0 to a negative value.
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Coleicacid,vol,y% ’ T0700 (FRS) ’ TO,OC (pOI‘OUS) ‘

0.0 70.2 19.8
1.25 10.1
2.0 31.4

2.5 8.6

Table 6.4: Parameter T of Iacopini-Piazza model, measured by FRS and in
a porous layer

A slight review of these results is made necessary by some of the observa-
tions presented in this thesis. In sect. 5.2, it is reported that mass diffusion
coefficient D,,, is much reduced in a porous medium compared to a free fluid.
This poses a problem, because in the equation 6.5 used to describe ther-
mophoresis in a porous layer, we have used non-dimensional time 7 = Da*;t,
which involves D,,,. In fact, it has been shown in ref. [74] that a stationary
state is reached at 7 = 1. Using the value of D,, from sect. 5.2, we arrive at
7 = 0.13. The situation is not a straightforward one - the porous layer does
not change D,,, it affects the effective value of D,, by elongation of the paths
that particles travel, see sect. 1.6. Along with S7 being a proportion of two
coefficients affected by porous environment to the same extent, we have to
ask if it is the fundamental value of D,, or the effective one that we have to
use for 7. A further investigation is therefore carried out.

We return to eq. 6.5 and accommodate certain findings of our research.
We formulate Sr as a function of temperature according to results of Soret
coefficient measurements with FRS given in sect. 6.3, using coefficients from
free fluid measurements. The equation for particle concentration then be-
comes:

oCc  0*C AT g T-T" oC
o —ox2 Ty ( malt — (7 ”) ox

Equation 6.22 is then solved numerically, using coefficients from FRS
measurements for df105 and temperature values used in experimental work.
The result for 7 = 0.13 is shown in fig. 6.12 along with experimental data
and fitting results for eq. 6.8 that returned a reduced value for Sr.

It can be seen that the solution with reduced 7 and unchanged S does not
correctly predict characteristics of particle distribution. Another argument

for a stationary state having been reached can be seen in results presented

(6.22)
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Figure 6.12: Particle concentration calculated for a non-stationary state at
free fluid value of St and at a stationary state for a reduced St, along with
experimental data

in sect. 8.2. There, the effect of an external magnetic field upon ferrofluid
thermophoresis is investigated. Theoretical values are calculated from the
framework given in sect. 1.7, where a stationary state is assumed. Experi-
mental and theoretical values are found to have a good agreement. It could
therefore be asked, if the stationary state is not reached, why does the theory
still provide accurate predictions? Results of ionic ferrofluid sample FF 13-04
could also be brought up - there, a negative St is observed from a free fluid
value of St = 0, which can not be explained by measurements being made
in a transient state.

Nevertheless, only experimental results could answer the question deci-
sively, and such we do not have. Therefore, implications of the possibility of
a stationary state having not been reach must also be discussed. An obvious
one is that the values for St could be questioned, as well as values for fitting
coefficients in temperature dependence models. Relations for those coeffi-
cients when comparing different surfactant concentration values are more on
the safe side, as it has been demonstrated (see sect. 5.2) that surfactant
concentration does not affect D,, and, therefore, 7 - meaning that, even if a
stationary state wouldn’t be reached, measurements would still be performed
at the same value for 7. An important result that is also not under question
regardless of stationary state being reached or not is the inversion of parti-
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cle thermophoresis direction at certain values of surfactant concentration -
we see an increase of particle concentration at higher temperatures, which
lower values of 7 can not account for. Furthermore, in FRS measurements,
an excess surfactant concentration of 2% does not lead to change of sign
for St (fig. 6.2), while in a porous medium, we see particle concentration
increasing near higher temperatures at surfactant concentration values lower
than 2% (fig. 6.4) - this demonstrates that the effect of a porous medium on
particle thermophoresis goes beyond an increase of time needed to achieve a
stationary state (if the latter is true at all), certainly when excess surfactant
is present.

To discuss potential mechanisms for a porous medium to reduce the ob-
served thermophoretic mobility of colloidal particles, we must consider two
cases. In one case, particle thermophoresis is not affected at all, instead,
a flux of carrier fluid is induced, and particles move with it, leading to an
apparent decrease in thermophoretic mobility. In the other case, porous
medium would interact with the particles.

An interpretation of how a porous medium could induce a flow can be
found in work of Derjaguin and Sidorenkov[43], see also article by Anderson[58].
Under a temperature gradient, the lyophilic interface of pore walls would
drive a slip velocity transfer of molecules toward higher temperatures. This
could also be identified as driving force of particle thermophoresis - then,
flow induced in the same direction around the particles would drive them
towards the lower temperatures. See fig. 6.13 for illustration.

Combined effects of temperature and porous environ-
ment on thermophoresis - change of sign for Soret coef-
ficient

In a porous medium and at a sufficiently high concentration of excess sur-
factant, Soret coefficient can become negative in temperatures not much in
excess of room temperature (at T~ 30 — 60° C'). This is arguably the most
curious result among those reviewed in this chapter.

We have again several questions regarding the nature of our observations.
Carrying over from thermophoresis experiments with no additional surfactant
is the question of whether we are seeing an influence on particle phoresis, or
on bulk fluid motion. An additional important division is on whether the
effects of excess surfactant act to increase the strength of porous medium
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Figure 6.13: A schematic representation of a proposed interpretation on
fluxes driven by similar mechanisms along colloidal particles and pore walls

effects, or do they represent a separate mechanism of interacting with particle
thermophoresis. The answer to that would be closely related to another
question: is the considerable decrease of change of sign temperature for Sp
a combination of porous medium and additional surfactant both reducing
the Soret coefficient through their separate mechanisms, or is there a more
intricate interplay at work. A glance at results presented in sections 6.2 and
6.3 suggests that a linear combination of the two effects could not explain the
observed phenomena, assuming that porous medium effect on thermophoresis
remains the same. Verifying the validity of this assumption merely loops us
back to the questions asked previously in this paragraph.

It is tempting to offer an interpretation where the porous medium would
induce surfactant flow. Then, the colloidal particles would be moving in gra-
dients of both temperature and surfactant concentration. The latter could
then interact with the particles through any of the mechanisms suggested in
the discussion regarding effects of excess surfactant on thermophoresis, be it
particle motion induced by surfactant concentration gradient itself, or sur-
factant interacting with thermophoresis driving mechanism within the layer
around a colloidal particle (the oleic acid concentration gradient then play-
ing the role of varying the amount of surfactant in bulk fluid at different
points within the layer). The latter mechanism would be compatible with
interpretations for suggested effects of additional surfactant both on particle
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thermophoresis in free fluid, and on viscosity. However, to confirm or discard
this theory, insights on surfactant distribution would be necessary. Regret-
tably, experimental capacity needed for such measurements goes beyond the
scope of this thesis.

As an attempt to simplify the system at hand and make some conclusions
on surfactant behavior in a porous medium and effect on carrier fluid flow,
thermoosmosis experiments with a tetradecane and oleic acid mixture in
a porous medium are conducted, and are described in the next chapter.
Aims of the research presented there are establishing an understanding of
surfactant influence on carrier fluid thermoosmosis in a porous medium and,
if possible, make conclusions about implications it would have on particle
thermophoresis. It is concluded there that additional surfactant is unlikely
to induce bulk flow of carrier fluid. Effects of excess surfactant on carrier
fluid thermoosmosis are found to exceed those of increased viscosity. It is
concluded that an investigation of the microscopic processes of surfactant
and porous medium interaction would be necessary to make claims about
surfactant redistribution within the system.
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Chapter 7

Thermoosmosis of surfactant
and carrier fuid mixture

7.1 Overview

In thermoosmosis experiments, we are investigating thermal transport of car-
rier fluid mixed with surfactant, moving through a porous layer. Motivation
for this series of experiments is provided by the need to interpret results of
nanoparticle thermophoresis experiments in a porous layer - the system in-
vestigated here is indeed much like the one described in chapter 6, with the
colloidal particles removed. The experimental setup is described in section
3.3. General idea is that a porous layer like that used in thermophoresis ex-
periments described in sections 6.2 and 6.4 is placed between two volumes of
fluid which are heated or cooled. The cylindrical volumes have exits through
manometer tubes, the manometers are leveled and fluid flow in them is mea-
sured.

In the context of particle thermophoresis experiments, an influence of
surfactant on mass transfer is expected. To be more precise, we could expect
to be looking at either significant changes to fluid flow characteristics that
could let us correlate observations of thermophoresis experiments to changes
of bulk flow of the fluid induced by porous medium and surfactant, or more
subtle phenomena that would hopefully let us draw some conclusions on
interactions between the porous medium, surfactant and carrier fluid. For
theoretical basis, the slip velocity interpretation laid out in Anderson’s work,
see sec. 1.4 and ref. [58], could be considered. Within this interpretation, the

88



slip velocity caused by interaction between surfactant molecules and lyophilic
pore walls would result in a flow of surfactant particles towards higher tem-
peratures. A redistribution of surfactant molecules, driven by this or another
mechanism, like a process comparable to Marangoni effect, would then drive
either bulk flow of the fluid, corresponding to the aforementioned significant
changes in flow characteristics, or interact with the colloidal particles in ther-
mophoresis experiments - since the particles are not present in thermoosmosis
experiments described in this chapter, more subtle changes to flow, as it is
observed here, would be expected.

7.2 Mathematical framework

In thermoosmosis experiments, we are looking at a two phase system involv-
ing carrier fluid and the surfactant. For the mathematical description, we
mimic the approach introduced in sect. 1.3 and look at carrier fluid flow as
driven by pressure, surfactant concentration (cs) and temperature gradients:

j=o0uVp+anVe, + aVT (7.1)

Contributions of these driving forces are again associated with phenomeno
logical laws. In a flow through a porous medium, mass flux is related to
pressure gradient by the Darcy equation, as given in ref. [81] and written for
pressure gradient, with K being permeability of a porous medium:

_]/_)
Vp=—1 7.2
p=g (7.2)
Thermoosmosis is accounted for as:
Oé13VT = dTPVT (73)

where dr is thermoosmotic coefficient of carrier fluid. We make an as-
sumption that any significant deviations from a uniform concentration dis-
tribution of surfactant particles stems from the influence of temperature gra-
dient - that is, that Ve, is proportional to V7. The basis of this assumption
is the difference in scale between pore sizes and the length of an oleic acid
molecule (around 2nm), which should make noticeable filtration processes
unlikely. Then, flow equation becomes:
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Figure 7.1: Schematic view at experimental device used in thermoosmosis
experiments. The two manometer tubes are both placed at either low mode
(parallel to the ground for their entire length) or pressure mode (end sections
raised at an incline angle «)

- K
J= _ZVP + (dp + d7)pVT (7.4)

Here we claim that all effects on fluid transfer caused by a gradient in
surfactant concentration are embodied in the purely empirical coefficient d7.
We define effective thermoosmotic coefficient as:

drepr = dr + dy (7.5)

It is here that we introduce the specifics of our experimental device, see
fig. 7.1. We are looking at a flow that goes through a porous medium, two
surrounding volumes and a manometer tube for each volume. The tubes
reach an equal height at a point some distance from the volumes. Moving
further away still, we arrive at a point when the manometer tubes can either
continue running parallel to the ground, or be raised at an incline angle «.

Pressure gradient can be determined from height difference Ah in a
manometer raised in an incline angle a by:

—pgsin aAh
)

Considering that we measure the flow rate and pressure with manometer
tubes, we also try to account for capillary pressure, a difference of which could

Vp = (7.6)
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arise from surface tension or fluid in the tubes changing with temperature.
Denoting capillary pressure as Ap., we use Young-Laplace equation:

_ 2ycos©

Ape (7.7)

r

Where v denotes surface tension, © stands for contact angle between
liquid and tube wall, and r is radius of the tube. Written for difference
between the two tubes, the pressure becomes:

Ap, = (27hot cos 2901 COS 0) (78)
Thot Tcold
we can write eq. 7.4 as:
- K .
J=——(—gpsinaAh+ Ap.) + (drcss)pVT (7.9)

vo

Analysis of thermoosmosis experiments is based on eq. 7.9. The only
measured quantity in experiments is height difference in manometer tubes
Ah, which is related to fluid flow as:

- dAh s
J = —Wﬁﬂ (7.10)

Here, S is area of the porous layer and s is cross section area of the
manometer. Combining eqs. 7.9 and 7.10 yields:

dAh 25

K . Ap,
— = (y_cS <—gsmozAh + ) ) + dT,effVT) (7.11)

7.3 Results

7.3.1 Three experimental regimes

All experiments are done with tetradecane, which is the carried fluid for
ferrofluid df105, with additional oleic acid, up to 2.5 % volume concentration.
For each sample, measurements are performed in three experimental regimes:

 isothermal experiments, where AT = 0 and manometer tubes are raised
to an angle of o = 30°
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Figure 7.2: Fluid level difference development in manometer in different flow
regimes, tetradecane with 1% volume concentration additional oleic acid

e non-isothermal pressure experiments, where manometer tubes are raised
to a = 30° and a temperature gradient is imposed

o mnon-isothermal flow experiments, where manometer tubes run paral-
lel to the ground, therefore Vp = 0, and a temperature gradient is
imposed.

Following the considerations mentioned in sect. 7.2, we assume surfactant
concentration gradient to be Ve = 0 in isothermal experiments. In isother-
mal and non-isothermal pressure experiments, relaxation from a set height
difference is observed. Examples of fluid level difference measurements in all
three regimes are given in Fig. 7.2.

The capillary pressure difference Ap,. is determined by measuring ther-
mostated capillary rise in the manometer tubes at different temperatures and
with different surfactant concentrations.

92



Csur fvol. % K7 m2
0.0 1.05-1071°

1.0 1.21-1071

2.5 1.24-1071°

Table 7.1: Permeability parameter K of the porous layer at different values
of surfactant volume concentration

7.3.2 Isothermal experiments

The series of isothermal experiments allows the measurements of pressure
driven flow through the system, enabling determination of Kozeny coefficient.
Solution of eq. 7.11 with AT = 0 is:

Ap.

Ap.
)+ =L
p

p

) (7.12)

2 0.5¢gK S
AR(t) = = (exp {— ;}’/ -

Here and throughout this chapter, measurements of viscosity presented
in sect. 4 are used. As first estimate for Kozeny coefficient, the value given
in 3.4 is used. We can then fit eq. 7.12 to experimental data and obtain
adjusted values of K. The results are shown in table 7.1. From those, we
can calculate K, obtaining the average value K yperimentar = 1.09 - 10715,

The deviation of Kezperimentar 15 used to estimate the accuracy of mea-
surements for the thermoosmosis series of experiments. It is concluded that
the relative error is approximately 20 % of measurement value.

7.3.3 Non-isothermal experiments

The full solution to eq. 7.11 is:

v 0.5gKS | 0.5gKAhg
Ah(t) = K (exp [— 50s t} ( y
KAp, KAp,
—dpo AT — 220 L AT Vpp ) (7.13)
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Courss To | dp + dip, T | df, +(d}), &
0.0 1.70-1072 | 0.00 3

1.0 —1.77-107"2

2.5 —1.83-10712

Table 7.2: Effective thermoosmotic coefficients from pressure experiments at
different values of surfactant volume concentration

Pressure mode

In nonisothermal pressure experiments, fitting eq. 7.13 to experimental re-
sults gives us dresr. The values of dp + df and dj (calculated assuming
di =0 at Courfactant = 0), according to our definition of dr.ss in eq. 7.5, are
presented in table 7.2.

Flow mode

In thermoosmotic flow experiments, gravitational pressure alone would give
Vp = 0. Following eqs. 7.2 and 7.8, capillary flow in the manometer tubes
themselves can be accounted for in the form:

K (29404 c080 27,54 cos 0
120)

Like with Ap,, the necessary parameters can be determined by capillary
rise experiments. This contribution to flow is treated as a correction term

and subtracted from the observed flow measurements. Then, eq. 7.4 reduces
to

j=- (7.14)

Thot Tcold

j = (dp + dy)pVT (7.15)

Combining eqs. 7.15 and 7.10, we can calculate the effective thermoos-
motic coefficient from

dAh s
ool = pdr ot NT (7.16)

Results of dr sy from flow experiments are presented in table 7.3.
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2

|S

2
Csuv"fa% dT,eff:;n_K :l:(dT,eff)7s

=

0.0 1.733-107* | 3.65- 10713

72610

Table 7.3: Effective thermoosmotic coefficient from flow experiments at dif-
ferent values of surfactant volume concentration

TC |20°C/40°C | 30°C/50°C | 40°C/60°C
Csurf, % dT,effa %
0.0 —6.8-10719 [ 3.31-10712 [ 3.34- 1012

1.5 —-1.3-1071 | 3.8-1071% | 8.0-10713

Table 7.4: Effective thermoosmotic coefficient dp .y, ;"—12{ from flow experi-
ments at different values of surfactant volume concentration. The header
line represents bottom and top temperatures

Values of dr.rs measured with pressure and flow methods are compared
in fig. 7.3. A reasonable agreement between the two methods can be seen,
especially with lower surfactant concentration values. In both cases, values of
the effective thermoosmotic coefficient decrease as surfactant concentration
increases. A change of sign for dr.¢; at higher values of ¢, and saturation
at low positive effective thermoosmotic coefficient values both look possible.
Surfactant concentration can not be increased further due to the exponen-
tial increase of viscosity, as seen in chapter 4 - resistance within the highly
capillary experimental system renders it practically inoperable.

To help understand the effect of temperature on dr ¢, thermoosmotic
flow experiments with AT = 20°C are performed at different average tem-
peratures and surfactant concentration values. Results are summarized in
table 7.4 and visualized in figure 7.4.

We can see that, with the exception of an outlier result at ¢, = 0% and
Toverage = 30°C, dependence of the thermoosmotic coefficient on surfactant
concentration seems to follow much the same pattern as in experiments with
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Figure 7.3: Effective thermoosmotic coefficients from pressure and flow ex-
periments depending on surfactant volume concentration

AT = 40°C, with average temperature changes bringing relatively insignif-
icant differences. Reduction of temperature difference from AT = 40°C to
AT = 20°C doesn’t result in changes to values of dr s beyond those of error
boundaries.

7.4 Analysis

As seen in fig. 7.3, the measured effective thermoosmotic coefficients decrease
from an initial positive value as the amount of excess surfactant increases.
This corresponds to an decreasing tendency of the fluid to move towards
higher temperatures. The range of surfactant concentration values that are
viable for experimental use prevents us from concluding if an inversion of
flow direction could be attained - limiting factor here is fluid viscosity.

The effective thermoosmotic coefficient is shown in fig. 7.4 to have a
positive correlation with temperature, dr sy increasing as 1" increases. Mag-
nitude of V1" has not been found to have an effect on dr .

Fluid viscosity is known and accounted in for in the equations governing
flow within the experimental system. This means that an addition of sur-
factant has an influence on mass transfer in such a system beyond that of
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viscosity increase.

Before considering the nature of this influence, let us review some imme-
diate conclusions in the context of our main interest in the system, which is
the possible implications for colloidal particle thermophoresis, if such were
present. The first thing to notice is that thermoosmotic flow does not at
any point reverse direction, remaining directed towards higher temperatures.
Surfactant concentration used in experimental work reach values where, in
a corresponding system with colloidal particles present, S had reached neg-
ative values as seen in Chapter 6. This allows us to discard a suggestion
that the observed changes in particle behavior would stem from a changing
nature of carrier fluid flow that would merely carry the particles with it -
simply put, no fluxes of the bulk fluid emerging as surfactant is added have
been discovered.

For a more detailed analysis, let us consider system of equations given
by eqgs. 1.14, considering chemical potentials to be Vu; = =V, Vp, where V)
is solvent molar volume (J_;clm-d and J;amcles are given in ;;j;’i), and Vi, =

<%%)pv¢:

j}luid = a11(—V1)Vp) + ap (%—f)p Vo + 0413%

J:)articles = 0521(_‘/1)Vp) + (6D)) <—8%)p V(b + 0423%

Theat = a31(—V1)Vp) + aas <%—’f;) Vo + as -
P

In ref. [32], ferrofluid thermophoresis in an analogous experimental setup
is considered. The system of equations can be rewritten as presented there,
expressing flow velocities. The coefficients used are as follows: V), denotes
particle volume, ( is filtration coefficient defined as { = a1V pgd; ¢ is layer
thickness and a1 is kinetic coefficient describing solvent flux under a pressure
gradient. From this definition, ( is positive. Nanoparticle concentration
is expressed in terms of volume concentration ¢. The resulting equations
describing fluid and particle flow velocities are:

(7.17)

Upia = —5e5 VP + 5 + drVT
Tnarticles = (— 25Vp — DV — DT¢VT)

B

Here, "fluid” denotes the mixture of carrier fluid and surfactant, while
"particles” refer to the colloidal particles and dr.ss is embodied in dr in
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system 7.17. To be entirely clear - system of equations 7.17, as analyzed here,
does not refer to actual experimental results. Instead, it provides a framework
to discuss implications of results presented in this section on colloidal particle
phoresis, if such particles were present, in a system like that seen in previous
chapter.

Let us now assume that no convective flux of the fluid is present, or
Upiia = 0 (no flux through the layer, as in the closed layer experiments of
Ch. 6), and try to assess how the observed changes in dr following addition
of surfactant would affect colloidal particle thermophoresis. As seen from the
first equation of system 7.17, a positive dr would contribute to a pressure
gradient directed the same as V7. Inserting this pressure in the particle flow
equation would yield a contribution to Upertices directed opposite to VT, the
same as particle thermophoresis. Therefore, as long as values of dr remain
positive, thermoosmosis may contribute to thermophobic behavior of the col-
loidal particles, and decreasingly so as dr is reduced by addition of surfactant,
but not, at any value of oleic acid concentration in the examined range, to
the thermophilic colloidal particle behavior we are trying to explain. As seen
in the experiments measuring dr.r¢ depending on temperature, low nega-
tive values are reached, but only with system temperature 7' = 30° C, while
colloidal particles in thermophoresis experiments only display thermophilic
behavior in higher temperatures, including in systems where T' > 30°C' at
all points of the system, see sect. 6.4.4.

We can regardless conclude that addition of surfactant has an effect on
thermoosmosis of carrier fluid - surfactant mixture in a porous medium and
that this effect goes beyond the influence of increased viscosity. Trying to
analyze possible implications that the observed changes to effective thermoos-
motic coefficient would have in the context of a ferrofluid thermophoresis in
a porous layer shows that the effects of surfactant on fluid thermoosmosis
alone can not be translated to the thermophilic behavior observed in colloidal
particles. It could be claimed that, instead, the physical process, involving
surfactant, responsible for the reduction of dr ¢y is also linked to the reduc-
tion of St in thermophoresis experiments. Attempt of an analysis is provided
in appendix B, it is heavy on assumptions and fails short of delivering a con-
clusion. The reason for this is lack of information regarding interaction of
the porous medium, surfactant and carrier fluid.

Let us consider some of the physical processes that could be associated
with the observed phenomena. Flow of carrier fluid along pore walls could be
induced by a Marangoni effect, either solutocapillary, if temperature gradient
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would induce a redistribution of surfactant molecules, or thermocapillary, if
surface tension gradient would be induced by the temperature gradient. The
two mechanisms would be associated with different characteristics of con-
centration gradient and, therefore, different implications to colloidal particle
thermophoresis, should such particles be introduced in the system. A ther-
mally induced flow in pores, as described by Derjaguin (see ref. [43] and sect.
1.5) would drive flow along a lyophilic wall towards higher temperatures[58],
which coincides with the observed thermoosmotic flow direction. If such is
the case, the analysis presented in this section can largely be disregarded.
Then, the reduction of colloid S7 in a porous media could be explained by the
flow phenomena described by Derjaguin, but lacking an explanation would be
the further decrease of Sy following the addition of surfactant. We can also
consider the possibility of an osmotic flow driven by surfactant concentra-
tion gradient in bulk fluid. Lack of information on the nature of interaction
between the three elements of the system (the porous medium, carrier fluid
and surfactant) under non-isothermal conditions prevents us from providing
a clear interpretation of the results.
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Chapter 8

Soret and mass diffusion
coefficients in a magnetic field

8.1 Overview

Measurements of Soret coefficient and mass diffusion coefficient in a porous
layer are done in a magnetic field. Both series of experiments are variations of
experimental work reviewed in previous chapters - thermophoresis in a porous
layer, see section 3.1 for experimental setup and sec. 6.4 for mathematical
framework and results, and mass diffusion in a porous layer, see section 3.2
for description of setup and 5.2.2 for mathematical framework and results.
Magnetic field is B = 0.17 in all experiments viewed here. Theoretical values
for St and D,, in an external field are calculated as described in section 1.7.
As is shown in sec. 3.5, convective stability is not expected to be an issue
even in the presence of a magnetic field.

8.2 Results

Results of Soret coefficient measurements in a magnetic field are given in
table 8.1. Orientation of the magnetic field is parallel to temperature gradi-
ent. Experimental results are compared to theoretical predictions, which are
calculated from eq. 1.36. The value of Soret coefficient in a porous layer in
the absence of magnetic field, Sy p—o, is known from measurements of Sy in
sect. 3.1 to be St p—¢ = 0.048.

Mass diffusion is investigated in a porous layer with an external magnetic

101



ferrofluid | Sp, 1/K(B = 0.0T) ok 1/K(B =0.1T)

df-105 0.048 0.023 0.023
S-1 0.06 0.002 0.002
Us 0.062 0.027 0.029
FF 13 - 04 -0.030 -0.035 -0.015

Table 8.1: Soret coefficient in a porous layer under external magnetic field
B = 0.1T parallel to temperature gradient, experimental and theoretical
values. Zero field values given for comparison

field, with field orientation parallel and normal to the initial concentration
distribution gradient. Measurements are done with sample df105. For theo-
retical value calculations, value for D,, in a porous medium D,,, p—¢ is taken
from results given in sect. 5.2.2: D,, p—o = 1.56- 107'2m? /s. For parallel ori-
entation, theoretical values are calculated with eq. 1.33 and for normal field
orientation, with eq. 1.35. The results of measurements and calculations are
shown in table 8.2.

2
field orientation rel. to V¢ Drm,m /3
no field 1.56 - 10712
parallel 2.10-10712 | 3.16 - 10712
normal 1.44-10712 | 1.26- 10712

Table 8.2: Diffusion coefficient of sample df105 in a magnetic field B =
0.17, parallel and normal to particle concentration gradient, experimental
and theoretical values. Zero field value given for comparison

8.3 Analysis

For Soret coefficient, a fine agreement between predicted and measured values
for the coefficient in an external magnetic field can be seen for all ferrofluid
samples. The same can be said about mass diffusion coefficient in normal
field arrangement. For D,, in magnetic field parallel to initial concentration
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gradient, we see a predicted increase in D,, compared to zero field value, with
difference between experimental and theoretical values slightly exceeding that
expected by error boundaries, which give 15 % of measurement value. Even
so, across the range of the two series, experimental results agree well with
the description of mass diffusion coefficient for ferrofluids in a magnetic field
given in ref. [61], from which the description of Soret coefficient in a magnetic
field has also been derived.

The fact that Soret coefficient in an external magnetic field can be ex-
pressed from effects of field inhomogeneity resulting from particle distribu-
tion non-uniformity upon particle transfer indicates lack of other field-related
transfer mechanisms being present. Specifically, magnetic pressure and mi-
croconvective flow induced by elements of the porous medium can be said to
have no considerable influence in this experimental system.

If a reason for the comparatively large deviation from theoretical values
in the diffusion experiments was to be given, it would concern the way these
experiments are conducted - at the start of each experiment, ten saturated
layers of filter paper are assembled to form a continuous porous medium,
see sect. 3.2. During this assembly, pressure is exerted upon the stack of
layers. On the boundary between the last carrier fluid saturated layer and
the first ferrofluid saturated layer, it would be possible for this pressure and
the sharp concentration gradient to contribute to induce a motion of the
colloid components significant enough to distort nanoparticle distribution.
As all layers are saturated with ferrofluid in the thermoosmosis experiments,
they would not suffer from this parasitic transfer.

In the context of research presented in this thesis, agreement between
experiment and theory here can be seen as validation for measurements of
D,, and St in a porous medium. The predicted effects of a magnetic field
being numerically true act as a form of confirmation that measurements
have been performed correctly and the observed mass transfer effects indeed
correspond to those described my mass diffusion and thermodiffusion, rather
than some other, unaccounted for process.
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Conclusion

Confirmation of thesis statement

Thesis statement can be concluded to be fulfilled, as it has been shown that
addition of surfactant lowers the Soret coefficient and that a reversal of sign
for the Soret coefficient can be achieved, signifying change in particle behav-
ior from thermophobic to thermophilic. Effects of surfactant on ferrofluid
viscosity and temperature dependence of Soret coefficient and viscosity have
been investigated and findings are detailed in individual conclusions.

Conclusions

1. Ferrofluid viscosity has been found to have a non-monotonous relation
to surfactant amount increase, exhibiting viscosity decrease at lower
surfactant concentrations and increase at higher concentration values.
This is associated with saturation of surfactant layers around particles
and the effects that incomplete surfactant covering of particles and
temperature have on reversible formation of weak clusters of nanopar-
ticles

2. Effects of surfactant and temperature on ferrofluid thermophoresis can
be described as:

(a) Soret coefficient of a ferrofluid decreases, as temperature is in-
creased. This process can be described by a modified Iacopini -
Piazza model

(b) Soret coefficient of a ferrofluid is decreased by an increase of sur-
factant concentration. Two mechanisms potentially involved in
this process are saturation of the surfactant layer around colloidal
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particles, which is central to the process of thermophoresis, and
redistribution of surfactant within the fluid

(c) Soret coefficient of a ferrofluid is reduced in a porous medium.
This is a result of pore walls inducing surfactant transport, which
leads to the colloidal particles being subjected to inhomogeneity
of surfactant concentration in addition to that of temperature

(d) Combination of the aforementioned effects can lead to sign change
of the Soret coefficient

It is out of these results that confirmation of thesis statement follows.

3. Addition of surfactant reduces thermoosmotic flow of carrier fluid through
a porous layer to an extent that cannot be explained by viscosity in-
crease. The proposed explanation relates this to flow driven by inter-
action of surfactant and pore walls. Carrier fluid thermoosmosis is not
the reason for effect of porous medium on ferrofluid thermophoresis

4. Influence of an external magnetic field on ferrofluid thermophoresis can
be described by an effect of the field on ferrofluid mass diffusion and
an effect of temperature on magnetization of colloidal particles

Accomplishment of thesis tasks and other re-
marks

Ferrofluid properties and mass transfer coefficients have been investigated
with a number of measurement methods and both in free fluid conditions and
in a porous medium, characterizing effects of excess surfactant concentration
and temperature.

Following first of the tasks set for research described here, ferrofluid parti-
cle size and viscosity have been investigated as functions of temperature and
surfactant concentration. Measurements of nanoparticle hydrodynamic size
performed with Forced Rayleigh scattering are found to be compatible with
magnetic size measurements performed with Vibrating sample magnetome-
try. Dynamic light scattering measurements have found weak agglomerates
of nanoparticles to be present in the ferrofluid. Detection of these clusters
should be credited to the noninvasive nature of DLS method, with the clus-
ters assumed to be destroyed by temperature gradients imposed by FRS.
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Rather unsurprisingly, viscosity of ferrofluid is found to decrease with
temperature. Effects of excess surfactant on ferrofluid viscosity are less ex-
pected, as an initial decrease is followed by an increase as more surfactant is
added. The latter is similar to viscosity increase of carrier fluid by surfactant
addition. This leads to an assumption of two processes working in parallel
- an increase of ferrofluid viscosity like that of the carrier fluid, and a phe-
nomena leading to viscosity decrease that initially overshadows the former
process before saturating. The latter is interpreted as a result of saturation
of surfactant layer around particles as more surfactant is added to the colloid.
This process, along with temperature increase, would reduce the number of
weak nanoparticle clusters in the colloid.

Effects of surfactant concentration, temperature and the presence of a
porous medium on ferrofluid thermophoresis and mass diffusion are investi-
gated according to second of the set tasks. Soret coefficient of a surfactant
stabilized ferrofluid has been found to decrease with temperature in an expo-
nential manner that can be described with a modified version of an empirical
model referred to as the lacopini - Piazza model. The modifications are ne-
cessitated by the nature of Soret coefficient as a function of temperature,
exhibiting relatively stable values at lower temperatures, before decreasing
rapidly as the temperature rises. This is at odds with the empirical model as
it is originally described, and also other models for Soret coefficient, which
tend to predict a rapid decrease followed by saturation at lower values. The
same form of dependence on temperature is displayed by Soret coefficient
measured in free fluid as well as in a porous medium. In a free fluid, an
inversion on sign for the Soret coefficient, from positive to negative, is pre-
dicted, but not observed within the experimentally covered range of tem-
peratures. In a porous medium, Soret coefficient is observed to change sign.
This marks a shift in particle behavior, switching from being thermophobic
to thermophilic. With addition of excess surfactant, Soret coefficient sign
change temperature can be reduced to values of about ten degrees Kelvin
above room temperature.

Addition of excess surfactant lowers the value of Soret coefficient in fer-
rofluids. In free fluid conditions, this corresponds to positive values of Soret
coefficient reduced to lower positive values. In a porous medium, Soret coef-
ficient has been reduced to negative values at sufficiently high temperatures.
Ferrofluid mass diffusion coefficient is found to increase with temperature
and to have no significant dependence of excess surfactant concentration.
Mass diffusion coefficient is found to decrease in a porous layer. This has
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been linked with tortuosity of the porous medium.

Investigation of carrier fluid and surfactant mixture thermoosmosis through
a porous medium has been carried out, motivated by a possibility of corre-
lating thermoosmotic phenomena to observations made in thermophoresis
experiments. This corresponds to the third task. It has been found that
addition of excess surfactant does not lead to an additional flux of carrier
fluid in non-isothermal conditions, from which it can be concluded that the
influence of surfactant on ferrofluid mass transfer in porous media is unlikely
to be related to carrier fluid bulk flow. It has also been found that excess
surfactant has an effect on decreasing thermoosmotic flow that goes beyond
viscosity increase.

An interpretation offered for the observed effects involves adsorption of
excess surfactant onto the particles, which could explain the nature of fer-
rofluid viscosity and Soret coefficient as functions of excess surfactant con-
centration, along with surfactant redistribution aided by the porous medium,
which would then be related to the influence of excess surfactant upon ther-
mophoresis and thermoosmosis in porous medium. However, for this or any
other interpretation to be verified or discredited, a microscopic scale inves-
tigation of surfactant interaction with surfaces of particles and pore walls
would be necessary.

Following fourth of the tasks set for the research presented in this thesis,
measurements of Soret and mass diffusion coefficients in a porous medium
have both been found to depend on an external magnetic field as predicted
by theoretical considerations. The theory, including that for Soret coeffi-
cient, relies on field effects upon the mass diffusion coefficient, and using the
effective, tortuosity modified values for this coefficient yields predictions that
prove to be a good fit for experimental values. It can therefore be concluded
that a porous medium does not affect the influence that an external magnetic
field exerts over ferrofluid mass diffusion and thermophoresis.
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Contributions

It goes without saying that the research presented here is the result of ef-
fort from multiple people, more complete lists of whom can be found in the
acknowledgments section and in the authors lists of publications associated
with this thesis. Given here is a list of clear and measurable contributions
to the data and results presented in thesis.

Ferrofluids produced in Institute of Physics, University of Latvia, were
synthesized by Gunars Kronkalns. Ferrofluid produced in Laboratory of
Magnetic Soft Materials, Faculty of Physics, Mathematics and Optometry,
University of Latvia, was synthesized by Oksana Petricenko.

Ferrofluid characterization measurements by Vibrating Sample Magne-
tometry were performed by Michail M. Maiorov, particle concentration in
porous layer samples VSM measurements were performed by the author. In
all VSM measurements, software courtesy of M. M. Maiorov was used to
arrive to particle size distribution.

Forced Rayleigh scattering measurements in Institute of Physics, Univer-
sity of Latvia were performed by Ansis Mezulis, and in Laboratorie PHENIX,
Sorbonne Université, by Mitradeep Sarkar together with Jesse Riedl and
Gilles Demouchy.

Viscosity measurements were performed by the author together with Kas-
pars Erglis and Dmirty Zablotsky.

Dynamic Light Scattering measurements were performed by Amandine
Anfry and Emmanuelle Dubois.

A share of mathematical descriptions is the contribution of thesis advisor
Elmars Blums.
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Appendix A

Ferrofluid nanoparticle size
distributions

Particle magnetic size distributions for all four ferrofluids used in the research
presented in this thesis are given here. Ferrofluids df105, S-1 and U5 were syn-
thesized in Institute of Physics, University of Latvia, by Gunars Kronkalns.
Ferrofluid FF 13-04 synthesized in Laboratory of Magnetic Soft Materials,
Faculty of Physics, Mathematics and Optometry, University of Latvia, by
Oksana Petricenko. Particle magnetic sizes measured with Vibrating sample
magnetometry by Michail M. Maiorov.
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Appendix B

Interpreting surfactant
redistribution in
thermoosmosis experiments

Provided here is an attempt to interpret results of thermoosmosis of a tetrade-
cane - oleic acid mixture, given in chapter 7. The analysis given here should
be treated as accompanying the conclusions presented in sect. 7.4.

With the observed effects of surfactant concentration on dr.r; having
failed to provide much insight in the phenomena of interest, we turn our
attention to possible mechanisms behind the changes in dr.¢s. The purpose
of this investigation is attempting to determine the mechanism behind both
reduction of thermoosmotic coefficient in thermoosmosis experiments and the
increasingly thermophilic behavior of colloidal particles in thermophoresis
experiments - both phenomena emerging as increasing amounts of surfactant
are added to the fluid.

For this purpose, we try to relate effects of surfactant on thermoosmo-
sis to surfactant molecule redistribution under a temperature gradient. In
sect. 7.2, we made the assumption that all thermally induced motion of the
fluid that is driven by surfactant is embodied in the coefficient d%. To offer
an interpretation for the results of thermoosmosis experiments, we make a
further assumption that, in pressure mode experiments, the mechanism of
surfactant molecule thermal transport can be expressed in the general shape
of the Soret effect, as given in sect. 1.5:

Ves = —cs(1 — ¢5)Srepf VT (B.1)
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cs, %0 deff S%oer;r}alized j:dS%’cZ‘)p}alized
05 | 1.00 020

1.0 1.59

1.5 1.36

2.5 0.66

Table B.1: Dependence of normalized product of effective osmotic coefficient
and Soret coefficient on surfactant volume concentration

Where St.sr is the effective Soret coefficient of oleic acid molecules in
the porous environment. Now, eq. B.1 can be inserted in eq. 7.1, and arrive
at flow equation in the form:

- K
j = —ZVP - deffcs(l - Cs)ST,effVT + dTpVT (B2>

Here, d. s is an effective osmotic coefficient of tetradecane in the tetradecane-
oleic acid mixture. Equation B.2 can be rewritten as:

- K
] = —ZVp + (dT — deffcs(l — CS)STﬁff)pVT (B3)

By analogy with eq. 7.4, d}. would be defined as:

d; = —deffcs(l — Cs)ST,eff (B4)

We therefore attempt to characterize d}, which embodies the contribu-
tion of surfactant related effects to thermally induced flow of carrier fluid -
surfactant mixture, as proportional to an effective Soret coefficient of oleic
acid molecules in the porous environment, to an effective osmotic coefficient
of the carrier fluid in a carrier fluid - surfactant mixture, and to concentration
of the surfactant.

Knowing the surfactant concentration values, we calculate des ¢St cfy from
d%., arriving at positive values with order of magnitude ~ 10*10£. The
values are normalized to desfSrerr(cs = 0.5%) - the lowest surfactant con-
centration we have data from. Results of this analysis are presented in table
B.1.

Splitting of dcfsSters is not possible without additional experimental
work. It could be assumed that d.;s is positive - that is, to assume that
carrier fluid would flow towards higher surfactant concentration, which would
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be the case is carrier fluid flow would be driven by an osmotic process. In this
case, value of effective Soret coefficient for surfactant molecules would also be
positive in the experimentally investigated range of oleic acid concentration
- surfactant transport directed to lower temperatures. Then, thermophilic
behavior of colloidal particles would correspond to motion of those particles
away from higher surfactant concentration.

If carrier fluid flow would instead be driven by Marangoni effect on pore
walls, it would be directed towards a lower surfactant concentration, implying
negative values for d.r; and effective coefficient of proportionality between
surfactant concentration and temperature (replacing Sy). Following the same
considerations as before, we would now conclude that colloidal particles of
the ferrofluid moving towards higher temperatures move towards a higher
surfactant concentration. The body of experimental data at hand does not
enable us to identify the transport mechanism here. It must therefore be ad-
mitted that, while the addition of oleic acid does influence thermally induced
flow of tetradecane beyond the effect of increased viscosity, our options to de-
termine either the mechanism through which this influence is exerted or the
implications it would have on colloidal particle thermophoresis are exhausted
without arriving to a clear conclusion.
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