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Abstract

Abstract
The thermodiffusive motion of colloidal particles suspended in aqueous media due to
a thermal gradient is named as thermophoresis, which has found its applications in
microfluidic macromolecule separation/trapping, colloidal crystals formation, and
protein functionality. Numerous experimental and theoretical studies show that the
thermophoresis of colloids is related to physicochemical parameters, such as particle
size, particle and salt concentrations, particle and salt types, and background
temperature. Despite many years of studies, there still exist open questions for the
thermophoresis of colloids in aqueous media, such as its dependence on particle and
liquid thermal conductivities, and on the thermoelectricity for arbitrary electrical
double layer (EDL) thickness. Moreover, the existing theoretical and experimental
investigations of particle size effect on the thermophoresis are inconsistent and
inconclusive. In addition, the underlying mechanisms of effects of the electrolyte
concentration and the particle concentration on thermophoresis of concentrated but
non-interacting particles are still unclear. On the other hand, thermophoretic
manipulation in microfluidics can involve electroosmotic flow (EOF), which is
widely used in micro- and nano-fluidic systems. However, the thermal effect on EOF
with the consideration of ion thermodiffusion has not been studied before. The
objective of this thesis is to address some of above-mentioned problems on
thermophoresis in liquid solutions and ion thermodiffusion effect on EOF.
The thermal conductivity effect on the thermophoresis of a colloidal particle in
aqueous solutions was numerically analysed, with the thermal conductivity ratio of
particle to liquid ranging from 0.1 to 100. The numerical simulations reveal that the
unequal thermal conductivities of particle and liquid cause a non-linear temperature
I
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distribution around the particle surface. When such non-linear temperature region is
thicker than the EDL region, the thermal conductivity effect on thermophoresis
becomes significant. The thermophoretic coefficient decreases with increasing
thermal conductivity ratio of particle to liquid.
The thermal conductivity effect on the thermoelectricity of a charged particle in
aqueous solutions was also theoretically analysed. An analytical model for
thermoelectricity of a “normal” particle (with an equal thermal conductivity as that of
liquid) was firstly formulated and solved based on the linear response theory. The
analytical results show that the thermoelectric effect induced thermophoretic
coefficient of a “normal” particle is independent of the ratio of particle radius to EDL
thickness. On the other hand, a numerical model of the thermoelectric effect induced
thermophoresis of a charged particle was developed. When the non-linear temperature
region around the particle surface is thicker than the EDL region, the thermoelectric
effect induced thermophoretic coefficient was found to strongly depend on the ratio of
particle radius to EDL thickness.
Furthermore, experiments were carried out to investigate the particle size effect on the
thermophoresis of dilute particles in aqueous solutions by using a microfluidic
approach. The experimental findings show that the sign of thermophoretic coefficient
switches from positive to negative with increasing particle size from submicron to
micron. Moreover, a linear particle size-dependence of the thermophoretic coefficient
for micron-sized particles was obtained. Such experimental results can be explained
by a modified Duhr and Braun's analytical model, with consideration of the
hydrophobic hydration entropic effect induced by the breakdown of hydrogen bond
network.
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In addition, the electrolyte and particle concentration effects on the thermophoresis of
non-interacting charged hydrophobic particles in aqueous solutions were studied
experimentally and theoretically. The signs of thermophoretic coefficient were found
to be switched from positive to negative with decreasing electrolyte concentrations or
increasing particle concentrations. Duhr and Braun's analytical model was further
modified with consideration of electrolyte concentration-dependent hydrophobic
hydration entropic effect. Such model can well explain the experimentally observed
dependence of thermophoresis on both particle and electrolyte concentrations and in
particular, the sign change of thermophoretic coefficient. It was found that the strong
hydrophobic hydration entropic effect gives rise to the thermophilic behaviours of
non-interacting charged hydrophobic particles in dilute aqueous solutions.
Finally, for potential thermophoresis-based microfluidic particle manipulations, an
analysis of the thermal effect on EOF under an imposed temperature difference was
reported, with consideration of ion thermodiffusion. In particular, an analytical model
was formulated for the thermal effect on a steady, fully developed EOF in a slit
microchannel, and the model was solved using the regular perturbation method. The
parametric studies show that compared to the isothermal cases, the presence of
imposed transverse temperature difference/gradient results in a faster EOF. The
thermodiffusion-induced free charge density was also identified to play a key role in
the thermodiffusion-induced electroosmotic velocity.

Keywords: Thermophoresis; Thermophoretic coefficient; Thermal conductivity effect;
Non-linear temperature field; Thermoelectricity; Ion Thermodiffusion; Soret
coefficient; Particle size effect; Hydrophobic hydration entropic effect; Thermal effect
on electroosmotic flow; Microfluidics.
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CHAPTER 1

CHAPTER 1: INTRODUCTION
1.1 Research background
The motion of colloids dispersed in aqueous media in response to a temperature
gradient, originally discovered by Ludwig [1], is named as thermophoresis. Since then,
ion thermodiffusion [2, 3], aerosol particle thermodiffusion in nonuniform gases [4],
and thermodiffusion in electrolyte mixtures [5, 6] have been extensively studied. Due
to its relevance to colloidal and electrokinetic phenomena, the thermophoresis of
colloids dispersed in liquids is more complex, and it has been identified as one of the
unsolved problems in the area of fluid mechanics [7].
The resultant thermophoretic velocity u is defined as u   DT T , where the
coefficient DT is the thermophoretic coefficient and T is the temperature gradient
either imposed externally or induced internally by some means. The thermophoretic
coefficient DT is one of the key parameters for characterising thermophoresis, whose
typical value for charged sub-microparticles in aqueous solutions is of the order of
several μm 2 s  K [8, 9]. The sign of DT denotes the direction of thermophoretic
motion, where a positive sign describes the particle motion from hot region to cold
region (i.e. thermophobic behaviour), and a negative sign indicates the particle motion
from cold region to hot region (i.e. thermophilic behaviour).
Theoretical studies [8, 10-14] have shown that thermophoresis is resulted from a
combination of surface and body forces. The surface forces proposed by Duhr and
Braun [13] and Würger [14] include the hydration entropic force and the temperaturedependent surface tension induced Marangoni force at the particle-liquid interface.
The body forces are on account of the electrostatic contributions of electrical double
1
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layer (EDL) which is present around charged colloids dispersed in electrolyte
solutions [15]. Based on hydrodynamic theory, the thermophoresis of a single
colloidal particle in aqueous solution is caused by the EDL deformation induced
electrical body force and the dielectrophoresis force.

[10-12] Moreover,

thermoelectricity [8, 11] is also proposed as one of the mechanisms of thermophoresis,
with consideration of the thermodiffusion [16-19] induced additional effect of
electrolyte ions on the thermophoresis of colloidal particles. However, the existing
theories of thermophoresis [11, 12, 20-23] neglect the presence of a non-linear
temperature field around the particle, which is induced by the unequal particle and
liquid thermal conductivities. Moreover, the existing thermoelectricity theories do not
consider the ion thermodiffusion in the EDL region, and they even lead to incomplete
results which are only under thin and thick EDLs limiting cases.
On the other hand, extensive experimental investigations of thermophoresis were
carried out to examine the effects of various parameters, including electrolyte
concentration [8, 24], background temperature [25-30], particle size [10, 13, 31, 32],
and particle concentration, (i.e., collective effect) [28, 33]. It has been found that most
of these parameters affect both the magnitude and the sign of thermophoretic
coefficient DT . For example, Zhao et al. [9] observed the collective effects on DT of
500 nm and 720 nm polystyrene (PS) particles in deionised (DI) water: (i). when the
particle volume fraction is smaller than 1%, the sign of DT is positive, and the
magnitude of DT decreases with higher particle volume fraction from 0.3% to 1%;
(ii). when the particle volume fraction is larger than 1%, the sign of DT is changed to
negative, and the magnitude of DT increases with higher particle volume fraction
from 1% to 2%. Unfortunately, among these effects, only the electrolyte concentration
2
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effect on thermophoresis of highly diluted colloids dispersed in aqueous solutions can
be roughly explained by the thermoelectricity theory. [11, 29, 34] Specifically, for
concentrated particles the mechanisms behind the electrolyte concentration effect on
thermophoresis are still unclear [8]. In addition, for the particle size-dependence of
thermophoresis for dilute colloidal particles in aqueous solutions, the results of these
investigations are inconsistent and inconclusive: some researchers [26, 32, 35, 36]
found that DT is independent of particle radius a , but the others [13, 14]
demonstrated that DT is proportional to a .
Although the thermophoresis process needs a long time from the viewpoint of
thermophoretic applications due to the small order of thermophoretic velocity, as the
thermophoresis highly depends on solvent–particle interfacial interactions, it still has
numerous applications. For example, separation and trapping of nano- and microparticles [37-39], formation of colloidal crystals [40, 41], protein functionality and
drug development [42-45]. In some thermophoresis applications, separation of
particles via thermophoresis is usually accompanied by hydrodynamic flow or
electroosmotic flow (EOF). For example, the pressure-driven flow was employed in
the existing thermal field-flow fractionation techniques [39]. However, the micropumps used for pressure-driven flows often involve moving parts, and it is difficult to
control a very fine amount of fluid by using the micro-pumps. In contrast, owing to its
numerous advantages such as ease of fabrication and control, no need for moving
parts and hence, less mechanical failure, and no noise [46, 47], EOF is widely used in
microfluidics. When a temperature gradient is applied on the particle suspension, not
only the temperature-dependent thermophysical and electrical properties such as
permittivity and viscosity will be influenced, but also a phenomenon termed ion
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thermodiffusion is induced. However, no studies have been reported for the ion
thermodiffusion effect on EOF in the presence of imposed temperature
difference/gradient.

1.2 Research objectives and scope
The main objectives of this research are to advance the fundamental theory of
thermophoresis and to explore possible applications of thermophoresis in
microfluidics. The former aim is ochieved through investigations of the thermal
conductivity effect, the thermoelectricity, the particle size effect, as well as the
electrolyte and particle concentration effects on thermophoresis. The latter aim is
achieved by examining the thermal effects on EOF with consideration of ion
thermodiffusion, which is a preliminary work for the application of employing
thermophoresis to separate particles with aid of EOF. The detailed research scope is
identified as follows:
a)

A numerical analysis of thermal conductivity effect on thermophoresis of a

charged particle in aqueous solution is reported.
b)

Thermoelectric effect on a charged particle with linear temperature field is

studied theoretically for arbitrary EDL thickness. Thermoelectric effects on a charged
particle with non-linear temperature fields are also numerically discussed.
c)

Particle size effects on thermophoresis of highly dilute particles within a wide

diameter range from 100 nm to 5 µm, dispersed in DI water are investigated
experimentally. The mechanisms behind the observed particle size effect on
thermophoresis are investigated, through a comparison of the experimental results
with the theoretical ones calculated from an existing analytical model, when the
hydrophobic hydration entropic effect is considered.
4
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d)

Electrolyte concentration effects on thermophoresis of concentrated but non-

interacting particles in aqueous solutions are studied experimentally. Then the
collective effects on thermophoresis of particles in highly diluted electrolyte solutions
are also observed. A theoretical model, with consideration of electrolyte
concentration-dependent hydrophobic hydration entropic effect, is presented to
account for both the particle and electrolyte concentration effects.
e)

An analysis of the thermal effect on EOF under an imposed temperature

gradient is reported. The proposed model not only considers the temperaturedependent thermophysical and electrical properties but also includes the ion
thermodiffusion.

1.3 Organisation of the thesis
The complete thesis consists of the following sections:
Chapter 1 introduces the research background and motivation of this work. Recent
developments of thermophoresis theory and experimental investigations are firstly
briefly reviewed. Then, as a potential thermophoresis application accompanied by
EOF, existing studies of thermal effect on EOF are also briefly introduced. Finally,
the objectives and scope of this research are clearly stated.
Chapter 2 deals with a broad literature review of thermophoresis, including the
theoretical and experimental methods, the effects of parameters, and the main
applications. In addition, the ion thermodiffusion and the thermal effect on EOF are
also reviewed.
Chapter 3 reports a numerical model for the thermal conductivity effect on
thermophoresis of a charged particle in aqueous solution. The proposed model
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includes the coupling energy equation, Nernst-Planck equation, Poisson equation, and
Navier-Stokes equations. The non-linear temperature gradient distributions induced
by the thermal conductivity effect are presented. After that, the thermal conductivity
effects on fluid velocity and thermophoretic coefficient DT are respectively discussed
for both thin and thick EDL cases. Finally, based on the numerical analysis, an
analytical model for predicting the thermal conductivity effect on DT is proposed.
Chapter 4 firstly formulates an analytical model of the thermoelectric effect on a
charged particle in aqueous solution with linear temperature field for arbitrary EDL
thickness. Then a numerical model of thermoelectric effects on a charged particle
with both linear and non-linear temperature fields is developed. Subsequently, the
thermoelectric effect induced thermophoretic coefficients DT

TE

with linear

temperature field are presented. The numerical thermoelectrical fields with and
without consideration of ion thermodiffusion in the EDL region are compared and
discussed. Finally, the thermoelectric effects on a charged particle with non-linear
temperature fields are also numerically analysed.
Chapter 5 reports an experimental investigation of particle size effect on the
thermophoresis of highly dilute hydrophobic Polystyrene particles dispersed in DI
water. Then the experimental results are compared with an existing analytical model
to explain the observed particle size effects on thermophoresis, when the hydrophobic
hydration entropic effect induced by the breakdown of hydrogen bond network is
considered. Finally, a separation of submicron particles from micron-sized particles is
experimentally demonstrated, based on the experimental observed particle sizedependent sign switch of thermophoresis.
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Chapter 6 presents the thermophoresis experiments for investigating both effects of
particle and electrolyte concentrations on 500 nm and 720 nm PS beads in sodium
chloride (NaCl) electrolyte solution. A theoretical model with consideration of
electrolyte concentration-dependent hydrophobic hydration entropic effect is then
proposed. Finally, the theoretical predictions based on the proposed model are
compared with the experimental results.
With consideration of ion thermodiffusion, Chapter 6 formulates an analytical model
for the thermal effect on a steady, fully developed EOF in a slit microchannel.
Thermal effects on ionic distributions and electroosmotic velocity are presented and
discussed.
Chapter 7 summarises the major findings of this work. In addition, further studies are
also proposed.
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CHAPTER 2: LITERATURE REVIEW
Thermophoresis is defined as the particle movement under the effect of a thermal
gradient. As the thermophoresis of charged particles in liquid media is strongly
related to electrokinetic phenomena, the classical theory for electrokinetic phenomena
will be firstly introduced. Moreover, the particles in an aqueous solution are always
accompanied by ions, which also move under the thermal gradient effect and in turn
affect the thermophoresis of particles. Thus, ion thermodiffusion is also described.
Then, the experimental methods for the generation of the temperature gradient and
determination of the thermophoretic coefficient DT are reviewed with their
advantages and limits. Furthermore, the obtained thermophoretic data from
experiments and thermophoresis applications are summarised and discussed. Finally,
the popular theoretical thermophoretic models for dilute and non-dilute particles are
reviewed.
On the other hand, as EOF is one of the common flow pumping methods in
microfluidics, it can be employed to collect the thermophoretic separated particles.
Before applying EOF into the thermophoresis separation, one needs to have a clear
picture about the EOF under the thermal effect. Hence, the thermal effect on EOF is
briefly reviewed.
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2.1 Related concepts
2.1.1 Electrokinetic phenomena
2.1.1.1 Electrical double layer (EDL)
Particle surfaces in contact with aqueous media are electrically charged due to various
mechanisms [48]: ions dissolution from surfaces of sparingly soluble crystals,
exposure of charged surfaces due to broken crystal, and adsorption of surfactant ions
on the solid surfaces (e.g., the surfaces of PS beads).
To maintain the electroneutrality of the system, the surface charge must be
compensated by the ions around the solid surface. Both the surface charge and ions in
solution form the EDL, as the Stern model shown in Figure 2.1 [49]. The immobile
counterions are strongly attracted by the charged wall, resulting in the so-called
compact layer with a thickness of less than one nanometre. Repelled from the
compact layer, the mobile ions compose the diffuse layer with a thickness of about
several nanometres to sub-micrometres. The EDL thickness is related to the
electrolyte concentrations, and is usually characterised by the Debye length

 1 

 k BT

e N A  zi 2 ni
2

(2.1)

i

where  is the electric permittivity of fluid, e is the elementary charge, zi and ni are
respectively, the electrolyte ion charge and number density of ion i , and N A is the
Avogadro constant.
As shown in Figure 2.1(a), the surface between the Compact layer and the Diffuse
layer is the Stern plane, and away from this plane with around two radii is the Shear
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plane, where the no-slip velocity boundary condition is assumed. Moreover, as shown
in Fig. 2.1(b), the electric potential on the Shear plane is called the zeta potential (  ),
which is usually determined from experiments, and is affected by several factors, such
as temperature, ionic concentration, surface material and pH. Because there are no
available technology for measuring the surface potential, for simplicity, the zeta
potential is always treated the same as the surface potential of the charged wall  s .



Figure 2.1 Schematic configurations of (a) the electrical double layer (EDL) of a
negatively charged wall and (b) the potential distribution in the EDL [49].

2.1.1.2 Electroosmosis and electrophoresis
Due to the nonzero net charge density in the EDL of a charged wall, application of an
external electric field will generate a body force exerting on ions. Furthermore, the
moving ions can drag the surrounding fluid molecules to move with them. If the
charged wall is stationary, the movement of bulk fluid is called electroosmosis.
However, if the bulk fluid is stationary, the movement of charged particles is called
electrophoresis [48]. Hence, the electroosmotic velocity follows with the electric field
11
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direction, and the direction of the electrophoretic velocity is opposite to that of the
applied electric field. With the assumption of thin EDL, the magnitude of the
electroosmotic/electrophoretic velocity is estimated by the Smoluchowski velocity
expressed as

u 


E


(2.2)

where  is the fluid viscosity, and E is the strength of applied electric field.

2.1.2 Ion thermodiffusion
Thermodiffusion, or the Ludwig-Soret effect, denotes the electrolyte ion movement
under the effect of thermal gradient, which was originally discovered by Ludwig [1]
and systemically investigated by Soret [50-52]. The thermodiffusion velocity of ion i
is defined as
ui   DT ,iT

(2.3)

where DT ,i is the ion thermodiffusion coefficient, and T is the temperature gradient.
As the temperature gradient is usually readily obtained, the studies on the ion
thermodiffusion velocity are focused on obtaining the ion thermodiffusion
coefficient DT ,i . For monovalent electrolytes, the ion thermodiffusion theory is welldeveloped and supported by several experiments [2, 3, 17, 53]. For an 1:1 electrolyte
solution, the thermodiffusion coefficient of ion i is expressed as [3]
DT ,i

Di
 Qi
2k BT 2

   ln    
1    ln m  
T 
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where Qi and Di are respectively the molar heat of transport and the mass diffusive
coefficient of ion i , k B is the Boltzmann constant, T is the fluid temperature, and  
is the mean ionic activity coefficient on a molarity scale m . With the activity
coefficient factor 1    ln    ln m T varying from 0.92 to 0.99, the molar heat of
transport of ions has been obtained experimentally by several studies as presented in
Table 2.1 [2].
Table 2.1 Single ion heat of transport Q measured under an ion concentration of 10mM
and room temperature [2].
Ion
Q 1021J 

H

Li 

21.3 0.85

Na 

K

OH

Cl

5.54

4.15

27.6

0.85

The theory of ion heat of transport was developed as early as 1926 by Eastman [54,
55]. The space in the vicinity of an ion is divided into three concentric regions: ioncavity, strongly attracted and oriented/polar molecules of solvent, and the rest of outer
space. In the ion-cavity region, there are no solvent molecules. Next to the ion cavity,
oriented/polar molecules are held so strongly by the central ion that they act as a
single molecule in the diffusion process. The solvent molecules in the rest of outer
space are not sufficiently bonded by forces of compression and orientation because
these forces diminish with distance from the centre of ion. When an ion is transferred
by diffusion from one region to another, the first and second regions remain intact
with no change of internal energy or entropy. But materials in the third region are left
behind, and solvent molecules previously in other regions are brought in. These
changes in the third region give rise to the heat of transport Qi for ion i .
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2.2 Thermophoresis
For dilute particles whose motion can be observed with the aid of a microscope, the
thermophoretic coefficient may be written as:

DT  

u
T

(2.5)

where the thermophoretic velocity u can be measured by visually tracing the motion
of a particle, namely the single-particle tracking method [13], and T is the
temperature gradient either imposed externally or induced internally by some means.
The typical value of thermophoretic coefficient DT of colloidal sub-microparticles in
aqueous solutions is several μm 2 s  K , with the positive sign indicating particle
motion from hot to cold regions (i.e. thermophobic behaviour) and the negative sign
representing particle motion from cold to hot regions (i.e. thermophilic behaviour).
For the thermophoresis of colloidal particle dispersions, the thermophoretic
coefficient under steady-state condition can be related to the temperature gradient and
particle concentration [56]:

DT  

D c
T c

(2.6)

where D is the mass diffusion coefficient of colloidal particles and c is the particle
concentration (typically its particle mass fraction is much less than unity). The wellknown Stokes-Einstein model [57] estimates D  k BT 6 a with k B being the
Boltzmann constant ( 1.38 1023 J K ),  as the solvent viscosity, and a as the
particle radius. The ratio of the thermophoretic coefficient DT to the mass diffusion
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coefficient D is another important parameter characterising thermophoresis, which is
named as the Soret coefficient ST . i.e., ST = DT D .

2.2.1 Experimental methods
The magnitude of the thermophoretic coefficient DT is typically of the order of

1012 m2 s  K . Accordingly it is necessary to generate a sufficiently large temperature
gradient such that noticeable particle motion can be obtained; this is also necessary
for ease of observation and measurement. Hence, inducing a sufficient temperature
gradient (usually above 1104 K m ) is an important consideration in thermophoretic
experiments. A temperature gradient can be generated by three main methods, namely
laser-induced heating [13], Joule heating [58] and counter flow of hot and cold
streams [9, 59]. The widely-used methods for measuring thermophoretically-induced
particle concentration distribution include beam deflection [58], thermal lensing [60],
thermal diffusion forced Rayleigh scattering [61], and fluorescence detection [62].
The beam deflection, thermal lensing and thermal diffusion forced Rayleigh scattering
methods are based on the temperature and concentration dependent reflective index of
particle suspension. The fluorescence detection method relies on the characteristic
relationship between fluorescence intensity and particle concentration [63].
2.2.1.1 Generation of the temperature gradient
Laser induced heating
When a laser beam passes through water, it can result in a water temperature rise due
to energy absorbed by the water molecules. Water absorption has a peak value at a
wavelength of 1450 nm. Hence, this wavelength is chosen by numerous experimental
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studies to produce infrared heating. When temperature increases at the heated spot, a
radial temperature distribution is generated with an average radial temperature
gradient close to 105 K/m [62].
With such a laser-induced infrared heating method, a relatively high temperature
gradient can be obtained and the heating location is rather flexible. However, the
distribution of radial temperature gradient is not uniform. Moreover, as the
temperature gradient varies sharply along the laser heating direction, this can cause
additional particle accumulation due to free convection.
Joule heating of a metal/semi-conductor
Joule heating is produced when an electric field is applied to a conductor. It can be
used to generate a temperature gradient for thermophoresis studies. With the Joule
heating method, the temperature gradient can be adjusted easily through regulating the
applied electrical current. However, the induced temperature gradient is not uniform
in the device, with the potential of resulting in relatively large experimental errors in
the determination of the thermophoretic coefficient.
A copper wire of 50 μm in diameter is connected to a power supplier to produce Joule
heating. The copper wire is coated with a 10 μm thick electrical insulation layer. It is
inserted into a fused silica capillary with an inner diameter of 149 μm. The capillary is
placed in contact to a large liquid droplet which acts as a thermal reservoir for
maintaining a constant ambient temperature. The centrelines of both the copper wire
and the capillary are kept in a horizontal plane to avoid possible free convection in the
capillary. With a 4 K temperature difference, a large temperature gradient of about

5 104 K/m can be reached [64].
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Moreover, the Joule heating method generates high temperature gradient through a
coated metal or semi-conductor onto a channel wall. In ref. [65], a microsystem was
fabricated by using a silicon wafer, glass cover slides and a polymer spacer layer. The
boron-doped silicon or thin-film titanium was coated onto the silicon oxide layer to
produce a hot microchannel wall. The cold wall was the glass cover slide, which was
cooled by a heat sink. With a temperature drop close to 5 K, a temperature gradient of
about 103 K/m is produced. Although this temperature gradient is lower than that
obtained using other methods, this microsystem, namely a micro thermal field flow
fractionation (ThFFF) can efficiently separate particles with different sizes. However,
such a microsystem is not suitable for measuring thermophoretic coefficient due to the
difficulties in passing the laser through the channel and in observing the resulting
thermophoresis.
The above-mentioned difficulties of measuring thermophoresis were solved by
Putnam and Cahill [58]. A pair of thin gold (Au) films was deposited on a glass slide
via photolithography, with the gap between the two films kept as 25 μm. Through
alternately heating the two Au films, a maximum temperature gradient of 104 K/m can
be achieved. With such a design, the thermophoresis can be easily measured by
passing a laser beam through the samples between these two Au films.
Counter flow of hot and cold water streams
A constant temperature gradient can be established by using a counter flow mode [9]
as shown in Figure 2.2. The central channel in the device was for the particle
suspension sample of interest. The two larger channels on each side of the central
channel were for the hot and cold water streams for generating a transverse
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temperature gradient in the sample contained in the central channel. The hot and cold
water streams was sucked from two thermally stabilised water baths by a dual-channel
syringe pump. The hot and cold water streams flowed in the opposite direction to each
other, i.e. in a counter flow mode. This resulted in a linear temperature distribution
along the transverse direction of the test channel. Through adjusting the temperatures
and the flow rates of the hot and cold water streams, a temperature gradient of about
104 K/m was produced across the centre channel.

Figure 2.2 Counter flow mode of hot and cold water streams for producing a
temperature gradient along the transverse direction of the central sample test channel
[9].

Due to small channel height and temperature differences, free convection in the test
channel was negligible. Thus the observed motion of particles in the test channel is
dominantly due to thermophoresis. However, careful selection of the device material
is required. This is because the thermal conductivity of the device should be large
enough to result in a sufficient temperature difference across the sidewalls of the test
channel but small enough to avoid heat transfer bypassing the test channel (namely
thermal energy leakage through the substrate of the test channel). Moreover, the
material should have negligible deformation under the working temperature range.
2.2.1.2 Determination of the thermophoretic coefficient
Beam deflection
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In ref. [58], a beam deflection method is introduced to determine the thermophoretic
coefficient DT and the mass diffusion coefficient D . Under a temperature gradient, a
laser beam propagating through the particle suspension was deflected from its original
direction as shown in Figure 2.3. The laser beam first undergoes a rapid angular
deflection   th due to a change of temperature-dependent solvent refractivity, and
then an additional steady-state deflection

  s

resulting from the nonuniform

particle distribution associated with thermophoresis. The deflection  shown in
Figure 2.3 thus consists of a rapid angular deflection   th and an additional steadystate deflection    s . Through the measurement of these two deflections, the
thermophoretic coefficient can be evaluated as

DT  

D n T    s
c n c   th

(2.7)

where c is the average particle concentration, n T and n c are respectively, the
refractive index variations with temperature and particle concentration, and D is the
mass diffusion coefficient given as

D  h2  2 

(2.8)

Figure 2.3 Schematic diagram of a beam deflection technique with ‘BPD’ representing
the beam-position detector [58].
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where h is the gap between the hot and cold plates shown in Figure 2.3, and  is the
time constant to the steady-state of the second angular deflection reaching    s due
to the buildup process of induced particle re-distribution.
Using such a beam deflection method, the thermophoretic coefficient can be obtained
without having to measure any other additional experimental parameters. Moreover,
the beam deflection method allows for the simultaneous and accurate determination of
the mass diffusion coefficient as well. However, its main limitation is that the
interplate gap h should have a scale of 102 μm to avoid light reflection. Additionally,
the applied temperature gradient should be small enough to avoid the deflected laser
beam propagating through the top or bottom plate. Hence, to avoid a too long time for
reaching the steady state due to small temperature gradient, the beam deflection
method cannot be used to measure the thermophoresis of large particles. The detailed
requirements of the beam deflection technique are described in ref [63].
Thermal lensing
The thermal lensing method has been developed to generate a temperature gradient
and to measure the thermophoretic coefficient DT [60]. A laser beam heating up a
liquid medium can induce a temperature gradient causing a non-uniform distribution
of the liquid refractive index due to its temperature dependence. The non-uniform
refractive index distribution accordingly acts as a negative ‘thermal lens’ and widens
the laser beam. Subsequently, thermophoresis slowly induces a non-uniform particle
distribution, and thus, an additional thermophoresis induced ‘Soret lens’ being
generated until a steady state is reached. As particles may accumulate on the hot or
the cold side, the ‘Soret lens’ may increase or decrease the divergence of the widened
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beam. The initial intensity change at the beam centre due to the ‘thermal lens’ effect

I th , and the subsequent intensity change due to the combined effects of ‘thermal
lens’ and ‘Soret lens’ I S th can both be easily measured. Based on these two
measured intensity changes, the thermophoretic coefficient can be obtained as

DT 

D n T  I S th 
1 

c n c 
I th 

(2.9)

Thermophoresis experiments using the thermal lensing method can obtain very
accurate results and do not require any additional heating source. However, the test
cell position relative to the beam focus should be carefully adjusted as it affects the
thermal lensing effect. Moreover, the unavoidable free convection may have an effect
on the thermophoresis experimental results.
Thermal diffusion forced Rayleigh scattering
The thermal diffusion force Rayleigh scattering method [61] has been introduced for
studying thermal diffusion since the last decade. As shown in Figure 2.4, an infrared
laser beam with a wavelength of 980 nm is divided by a beam splitter into two beams
of approximately equal intensity. The incident wavevectors of one beam are processed
by a double Pockels cell (e.g., a half wave plate) to be slightly different. Subsequently,
the two beams propagate through the sample in the cell. They interfere with each
other and create a diffraction grating in the sample. This diffraction grating is read by
a probing laser which is HeNe laser at a wavelength of 633 nm. Due to the additional
absorbing dye mixed with the sample, the temperature distribution of the sample
becomes non-uniform. This modifies the refractive index profile and thus changes the
diffraction grating. A thermal gradient causes a slowly developing particle
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concentration variation, thereby giving rise to a time-dependent variation of
diffraction grating. The obtained heterodyne diffraction signal intensity is resulted
initially from the non-uniform temperature distribution  th , and subsequently a
combination of the temperature gradient and the particle concentration distribution

 S th  t  .
The thermophoretic coefficient can be determined from the following expression

DT 

D n T
c n c

  S th  t  
1
1 

 th  1  exp  q 2 Dt 


(2.10)

where q is the length of the grating vector, which can be obtained through analysing
the image captured by a CCD camera.

Figure 2.4 Thermal diffusion forced Rayleigh scattering setup. ‘BS’ is the beam splitter,
and ‘DPC’ is the double Pockels cell used to change the incident wavevectors of the
beam. [61]

Similar to the thermal lensing method, the thermal diffusion forced Rayleigh
scattering method is intrinsically differential, and it also induces an unavoidable free
convection effect. Compared to other methods, the setup used in this method is
complicated [63, 66].
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Fluorescence detection
Particle spatial distribution and time evolution of fluorescence intensity of fluorescent
particles can be conveniently recorded using a standard microscope and a CCD
camera [9, 62]. The particle concentration c can be related to the fluorescence
intensity of a captured image

c  c0

Ic
Ic0

(2.11)

where I c 0 is the fluorescent particle intensity corresponding to a particle
concentration c0 .
Meanwhile the temperature gradient can be readily obtained by using a temperature
sensitive dye through an empirical relationship that describes the dependence of the
fluorescent intensity on temperature as

T

1  IT 

  T0
B  IT 0  1 

(2.12)

where I T and I T 0 represent the fluorescence intensities of temperature sensitive dye
at temperatures T and T0 , respectively, and B is a constant describing the temperature
dependence of dye intensity for a given dye. Based on Equations (2.6) and (2.11-2.12),
the thermophoretic coefficient can be determined by

DT   D

BIT 0 I c
I T I c
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Different from the afore-described three methods, the fluorescence detection method
allows direct visualisation of the motion of fluorescent-tagged particles suspended in
solution, without the necessity of specifically optical fixtures or designed test cells.
Indeed, this method appears to be the only method directly measuring the
thermophoretic velocity of dilute particles. However, its practical applications are
limited by its fluorescent particles requirement.

2.2.2 Key research findings
2.2.2.1 Temperature dependence of thermophoresis
Thermophoresis is found to be strongly dependent on the liquid temperature [26-30].
As shown in Figure 2.5, for PS nanoparticles dispersed in deionised (DI) water, the
thermophoretic coefficient DT increases from a negative value to a positive value
with increasing temperature [26]. Increasing temperature also changes the sign of DT
of silica particles dispersed in toluene from negative to positive. However, Figure 2.5
shows that for a temperature-responsive polymer dispersed in ethanol, DT is positive
at lower temperatures and negative at higher temperatures [67]. Another two
interesting findings for a hydrophilic polymer are [68]: (a) the slope of DT of poly(Nisopropylacrylamide)

suspended in water/ethanol mixtures versus temperature

decreases with a lower water mass fraction; and (b) the sign of DT changes from
negative to positive when the water mass fraction is close to 0.8 g/g within the
temperature range of 15-45 oC. The temperature-dependent parameters, such as
thermal expansivity, ion thermodiffusion coefficient and viscosity, have been
discussed in the explanation of the temperature dependence of thermophoresis [35].
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However, these theoretical results do not show good agreement with experimental
data.

Figure

2.5

Temperature

dependence

of

thermophoretic

coefficient

DT

for

PNiPAM/ethanol [67] and 34 nm charged polystyrene (PS) beads [26]. PNiPAM
represents poly(N-isopropylacrylamide).

2.2.2.2 Particle size effect on thermophoresis
The particle size dependence of thermophoresis has been extensively studied for
highly dilute PS beads dispersed in aqueous solutions [8, 13, 32]. The results of these
investigations however are controversial and inconclusive. As shown in Figure 2.6,
Duhr and Braun [13] reported that the thermophoretic coefficients DT of polystyrene
(PS) beads with radius ranging from 10 nm to 1 μm are positive, with values
proportional to particle radius at room temperature. However, within the particle
radius range of 11 nm to 253 nm, Braibanti et al. [32] found independence of positive

DT of PS beads with particle size. In addition, Putnam and Cahill [8] observed
negative DT for PS beads with particle radius ranging from 13 nm to 65 nm.
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Figure 2.6 Particle size dependence of thermophoretic coefficient DT for very dilute PS
beads. The solid line represents the tendency of experimental results from ref. [13], and
the dashed line represents the tendency of experimental results from ref. [32].

2.2.2.3 Electrolyte concentration and type effects on thermophoresis
Figure 2.7 shows that for 26 nm charged PS beads of mass fraction 0.02 g/g, the sign
of the thermophoretic coefficient DT changes from negative to positive with
increasing salt concentration [8]. When the salt concentration is low (e.g., 1 mM), a
decrease of pH value significantly reduces the value of DT . For high salt
concentration (e.g., 100 mM), the pH value has significantly less effect on DT .
Moreover, the salt type also affects the value of DT . For instance, the DT of PS beads
dispersed in sodium chloride solutions are larger than those in lithium chloride
solutions. [8] A similar trend of pH and salt concentration effects on thermophoresis
is also found for sodium dodecyl sulfate micelles. [34]

26

CHAPTER 2

Figure 2.7 Thermophoretic coefficient DT as a function of salt concentration c for 26
nm charged PS beads of mass fraction 0.02 g/g [8].

2.2.2.4 Collective effects on thermophoresis
The collective effect on thermophoresis describes the variation of thermophoretic
coefficient DT with particle concentration. The magnitude of negative thermophoretic
coefficient DT of 70 nm silica beads dispersed in 0.03 mM-Sulpho-Rhodamine
B/water solution, increases by 50% when the particle mass fraction increases from
around 0.01 g/g to 0.3 g/g. However, further increasing the particle mass fraction in
the range of 0.3-0.9 g/g does not alter DT further. [33] The thermoelectricity theory
explains well for such collective effect only when the particle mass fraction is smaller
than 0.08 g/g [69]. Moreover, as shown in Figure 2.8, with increasing particle
concentration in the range of 0.061-1.92 g/g, the sign of DT for 100 nm and 500 nm
PS beads suspended in DI water shifts from positive to negative. [9] As shown in
Figure 2.8, for 100 nm and 500 nm PS beads suspended in DI water, the sign of DT
shifts from positive to negative with increasing particle concentration in the range of
0.061-1.92 g/g [9]. However, DT of 1 μm PS beads suspended in DI water remains
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negative, and its magnitude is slightly enlarged by increasing particle mass fraction
within the range of 0.12-3.91 g/g.

Figure 2.8 Collective effect on thermophoretic coefficient DT for PS beads dispersed in
deionised water [9].

For PS beads suspended in an organic solution such as toluene, the thermophoretic
coefficient DT decreased by 99% when the particle mass fraction was increased to
0.93 g/g [28]. The local friction of an organic solution was suggested as the
dominating parameter of collective effect. Moreover, for 54 nm octadecyl coated
silica beads suspended in toluene, the magnitude of negative DT first increases and
then decreases with increasing particle concentration from a dilute case to a
concentrated case (e.g., 0.8 g/g) at room temperature [28]. At higher temperatures, the
positive DT decreases to negative value within the same particle concentration range.
The van der Waals (VDW) attraction is proposed to account for the collective effect
within such particle concentration range of 0.03-0.3 g/g. However, it cannot explain
well the collective effect under high particle concentration cases where inter-particle
interactions come into play.
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2.2.2.5 The breakdown effects of hydrogen bonds on thermophoresis
In aqueous solutions, the hydrogen atom of one water molecule electromagnetically
interacts with the oxygen atom of another water molecule. This interaction is named
as hydrogen bond. Previous investigations reported the importance of hydrogen bonds
to thermophoresis [68, 70]. Kita et al. [68] investigated the thermophoresis of
poly(ethylene oxide) (PEO) in ethanol/water mixtures, and observed the
thermophobic behaviour of PEO in pure water as well as the thermophilic behaviour
of PEO in ethanol/water mixtures with low water content. With a simple lattice model
for polymer solvent systems [71], it was demonstrated that the breakdown of the
hydrogen bond network determined the thermophoresis of the PEO/ethanol/water
system [68, 70, 71].
2.2.2.6 Thermophoresis of metal particles
Although most particle samples of thermophoresis experiments are PS and silica,
thermophoresis experiments of metal particles were also carried out by using the
thermal-field-flow fractionation method [72, 73]. Through measuring the retention
time t R of the particle samples, one can obtain the thermophoretic coefficient as
tR
2 k BT

0
t
 d T

(2.14)

where t 0 is the channel void time needed to elute a non-retained component of the
sample, d is the particle diameter, and T is the temperature drop across the hot and
cold channel walls.
Table 2.2 lists the experimental thermophoretic coefficients of metal particles,
including palladium (Pd) particles, platinum (Pt) particles, silver (Ag) particles, and
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gold (Au) particles, in both acetonitrile carrier suspensions (ACN) and aqueous
solutions of 0.1% Aerosol-OT and 3.0 mM sodium azide (AS). From Table 2.2, one
can find that the thermophoretic coefficients of metal particles in ACN have the
orders of 1012 m2s 1K 1 , which are close to those of PS particles as shown in previous
sections. Moreover, the thermophoretic coefficients of metal particles in AS are one
order smaller than those of PS particles.
Furthermore, Table 2.2 also shows the thermophoretic coefficients of metal oxide
nanoparticles in water, which are fitted from the comparison of experimental data of
natural convection heat transfer [74] with the theoretical models [75-81]. In these
models, they predict that natural convection heat transfer is due to the thermophoresis,
Brownian motion, and Dufour effects.
Table 2.2 Thermophoretic coefficients of metal particles in liquid. ACN represents the
Acetonitrile carrier suspension. AS denotes an aqueous solution composed of 0.1%
Aerosol-OT and 3.0 mM sodium azide.
Ref.
[72]
[72]
[73]
[73]
[73]
[73]
[73]
[73]
[73]
[73]
[76]
[76]

Particle
type
Pd
Pt
Ag
Au
Pd
Pt
Ag
Au
Pd
Pt
Al2O3
CuO

Particle
diameter (m)
0.2
0.3
0.3
0.3
0.2
0.3
0.3
0.3
0.2
0.3
0.13
0.087

Solvent type

DT  108  cm 2s 1K 1 

ACN
ACN
ACN
ACN
ACN
ACN
AS
AS
AS
AS
water
water

6.14
7.53
2.77
2.88
4.10
3.41
0.77
0.75
1.37
0.89
0.51
0.99

30

CHAPTER 2
2.2.2.7 Thermophoresis applications
Thermophoresis combined with free convection has been used to accumulate colloidal
particles and generate crystals [40]. Particle crystals can be formed in the absence of
salt, and disappear under high salt concentration. Moreover, the crystal generation is
related to the variation of temperature gradient produced by the laser heating method.
More particles accumulate to generate crystals due to strong free convection which is
induced by a large temperature gradient along the laser direction. In addition, as the
location of laser heating region is flexible, the accumulated particles can be
manipulated to quickly move together with a change of laser heating location.
Although how the thermophoretic coefficient DT depends on particle size is still
under debate, thermophoresis has been applied for the separation of particles with
different sizes in recent decades [39, 65]. In addition, as thermophoresis is dependent
on molecular size, surface charge and hydration shell (the result of surrounding water
molecules), it is used to analyze protein functionality and the interactions of proteins
or other molecules in biological liquids such as blood serum or cell lysate. [42-45] For
example, through measuring the thermophoretic coefficients DT of RNAs and DNAs
at various temperatures, the conformation and stability of RNA and DNA can be
quantified.

2.2.3 Theoretical models
A brief introduction to the theoretical models for particle thermophoresis in colloidal
suspensions is provided in this section. These theories are continuum based with
“lumped” or “effective” parameters/properties to represent the underlying
complicated molecular interaction. When the particle size is on the order of
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submicron or larger, these parameters/properties are the well-familiar “macroscopic”
properties, which only depend on the fluid. As particle size reduces to nanometer
range,

these

parameters/properties

be

should

treated

as

“effective”

parameters/properties, which may be different from “macroscopic” properties as they
are not only dependent on the fluid, but also the particle size, shape, and concentration.
2.2.3.1 Double-layer forces
For a microparticle with typical thermophoretic velocity of around 108 m s , the
Reynold number is of the order of 107 . Hence, the inertial term in the momentum
equation is negligible, and the fluid velocity V is governed by the Stoke equation.
When the fluid viscosity  is temperature independent, the Stokes equation with
body force density f is expressed as

2V  p  f

(2.15)

Based on the theory of electrostatics, the force density exerting on a particle by
surrounding fluid is expressed as

f    Γ    nk BT 
where

the

Coulomb

force

on

free

(2.16)

and

bound

charges

  Γ  e     0.5     , arises from the electric field  induced by
2

the variation of electric potential in EDL.  e is the free charge in EDL,  is the fluid
permittivity, and the entropic force   nk BT  arises from the nonuniform osmotic
pressure.
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Combining with the electrostatic theory, Würger et al. [10, 20] derived the
thermophoretic coefficient of dilute particles from the Stokes equation with no-slip
boundary conditions. The obtained thermophoretic coefficient is under two limits:
thin EDL with Debye length much smaller than the particle size  1  a , which is
applicable to large particles, or small particles in the high ionic concentration
solutions; and thick EDL termed as the Hückel limit, which is applicable to small
colloids such as nanoparticles in an electrolyte with low electrolyte concentration.
However, due to neglecting the asymmetry of EDL induced by temperature gradient,
theoretical results may be not matched well with the experimental results.
For thin EDL cases, the particle surface can be effectively treated as a plain plate.
Hence, the thermophoretic coefficient is given as [10]
ks
 2
1   
2k s  k p
4T

(2.17)

where the logarithmic derivative of fluid permittivity   

 ln 
. k s and k p are the
 lnT

DT 

kB

6 a



thermal conductivities of solvent and particle, respectively.
In the Hückel limit, as the pressure gradient is a long-ranged force, it is neglected in
the Stokes equation. Thus, Würger et al. [20] obtained the thermophoretic coefficient
as

DT 

 2
3T

With the mass diffusive coefficient given by
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D

k BT
6 a

(2.19)

the Soret coefficient in the Hückel limit is expressed as

ST 

DT 2 a 3 e 2 2

D
 k BT 2

(2.20)

where the particle surface charge density  in the Hückel limit is simplified to be
related to the zeta potential with expression as     ae  with particle radius a .
Equation (2.20) shows that the Soret coefficient in the Hückel limit is proportional to
the particle volume. This conclusion is similar to another study reported by Dhont et
al. [22].
Under the assumptions that small particle zeta potential e kBT  1 and the equal
cationic and anionic Soret coefficients ST ion  ST cation  ST anion , Rasuli and Golestanian
[12] derived the double-layer forces induced thermophoretic coefficient for arbitrary
thickness as

 s 2
DT 
1  TST ion  F  a   G  a     2  F  a  

12T



where G  x  



(2.21)

x
 x 1  x  12  x 2  exp  x  E1  x   8  11x  x3  24 x exp  2 x  E1  2 x 

6

and F  x   2 x  4 x 2 exp  2 x  E1  2 x  with E1  x    exp   s  ds s


x
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2.2.3.2 Thermoelectricity
In the presence of an imposed temperature gradient, if the scattering is energydependent, the hot and cold carriers will diffuse at different rates, giving rise to an
electrostatic voltage. This conversion of the temperature difference to the electric
voltage is called thermoelectricity. It has been discussed in the thermodiffusion of
electrolytes [16, 18]. Based on the mass transport theory, the mass flux of ion i at the
steady state is expressed as [82]
ji   Di ni  DTi ni T 

ni Di zi e
E0
k BT

(2.22)

where E is the local electric field arising from the difference in ionic mobilities. With
the thermophoretic Equation (2.2), the mass conservation equation



i

zi eji  0 , and

the electro-neutrality assumption  e   i zi eni  0 , the electric field generated by the
thermodiffusion of electrolyte is given as [8]

E

Q  Q T
2e
T

(2.23)

Defining the mean heat of transport  i  Qi  2k BT  , and the dimensionless
coefficient    i zi i ni n0 with the bulk salinity n0 , one can rewrite Equation
(2.23) as [11]

E

 kB
e

T .

(2.24)

Under the effect of thermoelectrical field with expression as Equation (2.24), the
thermophoretic coefficient of the charged particle can be given for thin EDL cases as
[11]
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DT 

where    i  i

k T 
     1 2
  3 B  

3T 
4
e


(2.25)

ni
.
n0

In the Hückel limit, the thermophoretic coefficient with the consideration of
thermoelectricity is expressed as [20]
DT 


3T

k BT 
 2

  2
e



(2.26)

Such thermoelectricity theory [11] of thermophoresis has been proposed to explain
the experimental results [29, 34] and to describe the effects of pH value, salt
concentration and type.
Equations (2.25, 2.26) are for thermophoresis of very dilute charged colloids in
aqueous solutions, where the colloidal charges are negligible for the electrostatic
properties. For the particle thermophoresis in dilute colloid suspensions, where VDW
attraction and EDL repulsion are negligible, the thermophoretic coefficient is related
to the colloidal concentration as

 0
T
DT 

1

2 
T 

(2.27)

where the ratio of the colloidal charge density to the salinity   Zn n0 with Z as the
valence of the colloid particles and n as the mean colloidal concentration; T is the
thermophoretic coefficient arising from the local particle-solvent nteractions in a
nonuniform temperature, with expressions as Equations (2.17) and (2.18),
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respectively for thin and thick EDL cases;  

k BT  E
e D

is the colloidal

electrophoretic mobility  E to the diffusion coefficient D ; the thermoelectrical
parameter  0 is related to the cationic and anionic mean heat of transports as

0  

1        
1  2

k BT
e

(2.28)

2.2.3.3 Interfacial forces
For diluted particles, the thermophoresis in the steady state is balanced by mass
diffusion. Thus, the particle concentration follows the exponential depletion law as

c c0  exp ST T  T0 

(2.29)

where c0 is the concentration at the boundary with temperature T0 .
On the other hand, when the temperature gradient T   aST  , the thermophoresis
1

can be treated at local thermodynamic equilibrium, with particle concentration
following the Boltzmann distribution as [56]

c c0  exp    G T   G T0   kBT 

(2.30)

where G is the Gibbs-free enthalpy of the single particle-solvent system.
Combining Equations (2.29) and (2.30), Duhr and Braun [13] obtained the expression
of Soret coefficient as
ST 

1 G
k BT T
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With the ionic shielding entropy energy Gionic  4 a 2 eff 2 1  2  and the hydration
entropy energy Ghyd  4 a 2 shydT , the Soret coefficient for single particles can be
given as [13]

ST 


4 a 2 
 2 1
1


 shyd 



kBT 
4 T


(2.32)

where shyd is the hydration entropy per particle surface.
With the mass diffusion coefficient expressed as Equation (2.19), the thermophoretic
coefficient is obtained as

DT 


2a 
 2 1
1


 shyd 


3 
4 T


(2.33)

Furthermore, Würger [14] derived a model related to the marangoni force induced
thermophoresis, which is also due to the variation of temperature-dependent interface
energy. With the consideration of decrease of interface tension with expression as

   0 1  T T0  , the thermophoretic coefficient is expressed as
DT 
where   3ks

 2k

s

 
a   2 1
1     0 

3  4 T
T0 

(2.34)

 k p  with the thermal conductivities of solvent and particle,

 0 100 mJ m2 and T0 104 K .
2.2.3.4 Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
The well-known Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which is
widely used for the colloid stability study, consists of the VDW force and EDL
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interaction. Such inter-particle interactions are significant for concentrated colloid
suspensions.
As the EDL and VDW interaction energies are dependent on temperature and particle
concentration, the corresponding force can be expressed as

F    



T 
n
T
n

(2.35)

The EDL and VDW interaction forces induced thermophoretic coefficient is
expressed as

DT  DT 0 

D0   EDL  VDW 



kBT  T
T 

(2.36)

where DT 0 is the thermophoretic coefficient without accounting for inter-particle
interactions. With the particle concentration-dependence of EDL and VDW
interaction forces, Equation (2.28) shows that the thermophoretic coefficient is
dependent on particle concentration.
2.2.3.5 Thermal conductivity effect
In an axi-symmetrical spherical coordinate system  r ,   , based on the “dipole”
approximation method, the local temperature distribution around a spherical particle
in an external applied temperature gradient A can be estimated as follows [83]:

T  T0  Aa cos 

3 
 r 
1  n   1 

2n
 a 
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where T0 is the average temperature of particle, A is the magnitude of the external
applied temperature gradient A,  is the angle between the external applied
temperature gradient A and the normal vector r , the thermal conductivity ratio of
particle to solvent n  k p ks , and the dimensionless radial coordinate r *  r a is
normalised by the particle radius a . For a “normal” particle [83], whose thermal
conductivity is equal to that of solvent (i.e., n  1 ), Equation (2.37) can be simplified
as

T  T0  Aa cos  r *

(2.38)

Comparing Equations (2.33) and (2.34), one can find that the different thermal
conductivities of particle and solvent can induce different temperature distributions
around the particle. With such thermal conductivity effect, some investigations [10,
11, 14, 84] modified the thermophoretic coefficient of a practical particle to be
proportional to that of a “normal” particle as

DT   DT

n 1

(2.39)

with the proportional coefficient expressed as   3  2  n  .
With the consideration of temperature-dependent surface potential energy, Giddings
et al. [83] took into account the non-linear temperature distribution around the particle
as Equation (2.37), and derived the following expression of thermophoretic
coefficient of a metal particle with n  1 :

2kB  2 exp   0  
2 1 
DT  C0
  3  n  0  4 
 2  n  0 2  0
 0 a 
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where the depth of a potential wall  0  10 .

2.3 Thermal effects on electroosmotic flow
2.3.1 Joule heating effect
When an electric field is applied across a conductive liquid, the volumetric Joule
heating is generated as
qJ   E 2

(2.41)

where  is the liquid electrical conductivity which is proportional to the ionic
concentration and E is the local electric field. Through increasing the ionic
concentration or the applied electric field, the fluid temperature under the Joule
heating effect will be increased. This increased fluid temperature may induce a
thermal gradient in the microchannel. Under such thermal gradient, the variation of
electroosmotic velocity was investigated numerically and analytically [85-87] as well
as experimentally [88].
Under the Joule heating effect, the electrical conductivity at the entrance region is
lower than that in the developed region, which induces larger electric field at the
entrance region than the one in the developed region based on Gauss’s law. As slip
velocities are dependent on the local electric field, the slip velocities at the entrance
region are larger than the ones in the developed region. Hence, to conserve the mass
flow the pressure gradient is induced, which in turn generates concave velocity profile
at the entrance region and convex one in the developed region [86]. This
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electroosmotic velocity profiles under the Joule heating effect are much different from
the plug-like ones.

2.3.2 Electrothermal effect
Combining Gauss’s law with the Poisson equation, Wu et al. [89] obtained the free
charge under the alternating current (AC) electric field as

e  





 
T
T T 
  i

(2.42)

where i  1 , and  is the angular frequency of AC electric voltage. With the free
charge given by Equation (2.42) and the Coulomb force on fluid as mentioned in
Section 2.3.2.1, the ACET force can be obtained as [89]

f E   e  0.5    
2

(2.43)

Wu et al. [89] designed two ACET pumps: asymmetric electrodes and pin-line ‘T’
configuration to obtain the fluid velocity of 100~1000 μm/s , under high electrical
conductivity (0.02 S/m~1S /m) and low voltage. The ACET effect can also be used to
enhance the diffusion-limited proteins transport [90], due to a circular stirring fluid
motion produced by ACET flow. They used a heterogeneous assay with immobilised
biotin and fluorescently-labeled streptavidin, which was suspended in high electrical
conductivity buffer and driven at frequency of 200kHz with 10 Vrms . Based on the
experimental and numerical results, the ability of ACET stirring was demonstrated to
improve the response time and the sensitivity of microfluidic diffusion-limited sensors.
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Hawkins et al. [91] analysed the ACET effect in an insulating dielectrophoresis
system and found that the ACET effect, generated near the insulated constriction,
decreased even reversed the electroosmotic velocity in the constriction upstream, and
thereby, enhanced the particle deflection and trapping. They demonstrated that the
ACET effect increased with increasing parameters, such as the solution conductivity,
the direct current (DC) potential, the AC-to-DC ratio, and the ratio of constriction
depth to channel depth, excluding the absolutes of wall and particle zeta potentials.
Moreover, Williams et al. [92] combined the thermophoresis with AC electric field.
The thermal source is a near-infrared (1064 nm) optical landscape, and the channel
walls are the transparent parallel-plate Indium tin oxide (ITO) electrodes separated for
50 μm . Particles assemblies were patterned in and around the illuminated region on
the ITO, and the aggregation shape was controlled by increasing the local current
density on the ITO surface. The accumulation for 10 μm PS Beads in a KCl solution
was very rapid and only needed 0.12 s [38, 93]. In addition, Williams et al. [92] also
applied pressure to drive the bulk fluid flow in combination with AC signal, and the 1
μm Latex particles were continuously concentrated on the ITO electrode surface and

kept near the wall by the laminar flow.

2.4 Summary
This chapter provides a broad literature review on past and current research efforts of
particle thermophoresis in liquid media and thermal effect on EOF. As
thermophoresis of colloidal particles in aqueous media theoretically involves
complicated interactions, the fundamental aspects still lack thorough understanding.
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The thermoelectricity in aqueous solutions was theoretically investigated only for two
limiting cases: the extremely thin and thick cases. As inspired by these limitations,
this study analytically investigates the thermoelectricity in aqueous solutions for
arbitrary EDL thickness (which will be presented in Chapter 4). Moreover, most
existing theoretical models have been developed under the assumption of linear
temperature distribution around the particle surface. However, due to the unequal
thermal conductivity values of particle and liquid, the temperature distributions
around the particle surfaces are always non-linear. Thus, the thermal conductivity
effect on thermophoresis of a single particle in aqueous solutions is also investigated
numerically (which will be presented in Chapters 3 and 4).
On the other hand, based on the literature review, conflicting experimental results
have been reported on the particle size-dependence of thermophoresis for dilute
particle suspensions. Accordingly, this study thoroughly investigates the particle size
effect on thermophoresis of dilute particles in aqueous solutions (which will be
presented in Chapter 5). Moreover, the electrolyte concentration effect on
thermophoresis of concentrated but non-interacting particles is still an unsolved
problem. To solve such unsolved problem, Chapter 6 carried out thermophoresis
experiments with various electrolyte and particle concentrations. Then a theoretical
model is proposed in Chapter 6 to fit with the obtained experimental results.
Furthermore, other than the aforementioned theoretical and experimental aspects,
thermophoresis applications in micro- and nano-fluidic systems also need to be
further explored. Due to depending on the particle size and the particle surface charge
density, thermophoresis is employed to separate particles. As EOF is widely used in
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micro- and nano-fluidic systems, the thermophoresis separation in micro- and nanofluidic systems could also be combined with EOF. Before EOF is employed into the
thermophoresis separation, it is necessary to investigate the effect of ion
thermodiffusion on EOF. Consequently, as a preliminary work of thermophoresis
separation accompanied with EOF in micro- and nano-fluidic systems, this work
analytically investigates the thermal effect on EOF with the consideration of ion
thermodiffusion (which will be presented in Chapter 7).
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CHAPTER 3: NUMERICAL ANALYSIS OF THERMAL
CONDUCTIVITY EFFECT ON
THERMOPHORESIS OF A CHARGED
PARTICLE IN AQUEOUS SOLUTIONS
3.1 Introduction
One of the open questions for thermophoresis of charged colloids in liquids is the
dependence of thermophoretic coefficient DT on particle and solvent thermal
conductivities. Some theoretical studies [12, 20-23] neglected the thermal
conductivity effect by treating the particle as a “normal” particle, whose thermal
conductivity is equal to that of liquid. In other words, they assumed that the thermal
conductivity ratio n  k p kl of particle to liquid is equal to one. Some literature [10,
11, 14, 84] modified the thermophoretic coefficient of a practical particle to be
proportional to that of a “normal” particle, i.e., DT   DT

n 1

with the proportional

coefficient expressed as   3  2  n  . For aqueous polymer particle suspension,
which is the most popular sample in thermophoresis studies, such modification may
be applicable due to the fact that the thermal conductivity ratio n of aqueous polymer
particle suspension is close to one. However, numerous recent studies found that
thermophoresis of aqueous metal oxide nanoparticle suspension is one of the most
possible mechanisms of the abnormal heat transfer phenomenon in metal oxide
nanofluids [76-81]. For such an aqueous metal oxide nanoparticle suspension, n is
much larger than one. In this case, the thermophoretic coefficient ratio   3  2  n 
gives a prediction of DT that strongly deviates from the experimental results [72].
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Hence, further considerations need to be taken before applying such thermophoretic
coefficient ratio  in building thermophoresis model of a practical particle, while the
non-linear temperature distribution around particle is neglected. On the other hand,
Giddings et al. [83] took into account the non-linear temperature distribution around a
metal particle, and found that the thermal conductivity effect on thermophoresis
mainly depends on the electrical potential distribution. However, in their derivation,
the dielectrophoretic force, which is found to be one of the dominant forces of
thermophoresis [10], is not taken into consideration. Therefore, to avoid the
assumption of linear temperature distribution as well as the neglect of
dielectrophoretic force, a numerical study to thoroughly investigate the thermal
conductivity effect on thermophoresis is carried out in the present work.
This chapter presents a thorough numerical investigation of the thermal conductivity
effect on thermophoretic coefficient DT of a single particle, with thermal conductivity
ratio of particle to liquid n ranging from 0.1 to 100, as well as the ratio of particle
radius to EDL thickness  a ranging from 0.01 to 100. This chapter is organized as
follows: A mathematical model of thermal conductivity effect on thermophoresis is
developed in Section 3.2, including the coupling energy equation, Nernst-Plank
equations, Poisson equation, mass continuity equation and Stokes equations. Such a
mathematical model is solved numerically by employing a commercial finite element
software, namely COMSOL MULTIPHYSICS 4.3b. Section 3.3 firstly validates the
numerical model by comparing the numerical results with theoretical predictions,
when the temperature distribution is linear. Then the thermal conductivity effects on
both temperature fields and fluid velocity distributions are presented. Finally, the
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dependence of thermophoretic coefficients DT on thermal conductivity ratio of
particle to liquid n as well as the ratio of particle radius to EDL thickness  a is
discussed in Section 3.3. Section 3.4 provides the concluding remarks.

3.2 Problem formulation
Consider a negatively charged spherical particle of radius a suspended in a large
volume of electrolyte at the average temperature T0 . When an external temperature
gradient A is applied to the particle suspension, the particle starts to translate towards
the cold/hot side. The steady state particle velocity uTP is the unknown parameter
wished to determine from the numerical simulation. In the present work, the particlefixed reference frame is used, which means that the particle is stationary and the fluid
flows in an opposite direction of the physical particle motion. In other words, the
steady-state particle velocity uTP has a same magnitude, but an opposite direction of
hot

cold
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Figure 3.1 Schematic diagram of simulated domain in an axi-symmetrical two
dimensional cylindrical coordinates  r , x  with line AD as the symmetric axis.

the far-field fluid velocity u r obtained from the numerical simulation. In the
processes of numerical calculation, with the external temperature gradient A set along
the x axis, one can simplify the three dimensional problem as an axi-symmetrical two
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dimensional problem in cylindrical coordinates (r, x), as shown in Figure 3.1. The
fluid flow is under the continuum assumption. To satisfy such continuum assumption,
the Knudsen number Kn   a needs to be much smaller than one. Thus, with the
mean free path  for water as 0.25 nm, the particle radius considered in the present
work should be larger than 2.5 nm to obtain a small enough Knudsen number.

3.2.1 Dimensionless variables and parameters
To non-dimensionalise governing equations, the following dimensionless variables
are respectively introduced for coordinates ( x, r ), temperature T , velocities ( u, v ) in
the axial ( x ) and radial ( r ) directions, ionic concentration c , electric potential  ,
and pressure p :

r* 

T

u
v
c
p
r
, x*  x ,  
, u* 
, v* 
, c* 
, 
, p* 
ref
Tref
uref
uref
cref
pref
a
a

(3.1)

The reference ionic concentration cref in Equation (3.1) is the ionic molar density in
the bulk region at the reference temperature Tref , and the reference parameters
respectively for temperature, electric potential, velocity, and pressure, are expressed
as follows:

Tref  T0 

uref ref
RTref
 2
AaL*
, ref 
, uref    1 ref
A , pref 
a
F
2
12ref Tref

(3.2)

where L*  L a is the dimensionless length of the external temperature applied region
(i.e., the dimensionless length of BC as shown in Figure 3.1); R and F are the

50

CHAPTER 3
universal gas constant and the Faraday constant, respectively;    d ln  d ln T is the
logarithmic derivative of permittivity;  ref and  ref are respectively, the fluid
permittivity and viscosity at the reference temperature Tref with expressions shown in
Table 3.1; and  is the zeta potential of a negatively charged particle. The expression
of reference velocity uref is derived by Fayolle et al. [10] for an extremely thin case,
with the consideration that thermophoresis is mainly caused by dielectrophoretic force
and EDL deformation induced electrical body force.
Furthermore, dimensionless parameters for permittivity, viscosity, the ith ionic mass
diffusivity ( i  1 for cations and i  2 for anions) are introduced, with expressions
shown as follows [94]:


 exp  0.004Tref    1 
 ref

(3.3)

 708.166 
exp 
 T   134.48 

 ref

*
 

ref
 708.166 
exp 
 T  134.48 
 ref


(3.4)

 708.166 
exp 
Tr  134.48 
Di
*

Di 
  Di
Dref
 708.166 
exp 
 T   134.48 
 ref


(3.5)

* 

Table 3.1 Fluid properties at the reference temperature Tref used in the numerical
simulation [94].
The reference properties

 ref [ Fm ]
1

Expressions

305.7  8.85  1012 exp  0.004Tref

51



CHAPTER 3

ref [ kgm

1 1

s ]

 708.166 

 Tref  134.48 

0.03957  106 Tref exp 

2 1
Dref [ m s ]

1  109

where the reference mass diffusivity Dref is assumed to be equal to 109 m 2 s as
shown in Table 3.1, the room temperature Tr  298.15K , and  Di is the ratio of the ith
ionic mass diffusivity at the room temperature Di T T to Dref .
r

3.2.2 Energy equation
Energy transport is described by the energy equation. For a micro-/nano-particle with
thermophoretic velocity of order 108 m s , the order of thermal Peclet number is
smaller than 107 . Because of such a small thermal Peclet number, convection heat
transport can be neglected. Therefore, the dimensionless energy equation for both the
fluid and particle is given by

1   *    2
0
r

r * r *  r *  x*2

(3.6)

The heat transfer at the particle-fluid interface (GFE curve in Figure 3.1) is expressed
as

n  n *     n *  and  p  l
p
l

(3.7)

where n is the thermal conductivity ratio of particle to liquid, n is the unit normal
vector directed from particle to liquid, and the subscripts p and l respectively,
represent the particle and liquid regions.
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3.2.3 Nernst-Planck equations
Due to the very small order of ionic Peclet number Pec for a micro-/nano-particle
with typical thermophoretic velocity of order 10-8 m/s, the convection effect on ionic
distributions is neglected. The Nernst-Planck equation without the consideration of
convection effect is employed to govern the ith ionic concentration in the fluid region
(ABCDEFGA region as shown in Figure 3.1) as

1   * * ci*    * ci*  1   * zi ci* Di*     zi ci* Di*  
 r Di

 Di

r


0
r * r * 
r *  x* 
x*  r * r * 
 r *  x*   x* 
(3.8)
where zi is the valence of the ith ions.

3.2.4 Poisson equation
According to electrostatics theory [48], the dimensionless electrical potential
  r * , x*  in the fluid region is governed by the Poisson equation
2
1   * *     *  
1
r
 * 
   ref a   z1c1*  z2c2* 
*
* 
* 
* 
r r 
r  x  x 
2

(3.9)

where  ref  2cref F 2  ref RTref is the reciprocal of the reference EDL thickness.

3.2.5 Continuity equation and Stokes equations
The flow field for the incompressible fluid in the ABCDEFGA region as shown in
Figure 3.1 is governed by the dimensionless mass continuity equation
* *
u* 1   r v 

0
x* r * r *
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and the Stokes equations with negligible inertial effect due to the very small order of
Reynolds number for a micro-/nano-particle. With the consideration of temperaturedependent viscosity, the dimensionless two-dimensional cylindrical Stokes equations
are as follows [95]:

1   * *  u * v*     * u * 
 r   *  *    *  2

r * r * 
x* 
 r x   x 
2
2
f 2  *        
p*
*
* 
  *  f1  z1c1  z2c2  * 

 
 
x
x
2 x*   r *   x*  

(3.11)

1   *  * v*   1  * v*    *  u * v*  
 r  2
    2 *   *   *  *  
r * r *  
r *   r * 
r  x   r x  
2
2
f 2  *        
p*
*
* 
  *  f1  z1c1  z2 c2  * 

 
 
r
r
2 r *   r *   x*  

(3.12)





The second terms on the right-hand side of Equations (3.11) and (3.12) represent the
electric body force density acting on the EDL region, and the last terms denote the
dielectrophoretic force density acting on the fluid due to the spatial variation of
permittivity [96]. In Equations (3.11) and (3.12), f1  Fcref ref a ref uref denotes the
ratio of electric body force density Fcref ref a to viscous force density ref uref a 2 ,
and f 2   ref ref 2 ref uref a is the ratio between the dielectrophoretic force density

 ref ref 2 a3 and the viscous force density ref uref a 2 .

3.2.6 Boundary conditions
To simulate the thermophoresis driven by an external temperature gradient A at the
average temperature T0 , the boundary conditions for dimensionless energy equation
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(i.e., Equation (3.6)) along two channel walls AB and CD are respectively expressed
as
 x*  L* 2  1 on the plane AB, and  x*  L* 2  1  AaL* Tref on the plane CD. (3.13)

Along the plane AD, the symmetry is set for the dimensionless temperature as
n *  0 on the plane AD

(3.14)

where n denotes the unit vector outward normally to the corresponding surface, and
the dimensionless gradient operator is defined as *    r * ,  x*  .
Isothermal conditions are set for the plane BC as
n *  0 on the plane BC

(3.15)

With the assumption that the plane AB is in the bulk electrolyte solution at the
reference temperature Tref , the ith ionic concentration along the plane AB is equal to
the bulk electrolyte concentration at Tref , i.e., the dimensionless ith ionic concentration
is expressed as:
ci*  1 on the plane AB

(3.16)

As the planes BC and CD are also assumed to be situated in the bulk electrolyte
solutions, the boundary conditions for these segments are zero ion fluxes given by



z c *D *
n    Di**ci*  i i i *   0
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The curve GFE is defined as particle surface. As ions cannot penetrate the particle
surface, the net ion flux normal to the particle surface is also equal to zero expressed
as Equation (3.17). Moreover, the symmetry boundary condition for ionic
concentration is set along the segment AD, with the expression also shown as
Equation (3.17).
Along the particle surface GFE, the electrical potential is set as a constant, with the
dimensionless electrical potential expressed as
 = * on the curve GFE

(3.18)

where  * =  ref is the dimensionless surface potential.
Along the plane AB, the electrical potential is set to be zero, which serves as the
reference potential. Thus the dimensionless electrical potential is given by
  0 on the plane AB

(3.19)

Zero charge boundary conditions are set for the symmetric axis AD and the segment
BC in the bulk electrolyte solution as

n    **   0 on the planes AD and BC

(3.20)

The non-slip boundary conditions for dimensionless velocity are used on the particle
surface GFE, shown as
n  u*  0 on the curve GFE
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where the dimensionless velocity vector u*   u* , v*  . As the segments AB, BC and
CD are far away from the particle and there is no external applied pressure gradient,
zero shear stress as well as zero normal pressure are applied on these planes as
*
n *u*  0 , p  0 on the planes AB, BC and CD

(3.22)

Moreover, along the plane AD, the symmetry is set for the velocity as
n *u*  0 on the plane AD

(3.23)

3.2.7 Outline of the numerical method
In reality, thermophysical parameters are temperature dependent, including the ith
*
ionic dimensionless mass diffusivity Di in the Nernst-Planck equation, the

dimensionless fluid permittivity  * in the Poisson equation and the dimensionless
viscosity  * in the Stokes equations. As a result, the energy Equation (3.6), the
Nernst-Planck Equation (3.8), the Poisson Equation (3.9), the mass continuity
Equation (3.10), and the Stokes equations (3.11, 3.12) are strongly coupled. Such
strongly coupled system is solved with the commercial finite element software
COMSOL MULTIPHYSICS 4.3b. Because of the fairly regular simulation domain in
shape, the nonuniform triangular meshes are employed. To capture the details inside
the EDL region near the particle surface (curve GFE as shown in Figure 3.1), the
meshes of the region near the particle surface are further refined by several times. To
ensure that the numerical solutions are independent of the size of finite elements, the
solutions for different mesh sizes are obtained and compared. The numerical results
are presented using a mesh system containing 1,188,032 elements for  0 a  0.01 ,
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where  0 a is the ratio of particle radius to EDL thickness at the average temperature

T0 . Such element number increases with larger  0 a to ensure that the EDL region
near the particle surface is finest meshed. All governing equations are solved with a
default solver called direct MUMPS, with the relative tolerance set as 108 to obtain
an accurate solution. Moreover, different channel (ABCD) sizes are considered in the
numerical calculations. Predictions for channel size of 400a  800a are presented in
this work for  0 a  0.01 , to make sure that the results marginally depend on the
channel size. The channel size can be appropriately reduced for a larger  0 a .

3.3 Results and discussion
In the previous sections, a numerical model of thermophoresis of a charged particle in
liquids was presented. In the following parametric studies, the average temperature T0
is set as the room temperature (i.e., T0  298.15 K ), and the external applied
temperature gradient A  1.55 105 K m . The electrolyte is assumed to be sodium
chloride (NaCl), which means that the ratio of the ith ionic mass diffusivity at the
room temperature Di

T Tr

to the reference mass diffusivity  D1  1.334 for cations

and  D 2  2.032 for anions [48], and the valence of ions z1   z2  1 . This chapter
only discusses the thermal conductivity effect on thermophoresis given rise by the
dielectrophoretic force as well as the EDL deformation induced electrical body force.
The thermal conductivity effect on thermoelectricity will be discussed in the Chapter
4. Moreover, for the negatively charged particle, zeta potential is set as   10 mV .
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The non-dimensional parameters to characterise the thermal conductivity effect on
thermophoresis include: the thermal conductivity ratio of particle to liquid n  k p kl ,
and the ratio of particle size to EDL thickness at the average temperature  0 a . The
thermal conductivity ratio of particle to liquid n is considered to vary from 0.1 to 100,
with n  0.1 representing the particle material as polymer and n  100 denoting the
particle material as metal oxide. The ratio of particle size to EDL thickness at the
average temperature  0 a is considered to vary from 0.01 to 100, with the particle
radius a = 10 nm when  0 a  0.5 and a = 100 nm for  0 a  0.5 .

3.3.1 Validation of the numerical model
To ensure the validity of the numerical model, the thermophoresis is simulated with
the linear temperature field (i.e., the thermal conductivity ratio of particle to liquid
n  1 ), and then the numerical results is compared with theoretical predictions, which

Figure 3.2 Comparison between the numerical thermophoretic coefficients DT and the
theoretical predictions, when the thermal conductivity ratio of particle to liquid n  1 .

are shown in Figure 3.2. It is clearly shown from the figure that the numerical results
for arbitrary EDL thickness are in remarkably good agreement with Rasuli and
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Golestanian’s predictions [12]. Moreover, for the extremely thin case (i.e.,  0a  100 ),
the numerical results also agree well with Fayolle et al.’s predictions [10]. Therefore,
the numerical model presented in this work is validated to be correct, and thus it can
be employed to model thermophoresis of a single charged particle in liquids.

3.3.2 Distributions of temperature gradient
Figure 3.3 presents the distributions of dimensionless axial temperature gradient Tx*
normalised by the external applied temperature gradient A , for the cases that the
thermal conductivity ratio of particle to liquid n  0.1,1,100 , respectively. It is clearly
demonstrated in the figure that, when the particle is a “normal” particle (i.e., n  1 ),
the local axial temperature gradient Tx is equal to the external applied temperature
gradient A . In other words, the local temperature varies linearly not only in the farfield region but also around the “normal” particle. Moreover, Figure 3.3 shows that
when the particle is a practical particle (e.g., n  0.1 and 100), the axial temperature
gradient Tx keeps fixed in the far-field region, but varies non-linearly around the
particle mainly in the region of 1  r *  2 . When the thermal conductivity of particle
is smaller than that of liquid (e.g., n  0.1 ), at the particle surface whose tangential
direction is parallel to A , Tx has a maximum magnitude and its magnitude decreases
along the r direction until reaching A ; At the both intersection points of the particle
surface with the x axis (i.e., the axi-symmetrical axis AD shown in Figure 3.1), Tx has
a minimum magnitude and its magnitude increases with larger absolute values of x
until reaching A . When the thermal conductivity of particle is larger than that of
liquid (e.g., n  100 ), the axial temperature gradient Tx has a minimum magnitude at
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the particle surface whose tangential direction is parallel to A, and its magnitude
reaches maximum at both intersection points of the particle surface with the x axis.

(a)

(b)

(c)

Figure 3.3 Distributions of dimensionless axial temperature gradient Tx* around the
particle surface, with different thermal conductivity ratios of particle to liquid n : (a)
n  0.1 , (b) n  1 , and (c) n  100 .

In an axi-symmetrical spherical coordinate system  r ,   as shown in Figure 3.4,
based on the “dipole” approximation method, the local temperature distribution
around a spherical particle in an external applied temperature gradient A can be
estimated as follows [83]:

T  T0  Aa cos 



3
1  n  r *  1
2n
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where the dimensionless radial coordinate r *  r a is normalised by the particle
radius a , and  is the angle between the external applied temperature gradient A and
the vector r , as shown in Figure 3.4.
T

cold



Α

V  Vr , V

particle

hot



r

axisymmetric
axis
θ

Figure 3.4 Schematic diagram for the theoretical derivations of temperature field in an
axi-symmetric spherical coordinate system  r ,  .

The axial coordinate x in the axi- symmetrical cylindrical coordinate system as
shown in Figure 3.1, can be displayed in the axi-symmetrical spherical coordinate
system (shown in Figure 3.4) as x  r cos  . Therefore, one can obtain the expression
*
of dimensionless local axial temperature gradient Tx as





3


  T0  Aa cos 
1  n  r *  1 
T
1 
2n

Tx*  x 
*
A Aa
  r cos  





*
*
3  1  n  r  1   n cot  r

2n
cot  r *  r *

(3.25)

With  in Equation (3.25) set as  2 , the dimensionless axial temperature gradient
*
along the r axis in the cylindrical coordinate system Tx x 0 can be obtained as

Tx*

x 0



3  1 n

 *  n
2n r
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Equation (3.26) indicates a decreasing tendency of the dimensionless axial
*
temperature gradient Tx along the r direction when the thermal conductivity ratio of

*
particle to liquid n  1 , and predicts an increasing tendency of Tx along the r

*
direction when n  1 . However, according to the numerical distributions of Tx in

Figure 3.3, the value of axial temperature gradient at the far-field needs to be the same
*
as the external applied temperature gradient A . In other words, Tx r*  should be

equal to one, instead of 3n  2  n  as predicted by Equation (3.26). Therefore,
Equation (3.26) for the dimensionless axial temperature gradient along the r axis

Tx*

x 0

needs to be modified to the following equations

Tx*
Tx

x 0

*
x 0

3
 1  n  r *  n  for 1  r *  1.5
2n
1
for 1.5  r *



(3.27)

3.3.3 Liquid velocity distributions
When the EDL region is extremely thick (i.e., the ratio of particle size to EDL
thickness at the average temperature  0 a  1 ), the thermophoretic velocity uTP is
proportional to the thermophoretic force Fp , which is parallel to the external
temperature gradient A (along the axial direction as shown in Figure 3.1) [20]. Since
the thermophoretic force Fp is exerted by the charged fluid on the particle, Fp is a
counterforce of the total body force

 dVf

expressed as follows [20] :
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Fp    dVf x ,

(3.28)

where the axial body force density f x consists of the axial electric body force density
acting on the EDL region and the axial dielectrophoretic force density. Therefore, the
volume integral of axial body force density  dVf x plays a key role in determining the
thermophoretic velocity for thick EDL cases.

(a)

(b)

(c)

Figure 3.5 Distributions of dimensionless axial force density f x* exerting on the charged
electrolyte solution around a charged sphere, when  0 a  0.01 , and (a) n  0.1 , (b) n  1 ,
(c) n  100 .
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*
Figure 3.5 presents the distributions of dimensionless axial body force density f x

normalised by the viscous force density ref uref a 2 , for the cases that the thermal
conductivity ratio of particle to liquid n  0.1,1,100 , respectively, when  0 a  0.01 .
*
One can observe from Figure 3.5 that the distributions of axial body force density f x

for different n cases are similar, with the same distribution in a large region ( r *  2 )
but different distributions in a very small region around the particle surface
( 1  r *  2 ). Such different distributions around the particle surface are on account of
the non-linear temperature gradient distributions in this region as shown in Figure 3.3,
due to the fact that the axial body force density f x is proportional to the axial
temperature gradient Tx . Since the non-linear temperature gradient region is much
thinner than the thick EDL region, the volume integrals of axial body force density

 dVf

x

for different n cases have close values. Hence, according to Equation (3.28),

the thermophoretic forces Fp for different n cases also have close magnitudes, when
the EDL thickness is much larger than the non-linear temperature gradient region.
Because of the fact that the thermophoretic velocity uTP is proportional to Fp , one
can predict that the thermophoretic velocities in thick EDL cases are not affected by
the thermal conductivity effect. Such prediction is demonstrated in Figure 3.6, which
shows very similar fluid velocity distributions around a stationary particle, for the
cases that the thermal conductivity ratio of particle to liquid n  0.1,1,100 , when

 0 a  0.01 . Therefore, one can conclude that, when the non-linear temperature
gradient region is much thinner than the EDL region, the thermal conductivity effect
on thermophoresis can be neglected.
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(a)

(b)

(c)

Figure 3.6 Flow fields of electrolyte solution around a stationary charged sphere driven
by an external applied temperature gradient A, for an extremely thick EDL case of
 0 a  0.01 , and (a) n  0.1 , (b) n  1 , (c) n  100 .

For thin EDL cases (i.e., the ratio of particle size to EDL thickness at the average
temperature  0 a  1 ), the curvature effects of particle can be neglected. Thus the
thermophoretic problem in thin EDL cases reverts to the case of fluid flowing past a
planar surface, whose normal direction is perpendicular to the external applied
temperature gradient A . [10] As shown in Figure 3.1, such planar surface is a small
particle surface located at the point of  x*  0, r *  1 , with normal direction along r
axis. Hence, the fluid flow passing the planar surface is determined by the distribution
of axial body force density f x along r axis. Figure 3.7 presents the distributions of
axial force density f x along r axis, for different thermal conductivity ratios of particle
*
*
*
to liquid cases, when  0 a  100 . Fx  f x f x n 1& x* 0,r* 1 is the ratio of axial force
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density f x* for a practical particle to the magnitude of f x* at the point of
( x*  0, r *  1 ) for a “normal” particle. It is clearly shown that for an extremely thin
EDL case the axial force density f x exerted on the fluid only exists in a very thin
region ( 1  r *  1.03 ). In such a thin region, the dimensionless axial temperature
*
gradient Tx normalised by the external applied temperature gradient A almost
*
remains fixed as shown in Figure 3.7, with the value equal to Tx at the particle

surface expressed as

x*  0, r* 1

3
2n

(3.29)
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Figure 3.7 Under the case of  0 a  100 , radial profiles of Fx* and Tx* for n  0.1,1,100 .

Therefore, the thermophoretic velocity for the extremely thin EDL case is
proportional to the local axial temperature gradient Tx at the point of  x*  0, r *  1 ,
which is equal to 3 A  2  n  . When n  1 , the thermophoretic velocity is larger than
that for n  1 . On the other hand, when n  1 , the thermophoretic velocity is smaller
than that for n  1 . Such predictions are demonstrated by Figure 3.8, which presents
the fluid velocity distributions with linear and nonlinear temperature fields, when
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 0 a  100 . It is clearly shown that the far-field velocities ur*  with linear and
nonlinear temperature fields in the extremely thin EDL case are different: (i) When
*
n  0.1 , the dimensionless far-field fluid velocity u

r * 

is larger than that for n  1 ;

*
(ii) When n  100 , the dimensionless far-field fluid velocity u r*  is much smaller

than that for n  1 .

(a)

(b)

(c)

Figure 3.8 Flow fields around a stationary charged particle for the case of  0 a  100 ,
when (a) n  0.1 , (b) n  0.1 , (c) n  100 .

3.3.4 Thermophoretic coefficients under thermal conductivity
effect
Figure 3.9(a) presents the thermal conductivity effect on thermophoretic coefficients

DT for different EDL cases. It is shown that for thick EDL cases, the thermophoretic
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coefficients of a practical particle are very close to those of a “normal” particle, which
means that the thermal conductivity effect can be neglected. However, for thin EDL
cases, the thermal conductivity effect becomes significant: i) for a charged particle
with smaller thermal conductivity than that of liquid, i.e., n  1 , the thermophoretic

(a)

(b)

Figure 3.9 Dependences of (a) DT , and (b)  as well as Tx* , on 0 a , for n  0.1 , 1 , 2.6 , 10
and 100 .

coefficients are larger than those of a “normal” particle; ii) for a charged particle with
larger thermal conductivity than that of liquid, i.e., n  1 , the thermophoretic
coefficients are smaller than those of a “normal” particle. On the other hand, from
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Figure 3.9(a), one can find that the thermal conductivity effect can modify the
variation of thermophoretic coefficient with  0 a under thin EDL cases. For a
“normal” particle, the thermophoretic coefficient firstly deceases with  0 a and then
increases with  0 a . For a charged particle with thermal conductivity which is 2.6
times of that of liquid, i.e., n  2.6 , the thermophoretic coefficient keeps constant
when 10   0 a  100 . For a charged particle with thermal conductivity which is larger
2.6 times of that of liquid, i.e., n  2.6 , the variation of thermophoretic coefficient
with  0 a keeps the decreasing tendency.
To clearly show the thermal conductivity effect on thermophoretic coefficient DT , the
thermophoretic coefficient ratio   DT DT

n 1

of a practical particle to a “normal”

particle is employed. Figure 3.9(b) shows the variations of theoretical and numerical
thermophoretic coefficient ratios  with the ratio of particle size to EDL thickness at
the average temperature  0 a . For the thick EDL cases, the numerical thermophoretic
coefficient ratios  for n  0.1,1,100 are around 1. With an increasing  0 a , the
numerical thermophoretic coefficient ratio  increases when n  1 and decreases
when n  1 . When  0 a is as large as 100, the numerical thermophoretic coefficient
ratio   3  2  n  for both cases of n  1 and n  1 . As introduced in Section 3.1, the
existing studies [10, 11, 14, 84] derived and employed the thermophoretic coefficient
ratio as   3  2  n  . It is clearly shown in Figure 3.9(b) that such existing
predictions for thermophoretic coefficient ratio  only fit well with the numerical
results for an extremely thin EDL case. For other EDL cases, especially for thick EDL
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cases, the existing predictions for thermophoretic coefficient ratio  strongly deviate
from the numerical results, which over-estimate  when n  1 and under-estimate 
when n  1 .
According to the numerical analysis in Section 3.3.3, the thermophoretic velocity with
non-linear temperature field is highly dependent on the relative size of the non-linear
temperature distribution region to the EDL region. Here a very interesting attempt is
conducted to obtain the average dimensionless axial temperature gradient in the EDL
*

region denoted as Tx . The dimensionless axial temperature gradient along the r axis

Tx*

x 0

expressed as Equation (3.27) is firstly integrated along x  0 in the EDL

region. Then, such an integral is divided by the dimensionless EDL thickness  0 a  .
1

Finally, the average dimensionless axial temperature gradient in the EDL region

Tx

*
x 0

is obtained as follows:

When 0   0 a   0.5 ,
1

Tx

*
x 0







1  0 a 

1

1

dr *

3
1  n  r *  n 

2n
1
 0 a 





3 1  n  ln 1   0 a   n  0 a 
1
2n
 0 a 

and when  0 a   0.5 ,
1
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(3.30b)

3
1
1  n  ln 1.5   0.5n    0 a   0.5
 2n
1
 0 a 

For an extremely thin EDL case (i.e.,  0 a  100 ), Equation (3.30a) is simplified as

Tx

*
x 0



3
2n

(3.31a)

For thick EDL cases (e.g.,  0 a  0.01 ), Equation (3.30b) can be simplified as

Tx

*
x 0

1

(3.31b)

The average dimensionless axial temperature gradient in the EDL region Tx

*

expressed as Equations (3.30a) and (3.30b) with different ratios of particle size to
EDL thickness at the average temperature  0 a , for the cases of n  0.1 and n  100
are shown in Figure 3.9(b). One can observe from Figure 3.9(b) that, the average
dimensionless axial temperature gradient in the EDL region Tx

*
x 0

can roughly fit

with the numerical thermophoretic coefficient ratio  for arbitrary EDL thickness.
Therefore, Equations (3.30a) and (3.30b) can be used to predict the thermophoretic
coefficient ratio  of charged particles with arbitrary particle materials (e.g., polymer
and metal oxide), for arbitrary EDL thickness. The large deviation between Tx
and  when 2   0 a  12 has several reasons. Firstly, in the calculation of Tx
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average value is only calculated for the dimensionless axial temperature gradient
while x  0 and 1  r *  1   0 a 

1

with  0 a  representing the dimensionless EDL
1

thickness. In other words, the dimensionless axial temperature gradient in the EDL
region while x  0 is not considered in the theoretical calculation. Moreover, the
*

average calculation of dimensionless axial temperature gradient Tx does not reflect
the non-linear distribution of dimensionless axial temperature gradient. In addition,
the variations of electrical potential and ionic concentration induced by the non-linear
temperature field cannot be fully represented by the theoretical calculation of Tx

*
x 0

.

The present study of thermal conductivity effect on thermophoresis of charged
particles can give more accurate predictions on thermophoresis of charged particles,
and shed light on the abnormal heat transfer phenomenon of metal oxide-water
nanofluids. When the thermal conductivity ratio of metal oxide-water nanofluids is
larger than 2.6, DT of metal oxide-water nanofluids follows a decreasing trend with
increasing the ratio of particle size to EDL thickness, as shown in Figure 3.9(a). As
the increasing the electrolyte concentration reduces the EDL thickness, enlarging the
particle size and/or increasing the electrolyte concentration decrease DT of metal
oxide-water nanofluids. According to refs. [76-81], thermophoresis of aqueous metal
oxide nanoparticle suspension is one of the most possible mechanisms of the
abnormal heat transfer phenomenon in metal oxide nanofluids. Among these
literatures, Pakravan and Yaghoubi [76] demonstrated that the Nusselt number of
metal oxide-water nanofluids reduces with the thermophoresis of metal oxide
nanoparticles with a large thermophoretic coefficient DT . Therefore, enlarging the
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particle size and/or increasing the electrolyte concentration may help to enlarge the
Nusselt number of metal oxide-water nanofluids and thus improve the heat transfer.

3.4 Summary
This chapter has numerically investigated the thermal conductivity effect on
thermophoresis of a single charged particle in aqueous solutions. A rigorous
mathematical model built in a particle-fixed reference frame has been proposed,
including the energy equation for temperature field, the Nernst-Planck equation and
the Poisson equation for EDL field, and the mass continuity equation as well as the
Stokes equation for fluid velocity field. Thermophysical properties including fluid
permittivity, fluid viscosity, and ionic mass diffusivities are considered to be
temperature dependent.
The numerical results have demonstrated that under the thermal conductivity effect,
the local temperature field around the particle surface becomes non-linear in a thin
region. Moreover, the thermal conductivity effect on thermophoresis of a single
charged particle in aqueous solutions has been found to be highly dependent on the
relative thickness of such a non-linear temperature distribution region to the EDL
region. For thick EDL cases, the non-linear temperature region is much thinner than
the EDL region, and thus the thermal conductivity effect on thermophoresis of a
charged particle in liquid is small enough to be neglected. By enlarging the particle
size and/or decreasing the EDL thickness, the thermal conductivity effect on
thermophoretic coefficients DT becomes strong: (i) the thermal conductivity effect
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gives rise to a larger DT of a polymer particle with n  1 than that of a “normal”
particle; (ii) the thermal conductivity effect leads to a smaller DT of a metal oxide
particle with n  1 than that of a “normal” particle. For the extremely thin EDL case
(i.e.,  0 a  100 ), the thermal conductivity effect gives rise to a thermophoretic
coefficient ratio  of a practical particle to a “normal” particle expressed as

  3  2  n .
Moreover, a theoretical expression of the average dimensionless axial temperature
*
gradient in the EDL region Tx has been derived. Such a parameter is found to be able

to roughly fit with the thermophoretic coefficient ratio  of charged particles with
arbitrary particle materials, for arbitrary EDL thickness. Therefore, the thermal
conductivity effect on thermophoresis of charged particles in liquids has also been
theoretically predicted in this chapter.
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CHAPTER 4: THERMOELECTRICAL EFFECTS ON A
CHARGED PARTICLE IN AQUEOUS
SOLUTIONS WITH LINEAR AND NONLINEAR TEMPERATURE FIELDS
4.1 Introduction
The underlying physical mechanisms of thermophoresis have been investigated by
numerous studies [10-13, 20-22, 30, 36, 69, 97]. From the hydrodynamic perspective,
the two widely-accepted thermophoretic forces are electrical double layer (EDL)
deformation-induced electrical body force and dielectrophoretic force acting on the
charged boundary layer [10, 12]. In addition to these two forces, thermoelectricity is
also proposed to be one of the mechanisms of thermophoresis [8, 11]. According to
the theory developed by Würger [11], thermoelectricity is a particle motion driven by
a macroscopic thermoelectrical field, which is generated when the cationic and anion
thermodiffusion coefficients are different, whereas ion thermodiffusion [16-19] is a
phenomenon that electrolyte ions in solution exhibit responses to an applied
temperature gradient. However, this thermoelectricity theory only considers the
phenomenon of ion thermodiffusion in the bulk region, with the neglect of ion
thermodiffusion in the EDL region. Moreover, the published researches of
thermoelectric effects on thermophoresis are inconsistent, which only considered the
two limiting cases of extremely thin and thick EDLs [11, 20]. Although Rasuli and
Golestanian [12] considered the phenomenon of ion thermodiffusion in their
thermophoresis model, they neglected the thermoelectric effect by assuming the same
cationic and anion thermodiffusion coefficients. Therefore, in the present work, with
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consideration of ion thermodiffusion in both EDL and bulk regions, an expression of
thermoelectric effect induced thermophoresis for arbitrary EDL thickness will be
derived. Moreover, to show the significance of ion thermodiffusion in the EDL region,
numerical models with and without consideration of ion thermodiffusion in the EDL
region will also be developed.
Furthermore, the aforementioned theoretical studies [11, 12, 20] assumed linear
temperature fields. Such an assumption may be applicable for aqueous polymer
particle suspension, the most popular sample in thermophoresis studies, as its thermal
conductivity ratio of particle to liquid n  k p kl is close to one [11]. However,
numerous recent studies [76-81] found that the thermophoresis of aqueous metal
oxide nanoparticle suspension is one of the most possible mechanisms of the
anormalous heat transfer phenomenon in metal oxide nanofluids. For such aqueous
metal oxide nanoparticle suspension, the thermal conductivity ratio of particle to
liquid n is much larger than one. Thus the temperature field around the metal oxide
nanoparticle becomes strongly non-linear. Giddings et al. [83] took into account such
non-linear local temperature distributions, and found that its effect on thermophoresis
mainly depends on the electrical potential distribution. Chapter 3 has presented the
non-linear temperature distribution effect on thermophoresis of charged particles in
liquids, which is negligible for thick EDL cases, but significant for thin EDL cases. In
this chapter, the non-linear temperature distribution effect on thermoelectricity will
also be discussed.
The rest of this chapter is organised as follows. Section 4.2 firstly derives the
theoretical thermoelectric effect induced thermophoretic coefficient of a charged
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particle in liquids for arbitrary EDL thickness, under the assumption of linear
temperature distribution. A numerical model of thermophoresis is then developed,
including the strongly coupled energy equation, the modified Nernst-Plank equation
with an additional ion thermodiffusion term, the Poisson equation and the Stokes
equation. The theoretical thermoelectric effect induced thermophoretic coefficients
for the ratio  a of particle size to EDL thickness ranging from 0.01 to 100 are firstly
presented in Section 4.3. Then the significance of ion thermodiffusion in the EDL
region is discussed for different EDL cases, through the comparison of numerical
thermoelectrical fields with and without ion thermodiffusion in the EDL region. After
that, the non-linear temperature distribution effects on both the thermoelectrical fields
and the thermoelectric effect induced thermophoretic coefficients are presented, for
different EDL thicknesses and different thermal conductivity ratios of particle to
liquid. Finally, concluding remarks are provided in Section 4.4.

4.2 Problem formulation
Thermophoresis of a charged particle in liquids is the motion of a charged particle
under an applied temperature gradient. The applied temperature gradient can give rise
to a linear or non-linear temperature distribution around the particle, which is under
the governing of an energy equation. Around the charged particle, an EDL with
spatially varying charge density is formed. As soon as the temperature gradient is
applied, the EDL will be deformed, not only due to the temperature dependences of
fluidic permittivity as well as ionic mass diffusivities, but also because of the ion
thermodiffusion. Moreover, ions in the bulk region also are re-distributed owing to the
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ion thermodiffusion. The EDL deformation and ionic redistribution in the bulk region
will give rise to an electrical body force on the charged particle. Furthermore, the
fluid permittivity gradient caused by the non-uniform temperature field also generates
a dielectrophoretic force exerting on the particle. Both electrical body force and
dielectrophoretic force drive the charged particle to move in the liquid.
This work studies thermophoresis in a particle-fixed reference frame, which considers
the flow of an electrolyte solution around a stationary charged particle. In this case,
the far-field fluid velocity is given by V   uTP , where uTP represents the
thermophoretic velocity when the particle moves in a quiescent fluid.

4.2.1 Governing equations
4.2.1.1 Energy equation
As shown in Figure 4.1, a spherical particle of radius a in an external applied
temperature gradient T



 A is considered, where A is a constant temperature

gradient along   0 in the far-field region. For a micro-particle with thermophoretic
velocity of about 108 m s , the thermal Peclet number is of the order of 107 ,
suggesting negligible convection heat transport. Therefore, the energy equation for
governing temperature distributions in both the particle and fluid regions is expressed
as
 2T  0

(4.1)

The heat transfer at the particle-fluid interface is given as
n  n Tp     n Tl  , and Tp  Tl
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where n is the thermal conductivity ratio of particle to liquid, n is the unit normal
vector directed from particle to liquid, Tp and Tl are respectively the temperatures of
particle and liquid.
T

cold



Α

V  Vr , V

particle

hot



r

axisymmetric
axis
θ

Figure 4.1 Schematic of a spherical particle in a two-dimensional axi-symmetric
spherical coordinate system  r ,  .

4.2.1.2 Modified Nernst-Planck equation
A binary monovalent electrolyte with valence zi  z is assumed, with i  1 and i  2
respectively representing the cations and the anions. Because of the very small order
of ionic Peclet number Pec (for a micro-particle with typical thermophoretic velocity
of around 108 m s , the order of Pec is around 105 ), the convection effect on ionic
distributions is neglected. Both cationic and anionic concentrations are subject to the
modified Nernst-Planck equation with additional ion thermodiffusion term, as follows:

z Fc D


    Di ci  i i i   ci Di ST i T   0
RT



(4.3)

where Di is the ith ionic mass diffusivity with the expression shown in Table 4.1, the
Faraday constant F  96485.34 C mol , the gas constant R  8.31 J mol  K ,  is the
electrical potential, and ST i is the ith ionic Soret coefficient. In the present work, the
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cationic and anionic Soret coefficients can be either equal or different. The first term

 Dici in the bracket on the left side of Equation (4.3) is the diffusional process, the
second term 

zi Fci Di
 is due to the electrical migration, and the last term
RT

ci Di ST i T is due to the ion thermodiffusion.
Table 4.1 Thermophysical properties of the fluid used in the simulation [98].
The thermophysical properties

 [Fm ]
-1

 [ kgm1s 1 ]

Di [ m2s1 ]

Expressions

305.7  8.85 1012 exp  0.004T 
 708.166 
6
0.03957T exp 
 10
 T  134.48 
 708.166 
exp 

 Tr  134.48   109
 Di
 708.166 
exp 

 T  134.48 

4.2.1.3 Poisson equation
According to the electrostatics theory [48], the electrical potential distribution is under
the governing of Poisson’s equation
      F  i 1 zi ci
2

(4.4)

where  is the temperature-dependent fluid permittivity with the expression shown in
Table 4.1.
4.2.1.4 Stokes equation
The incompressibility constraint equation for the fluid velocity V is expressed as
 V  0
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For a microparticle with typical thermophoretic velocity of around 108 m s , Reynold
number is of the order of 107 . Hence, the inertial term in the momentum equation is
negligible, and the fluid velocity V is governed by the Stokes equation. When the
fluid viscosity  is temperature independent, the Stokes equation is expressed as

2V  p 

1
2
2
     F i1 zi ci
2

(4.6)

The second term on the right-hand side of Equation (4.6) is the electric body force
density acting on a charged body, and the last term accounts for the dielectrophoretic
force acting on a dielectric body due to the spatial variation of the permittivity [96].
When the fluid viscosity  is temperature dependent, the two-dimensional cylindrical
Stokes equations for fluid velocity V  Vr ,Vx  are expressed as



   Vr Vx     Vr


   2
x   x
r   r 
r

 2  Vr Vr 
 
 
r 
 r  r

2
2
p
 2
1         
 F
 i1 zi ci  2 r   r    x  
r
r





  Vx  1    Vx Vr  
r 

 2


x 
x  r r   r
x  

2
2
p
 2
1         
 F
 zi ci  2 x   r    x  
x
x i 1



(4.7)

(4.8)

When the temperature distribution is linear (i.e., the thermal conductivity ratio of
particle to liquid n  1 ), the far-field fluid velocity can be solved theoretically. On the
other hand, when the temperature distribution is non-linear (i.e., n  1 ), the fluid
velocity is solved numerically in the present work.
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4.2.2 Thermoelectric effect induced thermophoretic coefficient
of a charged particle in liquids with linear temperature
field
When the thermal conductivity of a particle is the same as that of liquid (i.e., n  1 ), a
linearly varying temperature profile can be expressed as

T  r   T0  r  A  T0  Ar cos 

(4.9)

where T0 is the average temperature of the particle, and r is the normal vector of the
particle surface as shown in Figure 4.1.
Under such a linear temperature distribution, the ith ionic concentration has a
generalised form obtained by Rasuli and Golestanian [12] as

 z F
T  T0 
ci  c0 exp   i
 T  T0  ST i 
i 
RT
T
0



(4.10)

In Equation (4.10), i is the deviation of the ith ionic concentration from the
Boltzmann distribution ci  c0 exp   zi F0 RT0  , where c0 is the ionic concentration
in the bulk region for the isothermal case (i.e., A  0 ), and 0  

a
exp   0  r  a 
r

is the electrical potential for the isothermal case [48].  denotes the zeta potential of
a charged particle, and  0  2z 2 F 2c0  0 RT0 is the inverse of Debye length at the
average temperature T0 with  0 representing the fluid permittivity at the average
temperature T0 .
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Moreover, under the assumption of small value of temperature variations (i.e.,

 T  T  T0 ), the linear response theory is used to give an expression of electrical
potential with similar angular dependence of temperature [Equation (4.9)] as [12]

  r ,   0  r     r  cos 

(4.11)

As the fluid flows axi-symmetrically around a charged particle driven by the
temperature gradient, the fluid velocity in an axi-symmetric spherical coordinate
system  r ,   is expressed as V  r ,   Vr  r  cos  r  V  r  sin  θ , where Vr and V
are only functions of r. Moreover, the fluid pressure in an axi-symmetric spherical
coordinate system  r ,   has a general form, which is expressed as

p  p0  r    p  r  cos 

(4.12)

where p0  r  can be derived from the Stokes Equation (4.6) under the isothermal case
(i.e., A  0 ).
By substituting expressions of temperature T , ionic concentrations ci , electrical
potential  , and pressure p (Equations (4.9-4.12)) into the axi-symmetric spherical
Stokes Equation (4.6), one can obtain an equation for Vr  r  as follows [12]:
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 r 2 4
3
2 4  

4
r

4

Vr  r 
4
r 3
r 2 r r 
 2 r

0  

  0 r

0 0 2 T
r r 2 T0


 0
r



0
r

 zi F0


r A
  zi F0   RT0

z
Fc
exp

i i 0  RT   T  T
T
0
0

 
i  0
 r A cos  
r A
  zi F0 
  T0 STi 
i zi Fc0 exp  RT
T0
0



(4.13)

where  0 is the fluid viscosity at the average temperature T0 . The first term on the
right-hand side of Equation (4.13) represents the dielectrophoretic force. Both the
second and third terms on the right-hand side of Equation (4.13) represent the
electrical body force, with the second term denoting the electrical body force when
the ion thermodiffusion is not considered, and the third term representing the ion
thermodiffusion induced electrical body force. Equation (4.13) is similar to the final
equation for Vr  r  (i.e., Equation (21) in the Supplementary Material of ref. [12])
obtained by Rasuli and Golestanian [12], with the difference that the cationic and
anionic Soret coefficients can be any value in the present work.

When 

  z F 
z F
zi F
 1 , the term exp  i 0  can be simplified as 1  i 0 . Thus the
RT0
RT0
 RT0 

third term on the right-hand side of Equation (4.13) is simplified as
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0
r

 z Fc
i

i

0

r A
  z F 
exp  i 0   T0 STi 
T0
 RT0 


R A c0

0

 T0

 zF0 
S S
T0 T 1 T 2 r r 

2
 RT0 

R A c0

0

2

(4.14)

 zF0 
r r 
  ST 1  ST 2 
 RT0 

The first term on the right-hand side of Equation (4.14) is the expression of ion
thermodiffusion induced electrical body force as in ref. [12] (shown in Equation (22)
in the Supplementary Material of ref. [12]). The second term on the right-hand side of
Equation (4.14) represents the thermoelectrical effect induced electrical body force,
which is neglected in ref. [12] by assuming equal cationic and anionic Soret
coefficients ST 1  ST 2 .
Substituting the Equation (4.14) into the Stokes Equation (4.13) for Vr  r  , one can
find that the radial velocity Vr  r  can be separated into two parts: the one without
thermoelectric effect Vr
Vr  Vr

no_TE

 Vr

fluid velocity V

TE

TE

no_TE

, and the one induced by thermoelectric effect Vr

TE

, i.e.,

. [11] The governing equation for the thermoelectric effect induced
can be separated from the Stokes Equation (4.13), as follows:

 r 2 4
3
2 4  
0  
 4r 3  4 2 
Vr
4
r
r r r 
 2 r

TE

 r   T0

R A c0

0

 zF0 
r r 
  ST 1  ST 2 
 RT0 
(4.15)

By taking the Green integral [12] of the above equation, one can derive the
thermoelectric effect induced thermophoretic velocity uTP TE as
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uTP TE   Vr
 



a

TE

r  



 zF0 
 r 2r 2 a 2 
RAc0
  dr  T0
r r 
  ST 1  ST 2  
 
0


 3 9a 9r 
 RT0 

(4.16)

By using integration by parts to calculate the integral in Equation (4.16), the
expression of thermoelectric effect induced thermophoretic velocity uTP TE is obtained
as

uTP

TE



2  0 ST 1  ST 2 RT0
A
3 0
2
zF

(4.17)

Based on the definition of thermophoretic velocity as uTP   DT A , the
thermophoretic coefficient DT is the ratio of velocity to temperature gradient.
Therefore, the thermoelectric effect induced thermophoretic coefficient is given as

DT

TE



2  0 ST 1  ST 2 RT0
3 0
2
zF

(4.18)

It is clearly shown from Equation (4.18) that the thermoelectric effect induced
thermophoretic coefficient DT

TE

is independent of EDL thickness and particle size.

In other words, the thermoelectrical effect induced thermophoretic velocity uTP TE is
independent of the ratio  0 a of particle size to EDL thickness at the average
temperature T0 .
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4.2.3 Numerical model for the thermophoresis of a charged
particle under thermoelectric effect
As shown in Figure 4.2, with the set of external applied temperature gradient A along
the x direction in the cylindrical coordinate system ( r , x ), the three-dimensional
problem is simplified into a two-dimensional axi-symmetric problem. The
temperature gradient A is applied on both the particle region (JIHJ region in Figure
4.2) and the fluid region (KCDGHIJK region in Figure 4.2). Due to the thermoelectric
effect, the electrical field is non-zero in the bulk region. Thus, the boundary
conditions of ionic concentrations at the planes KC and GD should be set as zero
electrical current, which increases the complexity of numerical model. To simplify
such boundary conditions, two reservoirs including ABCKA region and GDEFG
region are added to each side of the fluid region, both of which are in the absence of
temperature gradient. Under such isothermal case, the boundary conditions of ionic
concentrations at the planes KC and GD can be respectively set as a constant value
and a zero mass flux.
cold
L

W
B

C

T



hot
D

E

G

F

Α

I

H
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K

J

r
x

O

H

Figure 4.2 Schematic diagram of the simulated domain in a two-dimensional axisymmetric cylindrical coordinate system  r , x  with line AF as the symmetric axis.
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4.2.3.1 Dimensionless variables and parameters
To nondimensionalise the governing equations, the following dimensionless variables
are respectively introduced for coordinates  x, r  , temperature T , velocities in the
axial and radial directions Vx ,Vr  , the ith ionic concentration ci , electric potential  ,
and pressure p :

x* 


c
V
V
ap
x * r  T
,r  ,
, Vx*  x , Vr *  r , ci*  i ,  
, p* 
ref
Tref
cref
uref
uref
uref ref
a
a
(4.19)

with cref as the ionic molar density in the bulk region at the reference temperature
Tref , and the other reference parameters respectively for temperature, electric potential,

velocity, and pressure as follows:

Tref  T0 

 ref A
RTref
AaL*
, ref 
, uref 
3ref Tref
F
2

RTref 
 2


S

S
T
  (4.20)



T1
T2
ref
F



where L* is the dimensionless length of the temperature gradient applied region (i.e.,
the length of CD as shown in Figure 4.2),    d ln  d ln T is the logarithmic
derivative of the permittivity,  ref and ref are respectively the fluid permittivity and
fluid viscosity at the reference temperature Tref , with expressions shown in Table 4.1.
The reference velocity uref is the theoretical thermophoretic velocity in the Hückel
limit [20].
Furthermore, dimensionless parameters respectively for permittivity, viscosity, the ith
mass diffusivity are introduced as follows [98]:
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 exp  0.004Tref    1 
 ref

(4.21)

 708.166 
exp 
 T   134.48 

 ref

* 

ref
 708.166 
exp 
 T  134.48 
 ref


(4.22)

 708.166 
exp 

D
 Tr  134.48 
Di *  i   Di
Dref
 708.166 
exp 
 T   134.48 
 ref


(4.23)

* 

where the reference mass diffusivity Dref is assumed as 109 m 2 s , the room
temperature Tr  298.15 K , and  Di  Di T T Dref is the dimensionless ith ionic mass
r

diffusivity at the room temperature Tr .
4.2.3.2 Dimensionless governing equations
The dimensionless forms of energy Equation (4.1), modified Nernst-Planck Equation
(4.3), Poisson Equation (4.4), mass continuity Equation (4.5) and two-dimensional
cylindrical Stokes equations (4.7 and 4.8) are respectively given by

1   *    2
0
r

r * r *  r *  x*2

(4.24)

1   * * ci*    * ci* 
 Di r

 Di

r * r * 
r *  x* 
x* 
(4.25)
1   zi ci* Di* * 
  zi ci* Di* 
 
*
*
*  
*
*
 * *
r
 ci Di ST i r
 ci Di ST i *   0


r r  
r *
r *  x*   x*
x 
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2
1   * *     *   1

r




a
z1c1*  z2c2* 



ref
*
* 
* 
* 
* 
r r 
r  x  x  2

(4.26)

* *
1  Vr r  Vx*
 * 0
r * r *
x

(4.27)

  * Vx*  1   * *  Vx* Vr *  
 r  *  *  


x*  x*  r * r * 
x  
 r
2
2
f 2  *        
p*
*
* 
  *  f1  z1c1  z2c2  * 

 
 
x
x
2 x*   r *   x*  

2



  *  Vr * Vx*   1   * * Vr *   *Vr *

 
 
 2 r
  2 *2
x*   x* r *   r * r * 
r * 
r

p*
 f  *       
  *  f1  z1c1*  z2 c2*  *  2 *   *    * 
r
r
2 r   r   x 
2

2





(4.28)

(4.29)

In Equations (4.24-4.29),  ref  2cref F 2  ref RTref is the reference reciprocal of the
Debye length, f1  Fcref ref a ref uref denotes the ratio of the electric body force
density to the viscous force density, and f 2   ref ref 2 ref uref a describes the ratio
between the dielectrophoretic force density and the viscous force density.
As shown in Table 4.1, the thermophysical parameters including fluid viscosity  ,
fluid permittivity  and the ith ionic mass diffusivity Di are temperature dependent.
As a result, the dimensionless governing equations (4.24-4.29) are strongly coupled.
Such a strongly coupled system is solved by employing the commercial finite element
software COMSOL MULTIPHYSICS 4.3b. The introduction and validation of the
numerical model are the same as those in Chapter 3.
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4.2.3.3 Boundary conditions
The aforementioned dimensionless governing equations (4.25-4.30) are subject to the
following boundary conditions:
The plane CK (as shown in Figure 4.2) is set as the cold side, with temperature set as
the reference temperature Tref . The plane DG is set as the hot side, to generate a
temperature gradient applied on the particle and fluid regions. Moreover, as the
temperature gradient at the far-field region is set as a constant, isothermal condition is
set for the far-field plane BE. Therefore,

  1 and   1 

AaL*
respectively at the planes CK and DG
Tref

and n *  0 at the plane BE

(4.30)

(4.31)

where n denotes the unit vector outward normal to the corresponding surfaces, the
dimensionless gradient operator *    r * ,  x*  .
The planes AB and EF are respectively the imaginary boundaries in the two reservoirs.
As the two reservoirs are set in the absence of temperature gradient, isothermal
condition is set for the planes AB and EF as
n *  0 at the planes AB and EF

(4.32)

By setting the plane AB as the reference boundary, the ith ionic concentration ci at the
plane AB is equal to the reference ionic concentration cref , and the electrical potential

 is equal to zero. Thus the boundary conditions for dimensionless ionic
concentration and dimensionless electrical potential at the plane AB are expressed as
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ci*  1 and   0 at the plane AB

(4.33)

At the planes BE and EF, which are respectively the far-field plane and the imaginary
boundary in the reservoir at the hot side, zero ionic flux boundary condition for ith
ionic concentration ci and zero electrical charge boundary condition for electrical
potential  are set as follows:



zi ci* Di* *
* * *
n    Di  ci 
   ci* Di* ST i*   0 and n *  0




(4.34)

Furthermore, for the boundary conditions of fluid velocity V , as the planes AB and
EF are in the reservoirs, and the plane BE is in the far-field region, zero normal
pressure and zero shear stress are set at these three planes as follows:

p*  0 , n *V *  0

(4.35)

Due to the symmetry, the boundary conditions at the symmetrical axis AF are as
follows:
n *  0, n *  0, n *V *  0,


z c *D *
n    Di**ci*  i i i *  ci* Di* ST i*   0




(4.36)

Along the particle surface JIH, zero ionic flux, constant particle potential, and no slip
condition are respectively set as



zi ci* Di* *
* * *
n    Di  ci 
   ci* Di* ST i*   0 ,    * , n V *  0
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where  *   ref is the dimensionless surface potential.

4.3 Results and discussion
In the previous section, an analytical solution was derived for the thermoelectric
effect induced thermophoretic coefficient DT

TE

of a charged particle in liquids with

linear temperature field, and then a numerical model was presented for DT

TE

with

linear and non-linear temperature fields. In the following parametric studies, the
average temperature T0 is set as the room temperature (i.e., T0  298.15 K ), and the
external applied temperature gradient is A  1.55 105 K m . The working fluid is
potassium chloride (KCl) solution, whose dimensionless cationic and anionic mass
diffusivities at room temperature Tr are  D1  1.957 and  D 2  2.032 , respectively
[48]. The Soret coefficient of cationic ions (i.e., K+) is ST 1  3.354 103 K 1 and the
Soret coefficient of anionic ions ( Cl ) is ST 2  6.71104 K 1 . The thermal
conductivity of KCl solution is assumed to be the same as that of water, i.e.,

kl  0.58W m  K . Moreover, for the negatively charged particle, the zeta potential is

  10 mV . The non-dimensional parameters to characterise the thermoelectric
effect on thermophoresis with linear and non-linear temperature fields, include the
ratio  0 a of particle size to EDL thickness at the average temperature T0 and the
thermal conductivity ratio of particle to liquid n . The ratio  0 a of particle size to
EDL thickness at the average temperature T0 is considered to vary from 0.01 to 100,
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with the particle radius a  10 nm for  0 a  0.5 and a  100 nm for  0 a  0.5 . The
thermal conductivity ratio of particle to liquid n is also considered to vary from 0.1 to
100, with n  0.1 representing that the studied sample is the aqueous polymer particle
suspension, and n  100 denoting that the studied sample is the aqueous metal oxide
particle suspension.

4.3.1 Thermoelectric effects on charged particles with a linear
temperature field
4.3.1.1 Theoretical and numerical thermoelectric effect induced thermophoretic
coefficients
The theoretical predictions of thermoelectric effect induced thermophoretic
coefficient DT

TE

with expression as Equation (4.18) is presented in Figure 4.3. It is

clearly shown that the proposed prediction for DT

TE

is independent of the ratio  0 a

of particle radius to EDL thickness at the average temperature T0 . By comparing the
proposed predictions as Equation (4.18) with the predictions proposed by Würger [11]
and Morthomas and Würger [20] for extremely thin and thick EDL cases, one can
find that, for thick EDLs the proposed predictions agree with the predictions of ref.
[20], but for thin EDLs the proposed predictions are 2/3 times of those predicted in ref.
[11]. Previous studies [11, 20] derived that ion thermodiffusion in the bulk region
gives rise to a macroscopic thermoelectrical field, which produces an electrical body
force exerting on the charged particle and drives the particle to move. However, the
ion thermodiffusion in the EDL region is neglected in the previous studies [11, 20].
Such neglect of ion thermodiffusion in the EDL region may be the reason of the
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difference between the proposed predictions and Würger [11]’s predictions for thin
EDLs.
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DT|TE(m /sK)

0.25
0.20
0.15
Theoretical predictions of ref. [11, 20]
Proposed predictions as Equation (4.18)
Numerical results

0.10
0.05
0.00
0.01

0.1

1

0a

10

100

Figure 4.3 Comparison between the analytically and numerically predicted
thermoelectric effect induced thermophoretic coefficients DT

TE

.

Moreover, numerical thermoelectric effect induced thermophoretic coefficients DT
are also presented in Figure 4.3. Comparing the numerical DT

TE

TE

prediction with the

proposed theoretical predictions, it is clearly shown that the numerical results agree
very well with the proposed theoretical predictions.
4.3.1.2 Axial electrical field distributions with and without consideration of ion
thermodiffusion in the EDL region
To give a clear picture of the effect of ion thermodiffusion in the EDL region,
numerical studies for Ex

x 0

with and without the consideration of ion thermodiffusion

in the EDL region were carried out. Ex

x 0

denotes the axial electrical field along r

axis in the cylindrical coordinate system (as shown in Figure 4.2), which consists of
97

CHAPTER 4
two parts: the EDL deformation induced electrical field Ex
thermoelectrical field ETE . i.e., Ex

x 0

 Ex

EDL

EDL

and the

 ETE . According to the analysis of

thermophoresis with the consideration of EDL deformation induced electrical body
force in ref. [12], the thermophoretic velocity arising from the EDL deformation
induced electrical body force decreases with respect to the ratio  a of particle size to
EDL thickness. For the extremely thin EDL case, the thermophoretic velocity arising
from the EDL deformation induced electrical body force is small enough to be
neglected [10, 12]. In other words, the EDL deformation induced electrical field

Ex

EDL

decreases with respect to  a , and becomes negligible for the extremely thin

EDL case. Therefore, for thin EDL cases, the axial electrical field along r axis Ex

x 0

can be used to represent the thermoelectrical field ETE .
When ion thermodiffusion is considered in both EDL and bulk regions, the simulation
of thermophoresis is based on the numerical model shown in Section 4.2.3. However,
when the ion thermodiffusion is neglected in the bulk region, the numerical model
needs to be changed by setting both cationic and anionic Soret coefficients as zero
(i.e., ST 1  ST 2  0 ). According to Würger [11], the ionic thermodiffusion in the bulk
region generates a macroscopic thermoelectrical field, which is expressed as

ETE

bulk



ST 1  ST 2 RT
A.
2
zF

(4.38)

To simulate such macroscopic thermoelectrical field, one needs to set the electrical
potential boundary condition at the plane EF (as shown in Figure 4.2) as a constant
external applied potential, with expression as
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  a ETE bulk ref .
0a=0.01

0.6

ETE|bulk

0.5

0.1
1

0.4

Ex|x=0

(4.39)
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100
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0.0
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(a)
1.5

0a=100
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0.1
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with TD in the EDL region
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(b)
Figure 4.4 Under linear temperature distribution effect, profiles of (a) numerical axial
electrical field along r axis Ex

x 0

with consideration of ion thermodiffusion (TD) in both

EDL and bulk regions, and (b) numerical dimensionless axial electrical field along r axis
Ex*

x 0

for five EDL cases:  0 a  0.01 , 0.1 , 1 , 10 and 100 .

Figure 4.4(a) presents the profiles of axial electrical field along r axis in the
cylindrical coordinate system Ex

x 0

for different EDL cases, when the ion

thermodiffusion is considered in both EDL and bulk regions. It is clearly shown from
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Figure 4.4(a) that the axial electrical field in the far-field region Ex

r * 

is kept fixed

for arbitrary EDL thickness, with value equal to the macroscopic thermoelectrical
field ETE

bulk

expressed as Equation (4.38). Thus the dimensionless axial electrical

*
field Ex x 0 is defined to be normalised by the axial electrical field in the far-field

region Ex

r * 

*
, i.e., Ex x 0  Ex

x 0

Ex r*  .

*
Figure 4.4(b) presents the comparison of dimensionless axial electrical fields Ex x 0

with and without the consideration of ion thermodiffusion in the EDL region. It is
clearly shown that, for thick EDLs, the distributions of axial electrical fields with and
without the consideration of ion thermodiffusion in the EDL region almost overlap
with each other, denoting that the ion thermodiffusion in the EDL region can be
neglected for thick EDLs. Therefore, for thick EDLs, the proposed theoretical
predictions for thermoelectric effect induced thermophoretic coefficients DT

TE

fit

well with Morthomas and Würger [20]’s predictions, as shown in Figure 4.3.
However, for thin EDLs, the consideration of ion thermodiffusion in the EDL region
gives rise to significantly different axial electrical field Ex

x 0

distributions, as shown

in Figure 4.4(b). As the EDL deformation induced electrical field Ex
small for thin EDLs, the axial electrical field Ex

x 0

EDL

becomes

represents the thermoelectrical

field ETE . When the ion thermodiffusion is neglected in the EDL region, the
thermoelectrical field ETE sharply increases in the EDL region to the maximum, and
then decreases to the macroscopic thermoelectrical field ETE
100

bulk

in the bulk region.
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Such maximum value of ETE increases with respect to the ratio  0 a of particle size to
EDL thickness at the average temperature T0 . For the extremely thin EDL case (i.e.,

 0 a  100 ), the maximum value of ETE is located near the particle surface, with the
value close to 1.5 times of ETE

bulk

. When the ion thermodiffusion is considered in the

EDL region, the thermoelectrical field ETE also increases in the EDL region, but with
the maximum value equal to the macroscopic thermoelectrical field ETE

bulk

. For the

extremely thin EDL case (i.e.,  0 a  100 ), the thermoelectrical field ETE near the
particle surface is close to the macroscopic thermoelectrical field ETE

bulk

. Hence, one

can observe from Figure 4.4(b) that, when  0 a  100 , the consideration of ion
thermodiffusion in the EDL region reduces the value of dimensionless
*
thermoelectrical field near the particle surface ETE r 1 by 2/3 times. As the electrical

field induced particle velocity is proportional to the electrical field near the particle
surface for the extremely thin EDL case, one can conclude that the consideration of
ion thermodiffusion in the EDL region also reduces the particle velocity by 2/3 times.
Such conclusion is demonstrated in Figure 4.3, which presents that, for thin EDL
cases, the proposed predictions of thermoelectric effect induced thermophoretic
coefficient DT

TE

is about 2/3 times of DT

TE

predicted by Würger [10]. Therefore,

one can make a conclusion that, in the study of thermoelectric effect on
thermophoresis for thin EDL cases, the ion thermodiffusion should be considered in
both EDL and bulk regions, instead of the simplification of thermoelectric effect
induced thermophoresis (i.e., thermoelectricity) as a particle motion driven by a
macroscopic thermoelectric field.
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4.3.2 Thermoelectric effects on charged particles with a nonlinear temperature field
4.3.2.1 Non-linear temperature distributions
When the thermal conductivities of particle and liquid are different, which occurs in
most practical situations, the temperature distribution around the particle becomes
non-linear. Figures 4.5(a) and (b) show the distributions of dimensionless axial

(a)

(b)

*
Figure 4.5 Distributions of dimensionless axial temperature gradient Tx around the

particle for (a) n  0.1 and (b) n  100 .

temperature gradient Tx* normalised by the external applied temperature gradient A
respectively for thermal conductivity ratios of particle to liquid n  0.1 and n  100 .
It is clearly shown that the dimensionless axial temperature gradient Tx* varies nonlinearly around the particle mainly in the thin region of 1  r *  2 . At the two
intersections of particle surface with x axis in the cylindrical coordinate system as
shown in Figures 4.5(a) and (b), Tx* reaches its minimum when n  0.1 and its
maximum when n  100 . At the intersection of particle surface with r axis as shown
in Figures 4.5(a) and (b), Tx*  3  2  n  , which is the maximum value when n  0.1
and the minimum value when n  100 .
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4.3.2.2 Axial electrical field distributions with non-linear temperature fields
*
The profiles of dimensionless axial electrical field along r axis Ex x 0 and

dimensionless axial temperature gradient Tx* respectively for the ratio  0 a of particle
radius to EDL thickness at the average temperature T0  0 a  0.01 and  0 a  1 are
presented in Figures 4.6(a) and (b), when the thermal conductivity ratios of particle to
liquid n  0.1 , 1 and 100. It is clearly shown from both Figures 4.6(a) and (b) that, for
thick EDLs, the axial electrical fields with the linear temperature field (i.e., n  1 ) and
the non-linear temperature fields (e.g., n  0.1 and 100) have similar profiles along r *
axis. Moreover, from both Figures 4.6(a) and (b), one can observe that the
*
dimensionless axial electrical fields Ex x 0 vary only in the EDL regions, which are

wider than or close to the non-linear temperature distribution regions. Therefore, one
can conclude that when the non-linear temperature distribution region is smaller than
or close to the EDL region, the non-linear temperature distribution effect on axial
electrical field is negligible.
Moreover, Figures 4.6(c) and (d) present the profiles of dimensionless axial electrical
*
field Ex x 0 and the dimensionless axial temperature gradient Tx* respectively for

 0 a  10 and  0 a  100 , when the thermal conductivity ratio of particle to liquid
n  0.1 , 1 and 100. For thin EDLs (e.g.,  0 a  10 and  0 a  100 ), axial electrical field

along r axis Ex

x 0

represents the thermoelectrical field ETE . Therefore, Figures 4.6(c)

and (d) demonstrate that the profiles of dimensionless thermoelectrical field ETE* in
the bulk region overlap the dimensionless axial temperature gradient Tx* . This overlap
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(a)

(b)

(c)

(d)

Figure 4.6 With linear and non-linear temperature fields, the radial profiles of
dimensionless axial electrical field along r axis Ex*

x 0

and dimensionless axial

*
temperature gradient Tx for different EDL cases: (a)  0 a  0.01 , (b)  0 a  1 , (c)

 0 a  10 , and (d)  0 a  100 .

is because the thermoelectrical field ETE in the bulk region is proportional to the local
axial temperature gradient Tx . When the thermal conductivity of particle is smaller
than that of liquid (i.e., n  1 ), the thermoelectrical field ETE sharply increases in the
EDL region to the maximum, and then it decreases in both EDL and bulk regions to
the value denoted by ETE

bulk

, which is expressed as Equation (4.38). When the

thermal conductivity of particle is equal to that of liquid (i.e., n  1 ), the
thermoelectrical field ETE increases in the EDL region to ETE

bulk

. However, when the

thermal conductivity of particle is larger than that of liquid (i.e., n  1 ), the
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thermoelectrical field ETE increases in both EDL and bulk regions to ETE

bulk

.

Therefore, when the non-linear temperature distribution region is wider than the EDL
region, the non-linear temperature distribution effect can induce remarkably different
thermoelectrical fields ETE .
4.3.2.3 Thermoelectric effect induced thermophoretic coefficients with non-linear
temperature fields
Figure 4.7(a) presents the variations of numerical calculated thermoelectric effect
induced thermophoretic coefficients DT

TE

with respect to the ratio  0 a of particle

size to EDL thickness ranging from 0.01 to 100, under the linear and non-linear
temperature distributions. As shown in Section 4.2.3.2, when the non-linear
temperature distribution region is smaller than or close to the EDL region, the nonlinear temperature distribution effect on axial electrical field Ex

x 0

is negligible. Such

axial electrical field consists of the EDL deformation-induced axial electrical field
and the thermoelectric field ETE . According to Chapter 3, the non-linear temperature
distribution effect on the EDL deformation-induced thermophoresis is negligible,
which means that the non-linear temperature distribution effect on the EDL
deformation-induced axial electrical field is also negligible. Thus, the non-linear
temperature distribution on the thermoelectric field ETE can be neglected. As the
thermoelectric effect-induced particle motion is driven by the thermoelectric field ETE ,
one can conclude that the non-linear temperature distribution effect on the
thermoelectric effect-induced thermophoretic coefficient DT

TE

is negligible. Such

negligible effect of non-linear temperature distribution effect on DT
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demonstrated by the overlapping plottings of DT

TE

with linear and non-linear

temperature fields in Figure 4.7(a) for thick EDLs. However, for thin EDLs, when the
thermal conductivity of particle is smaller than that of liquid (i.e., n  1 ), the
thermoelectric effect induced thermophoretic coefficients DT

TE

are larger than those

with linear temperature field. On the other hand, when the thermal conductivity of
particle is larger than that of liquid (i.e., n  1 ), the thermoelectric effect induced
thermophoretic coefficients DT

TE

decrease with  0 a , with smaller values than those

with linear temperature field.
To clearly present the non-linear temperature distribution effect on thermoelectricity,
a dimensionless parameter  is defined as the ratio of thermoelectric effect induced
thermophoretic coefficient DT



temperature field. i.e.,   DT

TE

with non-linear temperature field to that with linear

 D 

TE n 1

T TE n 1

. Figure 4.7(b) presents the numerical

thermoelectric effect induced thermophoretic coefficient ratios  for the thermal
conductivity ratio of particle to liquid n  0.1 and 100. Numerical results show that,
for thick EDLs, the thermoelectric effect induced thermophoretic coefficient ratios 
converge to 1; but for thin EDLs,  increases with respect to the ratio  0 a of particle
size to EDL thickness at the average temperature T0 when n  1 , and decreases with
respect to  0 a when n  1 . McNab and Meisen [84] derived the thermophoretic
coefficient ratio  of a practical particle to a “normal” particle (i.e., n  1 ) with
expression as   3  2  n  , which is independent of EDL thickness. However, Figure
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4.7(b) shows that such prediction of   3  2  n  is only applicable for the extremely
thin EDL case (i.e.,  0 a  100 ). Chapter 3 presents a theoretical thermophoretic

(a)

(b)
Figure 4.7 Dependences of (a) thermoelectric effect induced thermophoretic coefficient

DT

TE

and (b)    DT



TE n 1

D



T TE n 1

on  0 a for n  0.1 , 1 and 100 .

coefficient ratio for thermophoresis without the thermoelectric effect, which is equal
to the dimensionless average axial temperature gradient in the EDL region Tx*
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expressed as Equation (3.30). As shown in Figure 4.7(b), Equation (3.30) can roughly
predict the variation of thermoelectric effect induced thermophoretic coefficient ratio

 with respect to the ratio  0 a of particle size to EDL thickness at the average
temperature T0 .

4.4 Summary
Both analytical and numerical studies of thermoelectric effects are reported on
thermophoresis of charged particles with linear temperature field for arbitrary EDL
thickness. Moreover, thermoelectric effect on thermophoresis of charged particles
with non-linear temperature field is also numerically analysed for arbitrary EDL
thickness. When the temperature field is linear, the theoretical investigation based on
the linear response theory shows that the thermoelectric effect induced thermophoretic
coefficient DT

TE

is independent of the ratio  0 a of particle size to EDL thickness at

the average temperature T0 . With the consideration of ion thermodiffusion in both
EDL and bulk regions, the numerical results of DT

TE

fit well with the theoretical

predictions. Moreover, the comparisons of numerical axial electrical fields with and
without the consideration of ion thermodiffusion in the EDL region show that: (i) the
consideration of ion thermodiffusion in the EDL region can be neglected for thick
EDLs; (ii) for thin EDLs, the consideration of ion thermodiffusion in the EDL region
gives rise to a smaller thermoelectric effect induced thermophoretic coefficient DT

TE

than the existing predictions. Hence, such numerical analyses suggest that for thin
EDLs, thermoelectric effect induced thermophoresis, i.e., thermoelectricity, cannot be
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simplified to be a particle motion driven by a macroscopic thermoelectric field as in
the existing studies, which only consider the ion thermodiffusion in the bulk region.
When the local temperature field around a particle becomes non-linear, the
thermoelectric effect induced thermophoretic coefficient DT

TE

becomes dependent on

the ratio  0 a of particle size to EDL thickness at the average temperature T0 . The
non-linear temperature distribution effect is highly dependent on the relative thickness
between the non-linear temperature distribution region and the EDL region, as follows:
(i) When the non-linear temperature distribution region is thinner than the EDL region,
the non-linear temperature distribution effect on thermoelectrical field ETE can be
neglected. Thus the thermoelectric effect induced thermophoretic coefficient DT

TE

is

close to the value under the linear temperature distribution effect, and is independent
of  0 a . (ii) When the non-linear temperature distribution region is wider than the
EDL region, the non-linear temperature distribution effect induces significantly
different thermoelectrical field ETE , which is proportional to the local axial
temperature gradient Tx in the bulk region. the thermoelectric effect induced
thermophoretic coefficient DT

TE

increases with respect to  0 a for the thermal

conductivity ratio of particle to liquid n  1 , and it decreases with respect to  0 a for
n 1.
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CHAPTER 5: SIZE DEPENDENCE OF THE
THERMOPHORESIS OF COLLOIDAL
PARTICLES IN AQUEOUS MEDIA
5.1 Introduction
Although the thermophoresis phenomenon was discovered about 150 years ago, the
current understanding of thermophoresis in liquid remains rather inadequate. Many
questions remain, one of which is the dependence of thermophoresis on particle size.
Practically, the characteristic of size dependent thermophoresis has a potential
application for the separation of particles of different sizes [37, 99, 100] and the
manipulations of DNAs [101-103]. In the literature, although numerous theoretical
and experimental studies have been reported on the particle size dependence of
thermophoresis for dilute polystyrene (PS) beads dispersed in aqueous solutions, the
results of these investigations are inconsistent and inconclusive. In the reviews by
Anderson [36] and Würger [35], the thermophoretic coefficient DT is theoretically
predicted to be independent of particle size. However, a model proposed by Andreev
[104] shows DT to scale as a1 2 with a as the particle radius. In addition, both Duhr
and Braun [13] and Würger [14] theoretically predicted a linear dependence of DT on
particle size. Experimentally, such linear dependence of DT on particle size was
observed by Duhr and Braun [13] for dilute carboxyl-modified PS beads (with their
diameters ranging from 20 nm to 2 μm) dispersed in a buffer solution at room
temperature. A similar dependence of DT on particle size was found by Braibanti et
al. [32] at a temperature of 45oC for sulfated PS beads within a diameter range of 22
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nm to 506 nm in the absence of surfactants. However, once an amount of non-ionic
surfactant is added to such particle suspensions, a non-dependence of DT with
particle size was obtained[32]. Putnam et al. [26] also found an independence of DT
with particle size within a diameter range of 34 nm to 92 nm for dilute carboxylmodified PS beads. Nonetheless, an examination of the literature studies suggests that
further experimental and theoretical studies are needed to address the dependence of

DT on particle size issue.
The reported thermophoretic coefficients of dilute colloids at elevated temperatures
(such as 45oC) [13, 26, 32] are usually positive, showing thermophobic behaviour of
particles. However, a negative DT of small dilute particles (such as 26nm particles) at
elevated temperatures was reported by Putnam et al. [26]. Zhao et al. [9] also reported
negative DT in deionised (DI) water and in particular they observed positive DT for
small dilute particles (e.g., 500 nm or smaller) and negative DT for large dilute
particles (e.g., 1 μm or larger). The sign change of thermophoretic coefficient for
aqueous particle suspension has been found to depend on background temperature [25,
27], thermoelectricity [11, 29, 34], and collective effect [9]. Interestingly, for colloidal
particles, the sign change of thermophoretic coefficient for alkali halide aqueous
solutions was also found to depend on background temperature [105].
This chapter presents a thorough experimental investigation of the thermophoretic
coefficient of dilute particles ranging from 100 nm to 5 μm in diameter by using a
microfluidic approach. Specifically, a sign switch of the thermophoretic coefficient is
reported for the colloid particles in DI water and a linear particle size-dependence of
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negative thermophoretic coefficient for microparticles is found at an elevated
temperature. The microfluidic device has several advantages including direct
observation of thermophoretic behaviour of particles, generation of linear temperature
gradient, and with well-defined and easily controlled physicochemical conditions. In
addition, to account for the particle size-dependence of thermophoretic coefficient, the
experimental thermophoretic coefficients are compared with an analytical model of
Duhr and Braun [13], which considered the effects of EDL ionic shielding and water
hydration. The possible mechanisms accounting for the observed thermophilic
behaviour of micro-sized particles and the sign switch of thermophoretic coefficient
with increasing particle size are then discussed.

5.2 Experimental section
5.2.1 Preparation of particle samples
Polystyrene fluorescent particles were purchased from Thermo Fisher Scientific Inc.,
with the characteristics of such particles stated as: “Microspheres with sulfate and
carboxyl groups are designed for hydrophobic (passive) adsorption. The surface of
particles is very hydrophobic, with a low density of negatively charged surface ions to
provide charge stabilization.” “The charge groups on these microspheres are derived
from the initiators used in the synthesis of the particles, resulting in either sulfate or
carboxyl ionic groups on the particle surface.” [106] In the experiments, particles of
nine different sizes were used viz: 0.1 μm, 0.31 μm, 0.58 μm, 0.74 μm, 1 μm, 2 μm,
3.2 μm, 4.8 μm, and 5 μm. The particle sizes were measured by using the Malvern
Nano Zetasizer (ZEN3600), with the measured results provided in Table 5.1 which
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shows that the PS beads used in the experiments are very uniform in size. The
calculations in the following sections will be based on the measured particle sizes.
Table 5.1 Suspension properties and experimental thermophoretic coefficients DT for
highly dilute sulfated polystyrene (PS) beads in deionised (DI) water.
Particle

 μm 

d  nm 

E

10

4

cm 2 s  V 

  mV 



DT

 mC m 
2

 μm

2

s  K

0.1

99.4  0.27

5.4  0.13

63.9  1.54

0.18  0.006

0.6  0.23

0.31

310.6  2.00

5.5  0.11

64.4  1.29

0.18  0.005

0.5  0.27

0.58

583.4  4.20

5.3  0.23

61.1  2.65

0.17  0.010

0.6  0.33

0.74

740.1  17.10

5.2  0.05

59.5  0.57

0.16  0.002

0.8  0.33

1

1013  16.8

4.9  0.02

55.3  0.23

0.15  0.001

0.7  0.13

2

2056  25.4

4.6  0.11

49.5  1.18

0.13  0.004

3.2  1.16

3.2

3203  52.1

4.7  0.13

48.5  1.34

0.13  0.004

9.1  2.06

4.8

4784  35.2

4.9  0.09

48.4  0.89

0.13  0.003

10.7  2.14

5

4970  24.7

4.9  0.06

48.2  0.59

0.13  0.002

15.2  3.60

Prior to the experiments, the as-received bead suspensions were centrifuged with a
centrifuge (Sorvall legend micro 17 centrifuge, Thermo Scientific Inc.) to wash off
surfactants and other impurities. Then the washed PS beads were diluted with DI
water (Millipore Grade I) to form desirable particle testing samples with particle
volumetric fractions cv of around 0.01% for 0.1μm and 0.31μm particles and 0.001%
for the rest of the (larger) particles. Finally, the prepared particle samples were
sonicated for about 15 minutes in an ultrasonic cleaner (Elmasonic E30H, Elma
Ultrasonics) to ensure homogeneous particle dispersion.

5.2.2 Measurement of particle electrophoretic mobility
According to the literature [8, 10, 12, 13, 26], the thermophoresis of colloidal particles
in liquid is highly related to particle zeta potential  or charge density  . The
114

CHAPTER 5
electrophoretic mobilities  E of particle samples were measured by using the
Malvern Nano Zetasizer (ZEN3600) at the working temperature T  318.35 K . Then
both  and  can be estimated from  E using the expressions below [48]

  1.5

  2

 E
 f  a 

3 e
 E 
sinh 

ze
 4 k BT  f   a  

 k BT

(5.1)

(5.2)

where  and  respectively denote the viscosity and the permittivity of liquid with
expressions shown in Table 4.1, k B and e are respectively the Boltzmann constant
and the elementary charge, and z is the valence of ions in liquid. Henry’s function is
related to  a being a ratio of the particle radius a to the EDL thickness  1 and is
given by f  a  

3
1
. Table 5.1 provides a summary of the

2 2 1  0.072  a 1.13





measured  E and the calculated  and  for particle samples at the working
temperature T  318.35K . By comparing the surface charge density values of the
present particle samples with those of others [8, 13, 26], one can find that the surface
charge density values of the present particle samples are at least one order smaller,
suggesting that the present PS particles with less charged ions attached on the surfaces
are hydrophobic.
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5.2.3 Microfluidic device, experimental setup and temperature
calibration
The device fabricated on a stainless steel substrate with three channels on the front
side and one on the back side is depicted in Figure 5.1. The middle channel with a
width of 400 μm, a depth of 35 μm and a length of 20mm is for loading and testing
particle suspension samples. With such small channel depth, the possible free
convection effect on thermophoresis is negligible [62]. To generate a transverse
temperature gradient across the sample channel, two larger channels are designed on
each side of the sample channel for flowing hot and cold water streams, and they have
the same dimensions of 2 mm width, 1.5 mm depth and 20 mm length with 1 mm wall
thickness between the hot/cold water channels and the middle sample channel. These
three channels were cut on a stainless steel substrate using the electrical discharge
machining technique. The sample channel and the two hot/cold water channels on the
front surface of the device were sealed with an optical adhesive film (MicroAmpTM)

CCD
computer

syringe syringe
pump
syringe

microscope

hot water channel
sample channel
cold water channel
microfluidic device

hot water
bath
cold water
bath

Figure 5.1 Schematic of experimental setup for thermophoresis study.

to form enclosed channels. To avoid heat transfer bypassing the sample channel
(namely thermal energy leakage through the substrate of the sample channel), a fourth
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channel was also cut at about 100 μm directly below the sample channel, and it was
directly exposed to ambient air.
Figure 5.1 shows a schematic illustration of the experimental setup. The hot and cold
water streams are sucked from two thermally stabilised water baths (Circulator 9102,
PolyScinece) into two larger channels by a dual-channel syringe pump (Longer Pump
LSP02-1B). The thermophoresis of small fluorescent PS beads (i.e., 0.1 μm, 0.3 μm
particles) was measured by using the so-called fluorescence detection method [62].
While the thermophoresis of large fluorescent PS beads (i.e., 0.58 μm, 0.74 μm, 1 μm,
2 μm, 3.2 μm, 4.8 μm, and 5 μm particles) was determined by using the single-particle
tracking method [13] which is based on direct observation of particle thermophoretic
motion over time. The fluorescent beads illuminated by a mercury lamp (Nikon
Intensilight C-HGFI, Nikon Instruments Inc.) were directly observed using a longworking-distance 10X objective lenses and recorded through an inverted fluorescence
microscope (Nikon Eclipse TE2000-U, Nikon Instruments Inc.) with a cooled
monochrome camera (Retiga EXi Fast 1394, QImaging). The microscope has an
appropriate filter set (excitation, 494 nm and emission, 521 nm). The captured particle
images were processed by using the image software of NIS Elements AR, and further
analysed through MATLab R2009a (The MathWorks, Inc.) to obtain particle
fluorescent intensity distributions for small colloidal particles (i.e., 0.1μm, 0.3μm
particles) or particle velocity for large colloidal particles (i.e., 0.58 μm, 0.74 μm, 1 μm,
2 μm, 3.2 μm, 4.8 μm, and 5 μm particles). The particle fluorescent images were used
to estimate the concentration distributions of small colloidal particles, with the linear
relationship between the florescent intensity and the particle concentration for a small
variation range of particle concentration [62].
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As shown in Figure 5.1, the hot and cold water streams flow in opposite directions,
namely in a counter flow heat transfer mode. This provides a nearly constant
temperature difference between the two water streams, giving rise to a linear
temperature distribution along the transverse direction of the sample channel. Such
transverse temperature distribution is measured by using a Rhodamine B solution
based thermometry method which relies on strong temperature-dependent fluorescent
intensity and the detailed temperature measurement and characterisation as shown in
Figure 5.2. Through measuring the temperatures of two reservoirs (at the ends of
sample channel) with thermocouples, the magnitude of the longitudinal temperature
gradient was estimated to be two orders smaller than that of the transverse
temperature gradient, resulting in the particle migration only along the transverse
direction. During the experiment, by adjusting the syringe pump to produce a sucking
flow rate of 0.1 mL/s (the corresponding velocities in two larger channels are
approximately 0.03 m/s) and setting the temperatures of the two water baths as 80oC
and 5 oC, a nearly linear temperature change from 48.3 oC to 42.1 oC (with an average
temperature of 45.2 oC) was generated across the middle point of the sample channel,
as shown in Figure 5.2(b). In Figure 5.2(b), x denotes the coordinate along the
transversal direction of the sample channel and L is the width of the sample channel.
Specifically, it is noted that a constant transverse temperature gradient of around
1.55×104 K/m was obtained in the central portion of the sample channel. Such
produced constant temperature gradient is of importance to thermophoresis studies, as
the measurement of the thermophoretic coefficient DT of small particles via the
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fluorescent intensity detection method can be simplified, and the measurement errors
of large particles’ DT determined by the single-particle tracking method (based on the
particle draft velocity and imposed temperature gradient relationship uT   DT T )
can be minimised.
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Figure 5.2 Temperature measurement inside the sample microchannel. (a) Calibrated
relationship between the temperature and the dimensionless fluorescent intensity for
0.1mM Rhodamine B aqueous solution; (b) Measured temperature distribution along
the cross section of the sample microchannel.

5.3 Results and discussion
5.3.1 Experimental results of size dependence of the
thermophoresis
As mentioned early, for large particles (i.e., 0.58 μm, 0.74 μm, 1 μm, 2 μm, 3.2 μm,
4.8 μm, and 5 μm in diameter), the single-particle tracking method [13] was employed
to directly record the thermophoretic trajectory of each particle over an elapsed time,
and then the particle drift velocity uT was obtained simply using the particle
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thermophoretic displacement divided by the recorded time. Hence, the thermophoretic
coefficient DT of the particle was determined via uT   DT T . For each particle size,
about 400 measurements were taken to determine its DT . For 0.1 μm and 0.31 μm
small particles, their thermophoresis was measured by the fluorescence intensity
detection method [62]. This method assumes that for each sized particles, the
measured particle fluorescence intensity profile, I c is linearly proportional to the
particle concentration profile, c based on a relationship c c0  I c I c 0 [9, 62], with I c 0
being the fluorescent particle intensity corresponding to a particle concentration c0 .
Note that at the steady state, the particle number flux for dilute particle suspension is
given by

J   Dc  cuT   Dc  cDT T  0

(5.3)

where D is the particle mass diffusivity and can be determined from the well-known
Stokes-Einstein equation expressed as D  k BT 6 a . Equation (5.3) leads to an
expression for the experimental thermophoretic coefficient of dilute particle
suspension as

DT   Dc cT

(5.4)

Equation (5.4) shows that DT can be determined from the measured particle
concentration gradient and the imposed temperature gradient.
Figure 5.3 shows the spatial distributions of measured fluorescent intensity for small
particles ( d  0.5 μm ) at the steady-state and for large particles ( d  0.5 μm ) at 30
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Figure 5.3 Spatial distributions of fluorescent intensity of polystyrene (PS) particles
dispersed in DI water. (a) to (h) correspond to particles with their diameters of 0.1 μm,
0.31 μm, 0.58 μm, 0.74 μm, 1 μm, 2 μm, 3.2 μm and 5 μm, respectively.

min after commencing each experiment. Due to extremely slow thermophoretic
motion, the time for acquiring steady state particle distribution after commencing the
experiment for small particles was around 1 h. To establish a steady temperature
gradient

across

the

test

channel,

the

required

time

is

estimated

as

t  ( L / 2)2  w  10 s with  w being the thermal diffusivity of the channel and the
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channel length chosen as L  20 mm . This suggests that the thermophoresis
measurements for both small and large particles were under steady constant
temperature gradient. It is seen that for particles smaller than 1 μm, they moved from
the hot region to the cold region, exhibiting a thermophobic behaviour which is
similar to those results reported in the literature [13, 32] for dilute particles.
Interestingly for particles larger than 1 μm, they moved from the cold region to the
hot region, showing a thermophilic behaviour. Thus, there is a sign switch of the
thermophoretic coefficient DT with increasing particle size. Similar sign reversion of
the thermophoretic coefficient DT reported for aqueous particle suspensions has been
attributed to background temperature [25, 27], thermoelectricity [8, 34], and collective
effects [9]. The experimental findings show that the particle size effect can also cause
the sign reversal of thermophoretic coefficient DT .
The quantitative results for experimental thermophoretic coefficients DT are
presented as the squared symbols in Figure 5.4, with the detailed values provided in
the Table 5.1. The dashed line denotes that for small particles with diameters ranging
from 0.1 µm to 0.74 µm, the experimental thermophoretic coefficients DT are
positive and are almost independent of particle size. Therefore, the results for small
particles are consistent with refs. [26, 32]. On the other hand, for large particles (such
as 1 μm and 5 μm particles), the experimental thermophoretic coefficients DT are
negative, with DT values proportional to the particle size, as indicated by the dashdotted line in Figure 5.4.
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Figure 5.4 Dependence of measured thermophoretic coefficient DT (shown by square
symbols) on particle size (diameter d ). The dashed line denotes the particle sizeindependent DT of small submicron particles, and the dash-dotted line indicate the
linear size-dependence of DT of large micron sized particles. A dotted line indicates zero
DT . The inserted figure shows the sign switch of DT from positive to negative with

increasing particle size from submicron to micron.

5.3.2 Discussion
5.3.2.1 Comparisons between the experimental results and the existing
theoretical model
Since the sign change of thermophoretic coefficients DT from positive to negative
with increasing with particle size has not been reported before, to identify the possible
physical mechanisms responsible for the experimental particle size-dependence of DT ,
the experimental results is compared with the single-particle model proposed by Duhr
and Braun [13]. Duhr and Braun [13] related thermophoresis to the temperature-
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dependent Gibbs-free energy GH of a single particle-solvent system, and obtained an
expression for DT as

d  1 2  T   d
( ionic )
DT 
 DT( hyd )
1 
  shyd  DT
12T   T  3

(5.5)

where d is the diameter of particle and shyd is the hydration entropy per unit area of
the particle-liquid interface. The first term on the right-hand side of Equation (5.5) is
denoted as DT 

ionic 

, which considers the EDL ionic shielding effect due to the particle

surface charge  . Similar expressions for the dependence of DT 

ionic 

on the square of

 were also obtained by other researchers [10, 12, 14, 36]. The second term on the
right-hand side of Equation (5.5) is denoted as DT 

hyd 

, which is resulted from the

hydration entropy effect due to the water molecules at the particle-liquid interface
[13].
A comparison between the Duhr and Braun's [13] model prediction from Equation
(5.5) (the solid line) and the experimental DT data (the square symbols) is shown in
Figure 5.5. The parameters involved in the theoretical prediction include the EDL
thickness  1  330nm (calculated for DI water), the particle size and the particle
surface charge density  given in Table 5.1,  ,  and  T used the same as
water [9], as well as a fitting parameter for the hydration entropy per unit area of the
particle-liquid interface chosen as shyd  1.7 108 J  m2 K  . As shown in Figure 5.5,
the measured thermophoretic coefficients for large particles (e.g., 1 μm or larger) are
well described by the model. Moreover, the sign switch of the measured
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thermophoretic coefficients changing from positive for small particles to negative for
large particles is also predicted by the model.
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Figure 5.5 Comparison of thermophoretic coefficient DT for all particle sizes between
experimental results (shown by squared symbols) and theoretical predictions of ref. [13].
A dotted line indicates zero DT .

To further elaborate the physical mechanisms involved, take advantage of the
analytical model, the the EDL ionic shielding related DT 
and the hydration entropy related DT 

hyd 

ionic 

(the dash-dotted line)

(the dashed line) are separately plotted

against particle size in Figure 5.5. Clearly it shows that regardless of particle size, the
values of DT 

ionic 

are always positive and the values of DT 

Specifically for small particles (e.g., less than 1 µm) DT 

ionic 

hyd 

are always negative.

is dominant over DT 

hyd 

,

resulting in the thermophobic behaviour. Whereas for large particles (e.g., larger than
1 µm) DT 

hyd 

overtakes DT 

ionic 

, giving rise to the thermophilic behaviour. Moreover,
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according to Equation (5.5), DT 

hyd 

is linearly scaled to particle size d since the

hydration entropy per unit area of the particle-liquid interface shyd is constant.
However, the dependence of DT 

ionic 

on particle size is slightly complicated, because

it follows how the particle surface charge density  varies with d. Our calculations
further show that the sign switch of the overall DT (from thermophobic to
thermophilic behaviours) with increasing d is due to reduction in the coefficient of

DT ionic , and in particular due to a decrease of  with increasing particle size for
particles less than 2 µm as shown in Table 5.1. A similar trend of decreasing  with
increase the size of small colloids was also reported by Putnam et al. [8, 26].
In addition, it is worth mentioning that Würger [14] also derived a similar analytical
model to relate thermophoresis to the Marangoni force which is due to two
contributions, one is the particle surface charge related EDL and the other is the
variation of temperature-dependent interface energy. However, using the key
parameter - the variation of temperature-dependent interface energy  0 T0
= 105 J  m2 K  as suggested in ref. [14] and substituting the experimental parameters
into Würger’s model, for the particle samples all negative DT are obtained within a
range of 375 μm 2 s  K to 18785 μm2 s  K which is much different from the
experimental results. Nonetheless, it should be pointed out that Duhr and Braun's
model agrees with the experimentally measured linear dependence of DT with
particle size for large particles (larger than 1 µm) and can explain the experimentally
observed sign change from positive to negative DT for particles near 1 µm size region.
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However, as shown by the inset in Figure 5.5, the model can only qualitatively
estimate positive values of DT for small particles (less than 1 µm), and it failed to
predict the measured independence of DT on particle size for such small colloids used
in the experiments.
5.3.2.2 A discussion of the hydration entropic effect on thermophoresis
In Equation (5.5), the hydration entropy term was introduced in Duhr and Braun’s
model [13], and in the previous section it has been shown that a positive shyd can lead
to negative values of DT 

hyd 

and hence thermophilic behaviour. Here it is specifically

attributed to the hydrophobic hydration entropy. As stated in Section 2.1, the testing
particles are hydrophobic. According to Djikaev and Ruckenstein [107] and Rajamani
[108], when a large hydrophobic particle (whose diameter is much larger than that of
a water molecule) is placed into an aqueous solution, the presence of such particle can
break the tetrahedrally ordered structure of water-water hydrogen bond network,
resulting in an increase of the disorder of the system and thus the entropy. Therefore,
such increase of entropy for hydrophobic particles dispersed in water can give rise to
a positive hydration entropy per particle surface shyd in Equation (5.5). It also should
be noted that the fitted parameter shyd  1.7 108 J  m2 K  used in the model
predictions of this work is close to the value reported by Haidacher et al. [109]. For
instance, they considered dansyl-alanine, a molecule with surface groups comparable
with the present PS beads, and obtained shyd  2.8 108 J  m2 K  at the working
temperature. This shows in good qualitative agreement with the used fitting parameter.
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In the literature, the importance of hydrogen bonds to thermophoresis has been
reported [68, 70]. Kita et al. [68] investigated the thermophoresis of poly(ethylene
oxide) (PEO) in ethanol/water mixtures, and observed thermophobic behaviours of
PEO in pure water as well as thermophilic behaviours of PEO in ethanol/water
mixtures with low water content. With a simple lattice model for polymer solvent
systems [71], it was demonstrated that it is the breakdown of the hydrogen bond
network that determines the thermophoresis of the PEO/ethanol/water system [68, 70,
71].
5.3.2.3 Potential application of the particle size effect of thermophoresis
The observed sign switch of thermophoretic coefficients with particle size for
hydrophobic PS particles dispersed in DI water, suggests a potential application in
separation of the sub-microparticles from the microparticles. Using the same device
reported in this work, a separation is demonstrated for a mixture of 0.74 μm and 2 μm
particles with the same volume fraction cv  0.001% dispersed in DI water. Figure
5.6 shows the successful separation of such particle mixture at 30min after
commencing the experiment. Further experiments will be focused on the separation in
a continuous flow, which is of more practical significance.

Figure 5.6 Image taken at 30 min after commencing the experiment for a mixture of 0.74
μm and 2 μm green fluorescent particles dispersed in DI water.
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5.4 Summary
Using a microfluidic approach, the particle size effect is investigated experimentally
on the thermophoretic coefficient DT of dilute hydrophobic PS particles in DI water.
The experimental findings reveal the following particle size effects: (i) Smaller
submicron particles demonstrate thermophobic behaviour, with particle sizeindependent DT . (ii) Larger micron-sized particles demonstrate thermophilic
behaviour, with linear particle size-dependent DT . To the best of my knowledge, this
is the first experimental observation of the sign change of DT in aqueous particle
suspension due to particle size effect as well as the linear particle size-dependence of
negative DT in aqueous particle suspension at an elevated temperature.
The experimental findings are further compared with Duhr and Braun's analytical
model, which consists of the EDL ionic shielding related DT 
entropy related DT 

hyd 

ionic 

and the hydration

. With one fitting parameter of the hydration entropy per unit

area of the particle-liquid interface shyd , it has been found that such model agrees with
the experimentally measured linear dependence of DT with particle size for large
micron-sized particles and can explain the experimentally observed sign change of

DT from positive to negative for particles of 1 µm region. However, the model can
only qualitatively estimate positive values of DT for small submicron particles, and it
failed to predict the measured independence of DT on particle size for such small
colloids used in the experiments. In addition, a potential application using the particle
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size-dependent sign switch of thermophoresis has been demonstrated for separation of
submicron particles from micron sized particles.
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CHAPTER 6: THERMOPHORESIS OF NON-INTERACTING
HYDROPHOBIC COLLOIDAL PARTICLES IN
AQUEOUS SOLUTIONS: EFFECTS OF
PARTICLE AND SOLUTION
CONCENTRATIONS
6.1 Introduction
As reviewed in the literature, numerous researchers such as Braibanti et al. [32] and
Duhr and Braun [56] have observed the thermophobic behaviours of highly diluted PS
beads with a volumetric fraction cv around 10-3 % at/above room temperature. The
existing theories attribute the thermophoresis of highly diluted colloidal particles
mainly to the electrostatic contributions of the electrical double layer (EDL) [10] and
thermoelectricity effect [11]. For non-diluted colloidal particles, a number of
investigations provide solid evidence showing much different thermophoresis
behaviours from those of highly diluted ones. Ghofraniha et al. [33] observed a
decrease of magnitude of thermophoretic coefficient DT with increasing the
volumetric fraction cv of silica particles from around 0.5% to 20%; the phenomenon
could be explained by the thermoelectricity theory only when the silica volumetric
fraction cv is smaller than 3% [11]. On the other hand, Zhao et al. [9] studied the
thermophoresis of PS beads suspended in deionised (DI) water with particle
volumetric fraction cv in the range of 0.059%~1.9%, it was found that an increase of
particle concentration not only can reduce the magnitude of DT but also cause the
sign of DT to shift from positive to negative [9]. This collective effect of PS beads
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dispersed in DI water is attributed to the particle-particle interactions of van der
Waals attractive and electrostatic repulsive forces [9], with the sign switch of DT
induced by the electrostatic repulsion. However, when the electrostatic repulsion is
negligible due to the 2 mM sodium chloride (NaCl) dissolved in aqueous solution,
thermophilic behaviours of 26 nm PS beads with a volumetric fraction c v of 1.9% at
both pH ≈ 3.3 and pH ≈ 10.5 were also reported by Putnam et al. [8]. Though Würger
[35] tried to use the thermoelectricity theory to account for such thermophilic
behaviour of non-interacting beads at pH ≈ 10.5, the re-assessment shows the
thermoelectricity theory is unable to predict such negative DT behaviour based on
those experimental conditions because of the overestimated hydroxide concentration
used by Würger [35].
Under the inspiration of Putnam et al. [8]’s work, this chapter will investigate the
electrolyte concentration effect on thermophoresis of non-interacting charged
hydrophobic colloidal particles without pH effect. Moreover, the particle
concentration effect on thermophoresis of non-interacting charged hydrophobic
colloidal particles in dilute electrolyte solutions will also be investigated. A model for
thermophoresis of colloidal particles in electrolyte solutions is proposed, with the
consideration of particle-solvent interaction related phenomena mentioned in Chapter
5. Specifically, the hydrophobic hydration entropic force is introduced to consider
hydrophobic particle-aqueous solution interaction, aiming to accounting for the
dependences of thermophoretic coefficient DT on electrolyte concentration. This
chapter is organised as follows: Section 6.2 reports the measurement of
thermophoretic coefficient DT of PS beads dispersed in NaCl solutions by using the
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same experimental device and setup in Chapter 5. In Section 6.3, a theoretical model
is presented to explain both the electrolyte concentration dependence and the particle
concentration dependence of thermophoretic coefficients. Comparisons between
experimental results and model predictions are presented in Section 6.4, and a good
agreement is found. Finally, the results are summarised in Section 6.5.

6.2 Experimental section
6.2.1 Preparation of particle samples
Polystyrene fluorescent particles with sulfate groups were purchased from Thermo
Fisher Scientific Inc. The sulfate charge groups attached on PS particles are derived
from the initiators used in the particles synthesis to provide charge stabilisation.
According to the information provided by the company [106], these particles are
designed for hydrophobic (passive) adsorption. As the charged surfaces ions have a
very low density, the particle surface is very hydrophobic. In the experiments, PS
particles with diameters of 500 nm and 720 nm were used.
Prior to the experiments, the extra surfactants and other dissolved ions were washed
off by concentrating the as-received particle suspension with a centrifuge (Sorvall
legend micro 17 centrifuge, Thermo Scientific Inc.). Then the washed PS beads were
diluted with DI water (Millipore Grade I) and mixed with various NaCl solutions to
form desirable particle testing samples. Finally, before loading into the sample
channel, all prepared particle samples were re-dispersed in an ultrasonic cleaner
(Elmasonic E30H, Elma Ultrasonics) for 15 minutes to obtain homogeneous
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suspensions without gas bubbles. In this work, two groups of particle samples were
prepared: for the experimental investigation of electrolyte concentration effect, 0.9%
particle volumetric fraction PS beads with diameter of 500 nm and 720 nm are
prepared to be dispersed in NaCl solutions with concentrations of 0.005 mM, 0.05
mM, 0.5 mM, 5 mM and 50 mM; For the experimental investigation of particle
concentration effect, 500 nm and 720 nm PS beads with particle volumetric fractions
of 0.0009 %, 0.009 %, 0.09 % and 0.9 % are prepared to be dispersed in 0.005 mM
NaCl solutions.

6.2.2 Microfluidic device, experimental setup and temperature
calibration
The microfluidic device was designed as the same reported in Chapter 5. As shown in
Fig. 5.1, the stainless steel device has three channels on the front side and one on the
back side, which was fabricated by using the electrical discharge machining technique.
The test channel for loading and testing particle suspension samples is 400 μm in
width, 35 μm in depth and 20 mm in length. To build a transverse temperature
gradient across the test channel, on each side of the test channel there is a large
channel of 2 mm width, 1.5 mm depth and 20 mm length to flow hot or cold water
stream. The wall between the hot/cold water channel and the test channel is 1 mm
thick. An optical adhesive film (MicroAmpTM) was used to enclose the test channel
and the two hot/cold water channels. A fourth channel was cut at about 100 μm
directly below the sample channel to avoid heat transfer bypassing the sample channel,
and it is directly exposed to the ambient air.

134

CHAPTER 6
As shown in Fig. 5.1, hot and cold water are provided by two thermally stabilised
water baths (Circulator 9102, PolyScience), and they are sucked by a dual-channel
syringe pump (Longer Pump LSP02-1B). Under the illumination of a mercury lamp
(Nikon Intensilight C-HGFI, Nikon Instruments Inc.) the migration of fluorescent
beads was directly observed through an inverted fluorescence microscope (Nikon
Eclipse TE2000-U, Nikon Instruments Inc.), and it was recorded by a cooled
monochrome camera (Retiga EXi Fast 1394, QImaging). The microscope has an
appropriate filter set (excitation, 494 nm; emission, 521 nm) and a long-workingdistance 10X objective lenses.
The counter flow mode was chosen for the hot and cold water streams flow as shown
in Fig. 5.2. Such counter flow mode results in a linear transverse temperature
distribution of the test channel and a minimised longitudinal temperature gradient.
Consequently, the particle migration is along the transverse direction. During the
experiment, by setting a flow rate of 0.1 mL/s for hot and cold water streams flow and
temperatures of two water baths as 278.15 K and 353.15 K, a constant transverse
temperature gradient of around 1.55×104 K/m with average temperature of 318.35 K
in the central portion of test channel was produced, as shown in Figure 5.2(b).
Specifically, it is noted that such produced linear temperature distribution is of
importance to thermophoresis studies.
The thermophoresis of fluorescent PS particles was measured by using the so-called
fluorescence detection method [62]. The captured particle images were transferred to
a computer through the image software of NIS Elements AR, and further analysed
through the Matlab R2009a (The MathWorks, Inc.) to obtain particle fluorescent
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intensity I distributions. In the experiment, the particle fluorescent intensity
distributions were used to estimate the concentration of colloidal particles. Finally, the
experimental thermophoretic coefficient can be determined from Equation (6.1) [62]

DT   D p

ln  I 
T

(6.1)

where Dp is the particle mass diffusion coefficient related to the particle volume
fraction cv as Dp  1  1.45cv  k BT 6 a [28, 110], with k B denoting the Boltzmann
constant, a as the particle radius, and  representing the fluid viscosity.

6.3 Formulation of a theoretical model
As stated in the previous experimental section, the PS particles are negatively charged
and hydrophobic [106]. In this chapter, the particle suspension with particle-particle
distance at least 1.4 μm is only considered. The EDL thickness is in the range of 1 nm
to 440nm depending on the electrolyte concentration. Moreover, the hydrophobic
interaction between two hydrophobic particles can be avoided when the particleparticle distance is more than 100 nm [111]. So the commonly considered particleparticle interactions due to van der Waals, EDL and hydrophobic interaction are
negligible.
For hydrophobic particles dispersed in aqueous solution the particle-solvent
interaction is envisioned to be significant. The breakdown of the hydrogen bond
network has been reported to be significant to thermophoresis in the literature [68, 70].
Kita et al. [68] investigated the thermophoresis of poly(ethylene oxide) (PEO) in
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ethanol/water mixtures, and observed thermophobic behaviours of PEO in pure water
as well as thermophilic behaviours of PEO in ethanol/water mixtures with low water
content. With a simple lattice model for polymer solvent systems [71], it was
demonstrated that it is the breakdown of the hydrogen bond network that determines
the thermophoresis of the PEO/ethanol/water system [68, 70, 71].

6.3.1 Thermophoretic coefficient induced by hydrophobic
hydration entropic effect of a single hydrophobic particle
For a large hydrophobic particle (whose diameter is much larger than that of a water
molecule) placed into an aqueous solution, according to Djikaev and Ruckenstein
[107] and Rajamani et al. [108], it breaks the tetrahedrally ordered structure of waterwater hydrogen bond network, resulting in an increase of the disorder of the system
and thus the entropy. Hence, the breakdown of the hydrogen bond network due to the
presence of a large hydrophobic particle gives rise to a generation of hydrophobic
hydration entropy energy at the particle-liquid interface, with the expression as

Ghyd  4 a 2 shyd T

(6.2)

where shyd is the hydrophobic hydration entropy per unit area of the particle-liquid
interface, and it is positive for hydrophobic particles dispersed in water due to the
increase of entropy.
Furthermore, according to Chandra [112], an increase of electrolyte concentration
reduces the average number of hydrogen bonds per water molecule, and thus
decreases the break possibility of hydrogen bonds which arises from the inserting of
hydrophobic particles. Therefore, the magnitude of hydrophobic hydration entropic
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energy Ghyd of a hydrophobic particle decreases with an increase of electrolyte
concentration, and it is assumed to be proportional to the exponential electrolyte
concentration with the exponent assumed as CH , namely, Ghyd   I s  H , where the
C

assumed exponent constant CH  0 represents the decreasing tendency of
hydrophobic hydration entropic energy with the increase of electrolyte concentration.
As different ions may have different effects on the numbers of hydrogen bonds, CH is
related to the salt type. With the consideration of electrolyte concentration effect,
Equation (6.2) of the hydrophobic hydration entropic energy can be developed as
Ghyd    I s 

CH

4 a 2 shyd T

(6.3)

Based on the derivation of Duhr and Braun [13], the hydration entropy effect induced
thermophoretic coefficient DT 0

hyd 

)
DT( hyd

0

of a single particle can be given as

1

Ghyd

6 a T

   Is 

CH

2a
shyd
3

(6.4)

Since the hydrophobic hydration entropy per unit area of the particle-liquid
interface shyd is positive [107, 108], DT 0

hyd 

should have a negative sign. Therefore, the

hydrophobic hydration entropic effect gives rise to a thermophilic behaviour of a large
hydrophobic particle in aqueous solution.
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6.3.2 Thermophoretic coefficient of non-interacting
hydrophobic particles
Consider the charged hydrophobic particles of molar density np dispersed in a mixed
electrolyte solution. Under the imposed temperature gradient T , the EDLs around
the charged particles become deformed and thus induce an electrical body force on
the charged particles; a dielectric force due to the temperature dependence of fluid
permittivity also exerts on the charged particles. [10] Moreover, according to the
thermoelectricity theory [8, 11, 20], a thermoelectrical field due to the ion
thermodiffusion ETE is applied on the charged particles. In addition, the hydrophobic
hydration entropic effect is also considered to for the hydrophobic particles in this
Chapter. Therefore, the mass flux of charged hydrophobic particles at the steady state
is given by

)
J p   Dp n p  n p DT(ionic
T  n p
0

2
)
f  a  ETE  n p DT( hyd
0 T  0
3

(6.5)

where the thermophoretic coefficient due to the dielectric force as well as the EDL
( ionic )
2
deformation induced electrical body force DT 0   3T [69],  is the

temperature

dependent

fluid

permittivity

with

the

logarithmic

derivative

   d ln  d ln T , and  is the zeta potential of charged particles; 2 f  a  3 is
the electrophoretic mobility corresponding to the thermoelectrical field ETE with the
Henry’s function f  a   1  0.5 1  2.5  a 1  2 exp   a    , the inverse of Debye
3

length  



z 2 e2 N A ni  k BT
i 1 i
N



12

for the electrolyte composed of N ionic species
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of valence zi and bulk number density ni ( i  1, 2,

, N ). In the expression of inverse

of Debye length, zi and e are respectively the i th ionic valence and the fundamental
charge, and N A is the Avogadro constant. In addition, the zeta potential  in
Equation (6.5) depends on electrolyte concentration and particle concentration,
respectively through the following two equations: the varied electrolyte concentration
affects  of a charged particle through the relationship as [113]

  C 1 1  C 2  3  log10 Is  

(6.6)

where the constant C 1 represents the particle zeta potential when I s  1103 mM ,
and the constant C 2 denotes the coefficient of zeta potential versus electrolyte
concentration. With the same particle type and concentration and the close particle
sizes, our particle suspensions are almost the same with Sureda et al. [114]’s. Thus,
both constants C 1 and C 2 can be achieved by substituting two pairs of measured 
values with corresponding NaCl concentrations obtained by Sureda et al. [114]. On
the other hand, for the charged particles dispersed in very dilute electrolyte solution,
many counter-ions will condense on the particles to stabilise the particle system [115].
Such so-called counter-ion condensation effect gives rise to a decreasing zeta
potential  with increasing particle concentration [116] [117]. The relationship
between  and particle volume fraction cv is given as [116]

  0

C 3  C 4 ln  cv  C 5 
C 3  C 4 ln  C 5 
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where the constants C 4 , C 2 and C 5 are assumed parameters, and  0 is the
measured data for very dilute PS beads obtained from ref. [114]. Ref. [116]
theoretically calculated variation of non-dimensional electrophoretic mobility for the
general colloidal particle suspensions against particle volume fraction. Thus, the
constants C 4 , C 2 and C 5 are fitted from the Figure 5 of ref. [116].

As the thermoelectrical field ETE is induced by ion thermodiffusion, one needs to
make clear about the ionic motion for achieving the expression of ETE . At the steady
state, the ionic number flux for the i th ionic species in a temperature gradient is

eE
T
J i   Di  ni  2ni i
 zi ni TE
T
k BT



  0,


(6.8)

where Di is the i th ionic mass diffusivity coefficient,  i  ST iT 2 is the i th
dimensionless ionic Soret coefficient [11] with ST i as i th dimensional ionic Soret
coefficient. From Equation (6.8), one can find that the thermoelectrical field ETE is
related to the ionic distributions ni and ion thermodiffusion  i of N ionic species.
To avoid the calculation of ionic distributions, one can relate ni to n p through the
assumption of electro-neutrality system. Under such assumption, the ionic
concentrations is related to the particle concentration with the relationship as



N

z n   Zn p

i 1 i i

(6.9)

Taking the derivative of Equation (6.9), one can find the relationship between ni
and n p as
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N

z ni   Z n p

(6.10)

i 1 i

where the effective particle valence Z is related to the particle zeta potential  . For
one particle suspended in multivalent or mixed electrolyte, Z has an expression as
[118]
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(6.11)

From the particle mass flux Equation (6.5) and the ionic mass flux Equation (6.8), one
can respectively achieve the expressions of ni and n p as functions of
thermoelectrical field ETE and other parameters. Substituting both expressions of ni
and n p into Equation (6.10), one can achieve the expression of thermoelectrical
field ETE as

ETE 

k BT
e

2

D (ionic )
D ( hyd )
T
 p   p T 0 T   p T 0 T
T
Dp
Dp
1   p

(6.12)

where the ratio of particle charge concentration to electrolyte ionic strength

 p  Z n p 2 I s with the electrolyte ionic strength I s  0.5 i 1 zi 2 ni , the dimensionless
N

electrolyte Soret coefficient    i 1 i zi ni Z n p , and the ratio of colloidal
N

electrophoretic

mobility

to

particle

   kBT e   2  3 Dp  f  a  .
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After substituting the thermoelectrical field ETE Equation (6.12) into the particle
mass flux Equation (6.5), one can rearrange Equation (6.5) to fit the classic form of
particle mass flux due to concentration gradient and temperature gradient only by
introducing the modified thermophoretic coefficient DT

J p   Dpnp  np DT T

(6.13)

with the modified thermophoretic coefficient DT of charged hydrophobic particles
expressed as

DT  DT(ionic )  DT(TE )  DT( hyd )


 p  2 Dp  p
 p 
)
)
 DT(ionic
 DT( hyd
1 
 
1 

0
0
T 1   p
 1   p 
 1   p 

(6.14)

The first term on the right-hand side of Equation (6.14) is due to the dielectric force
and the EDL deformation induced electrical body force, the second term is due to the
thermoelectrical effect, and the third term is due to the hydrophobic hydration
entropic effect for hydrophobic particles considered in this study. In Equation (6.14),


 p
results from the particle motion under the driven of non-uniform particle
1   p

distribution-induced electrical field, with the negative sign on account of particle’s
negative charge.
As the particle zeta potential  depends on particle concentration [116] or electrolyte
concentration [113] under different cases and the particle mass diffusivity Dp is
dependent on particle concentration, the first term on the right-hand side of Equation
(6.14) due to dielectric force and EDL deformation induced electrical body force is
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related to both concentrations of particle and electrolyte. Moreover, one can find that
both effects of thermoelectricity and hydrophobic hydration entropic force also
contribute to such particle concentration dependence as well as electrolyte
concentration dependence of thermophoretic coefficient, through other parameters
such as the dimensionless electrolyte Soret coefficient  , the ratio of particle charge
concentration to electrolyte ionic strength  p , and the ratio of colloidal electrophoretic
mobility to particle diffusion coefficient  . Therefore, the modified thermophoretic
coefficient of charged hydrophobic particles in mixed electrolyte solution Equation
(6.14) is highly dependent on particle concentration and electrolyte concentration.

6.4 Results and discussion
As mentioned previously, a stable temperature gradient of 1.55×104 K/m with the
average temperature of 318.35 K can be produced in the device. This high
temperature gradient generates thermophoresis, and in turn gives rise to a spatially
inhomogeneous particle distribution under the counterbalance of the mass diffusion at
the steady state. Moreover, there are many ionic species in the electrolyte solutions
contributing to thermophoresis. In the electrolyte solutions without pH effect, the
ionic species are: (i) The added sodium and chloride ions with concentration of ns ; (ii)
The “added counter-ions” (sodium ions in this work) with concentration of Z n p ,
which stemming from the as-received particle suspension to counter-balance particle
surface charge; (iii) The hydrogen and hydroxide ions with concentration of 104 mM
from water dissociation; (iv) 0.00022 mM hydrogen ions and 0.00011 mM carbonate
144

CHAPTER 6
ions produced by the atmospheric carbon dioxide contamination [116]. In the
electrolyte solutions under the pH effect, the extra hydrogen ions are assumed to be
counter-balanced by chloride ions for low pH cases, and the extra hydroxide ions are
assumed to be counter-balanced by sodium ions for high pH cases. When the added
electrolyte concentration is very low, the consideration of hydrogen ions, hydroxide
ions, and carbonate ions will become important. The ionic dimensionless ionic Soret
coefficients [69, 119] for corresponding ionic species are:  Na   0.7 for sodium ions,

 Cl  0.1 for chloride ions,  H  2.7 for hydrogen ions,  OH  3.4 for hydroxide






ions, and  CO 2  1.6 for carbonate ions.
3

6.4.1 Electrolyte concentration effect on thermophoresis of noninteracting charged hydrophobic particles
Figure 6.1 shows the spatial distributions of fluorescent intensity for 500 nm PS beads
suspension with cv  0.9 % . When electrolyte concentration is small, the
thermophoretic motion is extremely slow, and thus it took about 1-2 h to acquire the
steady particle distribution; When electrolyte concentration is large, acquiring the
steady particle distribution needs about 30 min due to the high thermophoretic
velocity. It is found that for high NaCl concentrations (e.g., 50 mM), the particles
accumulate from the hot region to the cold region, indicating a thermophobic
behaviour which is similar to the cases of Putnam and Cahill [8] where the
thermoelectricity effect is dominated. As decreasing NaCl concentration, the
thermophobic mass transfer decreases, and no thermophoresis may occurs between
0.05 mM to 0.5 mM. Interestingly for even dilute solute situation (e.g., 0.05 mM),
particles accumulate from the cold region to the hot region, exhibiting a thermophilic
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behaviour. It is clear that there is a sign switch of thermophoretic coefficient with
decreasing electrolyte concentration. Previously, similar sign reversion of the
thermophoretic coefficient was reported for aqueous particle suspensions due to
collective effect [9] induced by EDL repulsion and thermoelectricity [34] for different
solute type cases. In the present work, due to the much thinner EDL thickness than the
particle-particle distance, the EDL repulsion can be neglected. Therefore, the
experiments reported here show the possibility to reverse the sign of thermophoretic
coefficient for sub-microparticles due to electrolyte concentration effect, which is
similar with that for nanoparticles with a higher critical electrolyte concentration (i.e.,
the electrolyte concentration where Soret coefficient switches sign) under pH effects
[8].

Figure 6.1 Steady-state spatial distributions of the fluorescent intensity for 500 nm
hydrophobic PS particle suspension. (a) to (e) respectively correspond to the sodium
chloride (NaCl) concentrations of 0.005 mM, 0.05 mM, 0.5 mM, 5 mM, 50 mM.

During the process of the present work, the author found a work by Eslahian et al. [29]
related to the electrolyte concentration effect on thermophoresis of charged colloids is
found, which reported an electrolyte concentration effect on thermophoretic
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coefficient DT of 215 nm PS beads with particle volume fraction cv of 0.009 %. They
found with increasing electrolyte concentration ns from 0.1 mM to around 5 mM, DT
increases, and then with further increase of ns from 5 mM to 100 mM, DT decreases
to around zero. Such decrease of DT is attributed to the strong decrease of zeta
potential  with increasing ns . In the present work, no decrease of DT of non-diluted
particles in highly concentrated electrolyte solution was observed. Such difference
may have two reasons: (i) larger particles with much higher particle concentrations
were used in the present work, and these large particles may have higher zeta
potentials  in highly concentrated electrolyte solution; (ii) Higher work temperature
is used in the present work, which can enhance DT [29]. On the other hand, the
present work found the sign switch of thermophoretic coefficient DT of noninteracting PS beads in dilute solution, which was not reported by Eslahian et al. [29].
Figure 6.2 compares the experimentally measured Soret coefficients and the
theoretically predicted values from Equation (6.14). The parameters involved in the
theoretical prediction include the zeta potential  , and two hydrophobic hydration
entropic coefficients shyd and CH . Sureda et al. [114] measured the  potential of
860 nm PS beads purchased from the same company as ours in two different NaCl
solutions:   0.056 V for PS beads in 1 mM NaCl solution and   0.053 V in 10
mM NaCl solution. Based on these two measured data, the values of the two constants
in Equation (6.6) were obtained and the Equation (6.6) was achieved as

  0.047 1  0.064  3  log10 I s   V . Such relationship of 

potential with

electrolyte concentration is used for both 500 nm and 720 nm PS beads. Moreover, in
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Figure 6.2 the fitting parameters CH and shyd are used to evaluate the hydrophobic
hydration entropic energies (Equation 6.6) for 500 nm and 720 nm PS beads. The
exponent CH =  0.38 for both 500 nm and 720 nm PS beads, and it represents that the
hydrophobic hydration entropic energies have the same decreasing tendency with
increasing electrolyte concentration for different particle sizes. Such decreasing
tendency of hydrophobic hydration entropic energy with increasing electrolyte
concentration is due to the decreasing breakdown possibility of hydrogen bond
network by adding hydrophobic particles with increasing electrolyte concentration, as
mentioned in Section 6.3.1. The hydrophobic hydration entropy per unit area of the
particle-liquid interface shyd  1.92 108 J  m2 K  for 500 nm PS beads and

shyd  9.52 109 J  m2 K  for 720 nm PS beads. The orders of these two shyd are the
same as that of shyd obtained in Chapter 5 for the same polystyrene particles.
Generally, both the experimental results and the theoretical predictions for two sizes
of particles show reasonably good agreement, suggesting that the electrolyte
concentration effect of thermophoresis observed in the present experiments can be
explained by using the proposed model under the consideration of hydrophobic
hydration entropic effect. The predictions without the consideration of hydrophobic
hydration entropic effect are also shown in Figure 6.2. It is clear that the theoretical
calculation without the consideration of hydrophobic hydration entropy effect failed
to predict the thermophilic behaviour of particles under dilute electrolyte
concentrations, resulting from the unchanged positive signs of thermophoretic
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coefficients DT induced by both EDL deformation and thermoelectricity effect with
varying the electrolyte concentration.
6
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theoretical DT without DT
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Figure 6.2 Comparison of the thermophoretic coefficients DT between the experimental
results and the theoretical predictions.

The proposed theory is also used to compare with the electrolyte concentration effect
of thermophoresis observed by Putnam et al. [8] for 26 nm PS beads with particle
volumetric fraction of 1.9% dispersed in NaCl solution. When pH = 3.3 the
concentration of hydrogen ions in the solution is 0.5 mM, and the concentration of
hydroxide ions is 0.316 mM when pH = 10.5. Both concentrations are much smaller
than sodium ionic concentration induced by the added electrolyte and the
counterbalance of particle charge. Based on the measured zeta potential value as

0.096 V

[8]

of

26

nm

PS

beads

dispersed

in

DI

water,

  0.078 1  0.038  3  log10 I s   V is estimated for both pH = 3.3 and pH = 10.5.
As the carboxyl functional groups attaching on these PS beads have very low density,
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the particle surfaces are also hydrophobic [106]. The proposed theory from Equation
(6.14) is also applied to fit their experimental results, with the fitting parameters
shyd  8.7 106 J  m2 K 

and

CH  0.75

for

pH  3.3

case

and

shyd  3.6 105 J  m2 K  and CH  1 for pH  10.5 case. Comparing both values of

shyd , one can find that the higher pH value increases the hydrophobic hydration
entropic effect, which may be due to the more hydrogen bonds generated by the
connection between added hydroxide ions and water molecules [120]. With more
hydrogen bonds, the hydrophobic particles have higher possibility to break these
hydrogen bonds and produce higher hydrophobic hydration entropic energy. Good
agreement of the theoretical fittings with Putnam et al. [8]’s experimental results for
both pH values are shown in Figure 6.3. The theoretical predictions without the
consideration of hydrophobic hydration entropic effect are also shown in Figure 6.3.
One can find that the theoretical thermophoretic coefficients DT without the
consideration of hydrophobic hydration entropic effect under two different pH cases
failed to predict the experimental results, and they only have a small difference when
the electrolyte concentration is low, which vanishes when increasing electrolyte
concentration. This is due to the concentrations of pH-induced hydrogen ions and
hydroxide ions are so small that their thermoelectricity effects can be neglected.
Therefore, according to the theoretical predictions, the pH effect on thermophoresis
may be due to the pH-dependent hydrophobic hydration entropic effect, although the
detailed physical information behind the pH-dependent hydrophobic hydration
entropic effect is not very clear.
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The variations of thermophoretic coefficients induced by the dielectric force and EDL
deformation induced electrical body force, the thermoelectricity effect, and the
hydrophobic hydration entropic effect with electrolyte concentration are presented in
Figure 6.4. The calculations are for 500 nm PS particles with particle volumetric
fraction cv of 0.9% dispersed in NaCl solution. From Equation (6.14), the
thermophoretic coefficient due to the dielectric force and EDL deformation induced

 p
)
electrical body force is expressed as DT(ionic )  DT( ionic
1 
0
 1   p
25
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Figure 6.3 Comparison of experimental thermophoretic coefficients DT picked from ref.
[8] with theoretical predictions.

the thermoelectricity effect is given as DT(TE ) 

2 D p  p
T

1   p

, and the one due to the


 p
)
hydrophobic hydration entropic effect is DT( hyd )  DT( hyd
1 
0
 1   p


 . With decreasing


( ionic )
(TE )
electrolyte concentration, both DT
and DT have positive signs and decreasing
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( ionic )
values. The decreasing DT
is due to the increasing balance effect of nonuniform

particle
)
 DT( ionic
0

distribution-induced

electrical

field

represented

by

the

term

of

 p
(TE )
. On the other hand, the decreasing DT
is due to the weaker
1   p

thermoelectrical field induced by decreasing electrolyte concentration. Such weaker
thermoelectrical field is denoted by the decreasing value of dimensionless electrolyte
Soret coefficient  . From its definition, one can find that  becomes very small
for concentrated particles in dilute solution. Moreover, the thermophoretic coefficient
( hyd )
due to the hydrophobic hydration entropic effect DT
has a negative sign.
( hyd )
Interestingly, the absolute value of DT
first increases and then decreases with

( hyd )
decreasing electrolyte concentration. The increase of absolute value of DT
is

induced by the increasing hydrophobic hydration entropic energy with decreasing
electrolyte concentration, and the second decrease is due to the increasing balanced
effect of nonuniform particle distribution-induced electrical field represented by the
)
term of  DT( hyd
0

 p
. Therefore, the thermophilic behaviour of non-interacting
1   p

charged hydrophobic particles in dilute electrolyte solutions is due to three reasons: (i)
( ionic )
thermophoretic coefficient DT
due to the dielectric force and the EDL deformation

induced electrical body force is balanced by itself-induced electric field effect; (ii)
The thermoelectricity effect becomes very small due to the weak thermoelectrical
field represented by the small value of  ; (iii) The hydrophobic hydration entropic
effect is relatively large due to the strong hydrophobic hydration entropic effect.
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Figure 6.4 Variations of theoretical calculated thermophoretic coefficients DT , DT(ionic ) ,

DT(TE ) , DT( hyd ) with electrolyte concentration.

6.4.2 Particle concentration effect on thermophoresis of noninteracting charged hydrophobic particles in highly dilute
solutions
To figure out whether the particle volume fraction cv set as 0.9% is important to
achieve a thermophilic behaviour in Section 6.4.1, the particle concentration effect is
experimentally investigated on thermophoresis of charged hydrophobic particles in
very dilute electrolyte solutions. Figure 6.5 shows the spatial distributions of
fluorescent intensity for 500 nm charged hydrophobic PS beads dispersed in NaCl
solution with electrolyte concentration of 0.005 mM at the steady-state. Due to
extremely slow thermophoretic motion, it took 1-2 h to acquire the steady particle
distribution. It is seen that for particles with volume fraction cv smaller than 0.009 %,
they accumulate to the cold region and show a thermophobic behaviour. Such
thermophobic behaviour of 500 nm PS beads has been reported in the many studies [9,
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13, 32]. Interestingly for particles with cv larger than 0.009 %, they accumulate to the
hot side and exhibit a thermophilic behaviour. It is clear that when increasing particle
concentration, the sign of thermophoretic coefficient DT switches from positive to
negative. Our previous research [9] reported similar sign reversion phenomenon of
thermophoretic coefficient DT of 500 nm PS beads due to collective effects. However,

Figure 6.5 Steady-state spatial distributions of the fluorescent intensity for 500 nm
hydrophobic PS particles in 0.005mM NaCl solutions. (a) to (d) respectively correspond
to the particle volume fraction cv of 0.0009%, 0.009%, 0.09% and 0.9%.

the experimental finding show that the sign switch of DT happens at a much lower
particle concentration than Zhao et al.’s case due to the very little additional salt
concentration (e.g., 0.005 mM). In Zhao et al.’s case, due to no additional electrolyte,
the EDL repulsion becomes strong and gives rise to a thermophilic behaviour. In the
present work due to the additional salt and lower particle concentration, the EDL
repulsion is so weak that its effect on thermophoresis is negligible. Therefore, in this
work a hydrophobic hydration entropic effect is proposed to explain the thermophilic
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behaviour of non-interacting charged hydrophobic particles in dilute electrolyte
solution.
Figure 6.6 presents a comparison between the experimental thermophoretic
coefficient DT and the theoretical ones calculated from Equation (6.14) for charged
hydrophobic PS beads in very dilute electrolyte solution. The parameters involved in
the calculation include the particle  potential and the hydrophobic hydration
entropic coefficients shyd and CH . The variation tendency of  with respective to
particle volume fraction cv is fitted from Figure 5 in ref. [116] as

  0.098

0.07733  0.59133ln  cv  5.1104 
0.07733  0.59133ln  5.110 4 

V

(6.15)

When the particle concentration is very low (e.g., cv  0.001% ) the value of  from
above equation is 0.098 V , which is a measured value taken from ref. [114]. The
hydrophobic hydration entropy per unit area of particle-liquid interface is a fitting
parameter, which is chosen as shyd  4.42 109 J  m2 K  for 500 nm PS beads and
shyd  3.02 109 J  m2 K  for 720 nm PS beads. Another hydrophobic hydration

entropic coefficient

representing the

decreasing tendency with

electrolyte

concentration CH  0.38 , which is equal to the value in Figure 6.2. Our model
predicts the similar sign switch of Soret coefficients with the experimental results,
which changes from the positive sign for very dilute particles (e.g., cv  0.001% ) to
the negative sign for more concentrated particles (e.g., cv  0.1% ). Moreover, in
accordance with the experimental results for more concentrated particles, theoretical
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predictions can also capture well the non-monotonic trend of Soret coefficients with
particle concentration. It decreases with particle concentration when the particle
volume fraction cv increases from 0.0009 % to 0.09 %, and then it increases with
particle concentration after the particle volume fraction cv is above 0.09%. These
reasonably agreements suggest that, for charged hydrophobic particles in very dilute
electrolyte solution, the particle concentration effect of thermophoresis observed in
the experiment can be explained by using the proposed model.
1.6
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Figure 6.6 Comparison of the thermophoretic coefficients DT between the experimental
results and the theoretical predictions.

6.5 Summary
The experimental studies of both electrolyte concentration effects on thermophoresis
of non-interacting charged hydrophobic particles and the particle concentration effect
on thermophoresis of charged hydrophobic particles in very dilute electrolyte
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solutions are reported. The experimental investigation reveals that the concentrated
but non-interacting charged hydrophobic particles in dilute electrolyte solutions
demonstrate thermophilic behaviour.
For studying the thermophoresis of non-interacting charged particles in mixed
electrolyte solutions, a theoretical expression of thermophoretic coefficient DT with
the consideration of electrolyte concentration-dependent hydrophobic hydration
entropic effect is proposed. Thermophoresis of hydrophobic particles dispersed in
electrolyte solution is found to be on account of dielectric force, thermal induced EDL
deformation, thermoelectricity effect and hydrophobic hydration entropic effect. The
good agreement between experimental and theoretical results demonstrates that the
thermophilic behaviour of non-interacting hydrophobic particles in dilute electrolyte
solutions is due to the strong hydrophobic hydration entropic effect, when the effects
of dielectric force and EDL deformation become week due to the balance of particle
distribution-induced electric field effect, and thermoelectricity effect also is negligible
due to the too weak thermoelectrical field induced by the small value of
dimensionless electrolyte Soret coefficient  .
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CHAPTER 7: THERMAL EFFECT ON MICROCHANNEL
ELECTROOSMOTIC FLOW WITH
CONSIDERATION OF THERMODIFFUSION
7.1 Introduction
Electroosmotic flow (EOF) has found a variety of applications in micro- and nanofluidic systems, such as transporting liquid flows and manipulating liquid samples for
chemical analysis and medical diagnosis [121-123]. The wide application of EOF
stems from the fact that as the channel size shrinks down to micro-and submicron
range, it becomes increasingly difficult to utilise pressure-driven flow mode.
Moreover, EOF enjoys numerous advantages (over pressure-driven flow), including
ease of fabrication and control, no need for moving parts and hence less mechanical
failure, no noise etc. [46, 47].
In the literature, studies of the theoretical aspects of EOF have been reported in
microchannels of various cross-sectional shapes [46, 49, 124-134], and in complex
microchannel networks [135-138] as well as with heterogeneous surface conditions
[139-141]. The fundamental fluid mechanics aspects in terms of the effects of inertial
forces, pressure forces, and nonuniform wall charge on EOF were discussed by
Santiago [128]. Measurements of EOF have been carried out by using several
techniques for steady [142-144] and transient conditions [145-149]. It should be
pointed out that these theoretical and experimental works only deal with EOF under
isothermal conditions. However, an inevitable Joule heating is present in EOF
because of the electrical current generated by external electric field applied across
conducting electrolyte. Joule heating becomes profound with large electric field
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strength, high buffer solution concentration, and/or poor thermally conducting
material. The literature studies showed that the presence of Joule heating can cause
temperature rise, introduce transverse temperature gradient, resulting in the change of
electroosmotic velocity from its plug profile and also leading to a distortion of sample
band shape [86, 87, 94, 150-153]. A detailed discussion of the Joule heating and its
effects on EOF and capillary electrophoresis was reported by Xuan [154].
Furthermore, the thermal or/and Joule heating effects on EOF and heat-transfer
characteristics were studied extensively [155-160]. In addition, Joule heating induced
electrothermal effects perturbing the EOF in insulator-based DC dielectrophoresis [91,
161] and the AC EOF [89, 162] were investigated. Practically, one of the applications
involving the thermal effect on EOF is the use of so-called temperature gradient
focusing for concentrating dilute solute samples [163, 164]. In such situations, a
relatively large temperature gradient in EOF is either generated via externally applied
[163] or Joule heating [164] . Recently, embedded cooling [165] with water flow in
micro and nano-fluidic structures has been proposed for providing an effective
cooling solution to the thermal management of microelectronic systems and devices
where EOF can serve as a pumping mode and temperature difference/gradient is
present.
However, the existing theoretical models mostly describe the thermal effect on EOF
through temperature-dependent thermophysical and electrical properties such as
permittivity and viscosity etc. The phenomenon termed as ion thermodiffusion
induced by temperature gradient has not been considered in the current model
development, and thus the potential effect of ion thermodiffusion on EOF has not
been addressed. Thermodiffusion refers to the transport of ions driven by a
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temperature gradient [54], and it arises from ionic heat of transport [119]. If there is a
difference between the thermodiffusion of cations and anions, which is true for most
electrolytes, different spatial distributions of cations and anions are established and
hence, a thermoelectrical field is induced [11, 17, 19, 54, 119, 166, 167]. The
magnitude of such thermoelectric field is dependent on the magnitude of temperature
gradient which usually is not very big in relatively large sized channels and thus, may
not be significant.
To the best knowledge, there is no literature studies reporting the ion thermodiffusion
effect on EOF in the presence of imposed temperature difference/gradient. The only
exceptional case is a recent work by Ghonge et al. [168] who considered the effect of
thermodiffusion induced by an imposed axial temperature gradient on streaming
potential in a pressure driven flow. Through solving their proposed model numerically,
they found that the thermodiffusion induces a thermoelectrical field exerting on ions,
leading to noticeable effect on the streaming potential and hence on the flow rate.
However, from a practical viewpoint, the transverse temperature gradient can be
much larger than the axial temperature gradient in microchannel flows [86, 169, 170].
Therefore, this study presents a theoretical analysis of the thermal effect on EOF in a
slit channel with consideration of ion thermodiffusion induced by an imposed
transverse temperature gradient. The rest of the chapter is organised as follows. In
Section 7.2, after describing the problem formation, the analytical solutions are
derived for the temperature profile, the modified Boltzmann distribution, the electrical
potential profile and ionic distribution, as well as the electroosmotic flow field in the
slit channel. The regular perturbation method will be used to solve the nondimensionlised governing equations for the electrical potential and EOF. Section 7.3
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presents the results of parametric studies and discussion. Finally the conclusions are
drawn in the last section.

7.2 Problem formulation
Consider an EOF of symmetric electrolyte solution driven by an external electric field
applied along the axial direction of a charged slit channel as shown in Figure 7.1. The
slit channel is composed of two-parallel plates with its height 2h and length L. Both
top and bottom walls are assumed to be uniformly charged with constant zeta
potential,  , giving rise to an EDL formed near each wall. Under the applied electric
field, an EOF is developed along the axial direction of the slit channel.

Figure 7.1 Schematic diagram of a negatively charged slit microchannel with a
Cartesian coordinate system.

Moreover, a finite temperature difference is imposed at the top and bottom channel
walls with their temperatures respectively denoted as Th and Tc with Th  Tc . Under
such an applied temperature gradient, a phenomenon called ion thermodiffusion will
cause ions to re-distribute which in turn can affect the local electrical potential
distribution and hence, the EOF field.
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7.2.1 Temperature profile
For a typical EOF of its velocity of about 1 mm/s or less in a microchannel of its
characteristic dimension of 10 m, the thermal Peclet number is of the order of 10-3,
suggesting negligible convective heat transport. Moreover, for the microchannel with
a large aspect ratio of L>>2h and under the assumption of insignificant Joule heating,
the fluid temperature in the slit microchannel with previously specified two constant
wall temperatures can be described by

d 2T
0
dy 2

(7.1)

which is subject to the thermal boundary conditions: T  x, h   Tc and T  x, h   Th .
By defining the dimensionless coordinate y *  y h and the dimensionless
temperature

  T  Tc  Tref

with

the

reference

temperature

chosen

as

Tref  Th  Tc  2 , a linear temperature profile and a temperature gradient are

obtained respectively as
d
1
dy*

  y*  1

(7.2)

As mentioned previously, the presence of such temperature gradient will have effects
on the ion distributions and local electrical potential and finally on the EOF field.

7.2.2 Modified Boltzmann distribution
Since the EOF is unidirectional along the channel axial direction, the transverse
velocity component is zero. Under the transverse temperature gradient obtained in
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Section 7.2.1, the transverse ionic molar flux of the i th ionic species can be expressed
as

J i   Di

dci
dy

ci Di

zF d
dT
,
 ci Di STi
RT dy
dy

(7.3)

where Di is the mass diffusion coefficient with i  1 and i  2 respectively represent
the cations and the anions of the electrolyte solution, ci is the ionic concentration,

z  z1   z2 is the valance of symmetric electrolyte ions, R and F respectively are the
universal gas constant and the Faraday constant.   y  is the local electrical potential
due to free charges in the electrolyte but not due to the applied external electric field,
and it will be formulated in Section 7.2.3. STi  DTi Di is the ith ionic Soret coefficient
with DTi   uTD T representing the thermodiffusion coefficient and uTD denoting
the ion thermodiffusion velocity. The Soret coefficient depends on the type of ions,
for example, the Soret coefficient of sodium ion is 0.0047 K-1, ST of hydrogen ion is
0.018 K-1, ST of chloride ion is 0.00068 K-1, and ST of hydroxide ion is 0.022 K-1
[19]. At room temperature, the ionic Soret coefficients are mostly positive, which
means that under the temperature gradient, most ions accumulate from the hot region
to the cold region. Physically, the first term on the right-hand side of Equation (7.3) is
due to the diffusion process, the second term is due to electrical migration, and the
last term is due to temperature gradient induced ion thermodiffusion. Specifically, the
sign of the electrical migration for cations (i = 1) is positive, and for anions (i = 2) is
negative.
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As ions cannot penetrate through the solid surfaces, at the steady-state conditions, the
transverse ionic transport due to above-mentioned three mechanisms should lead to
zero flux, J i  0 [48].
1

1 Q*i    ln    
1 
The i ionic Soret coefficient is expressed as STi 
, where

2T k BT    ln m T 
th

Q*i is the molar heat of transport of the ith ions, and Q*i kBT represents the
dimensionless molar heat of transport,   is the mean ionic activity coefficient on a
molarity scale m . Thus, the Soret coefficient ST i can be normalised as STi*  STiTc .
With the ion concentration normalised as ci*  ci c0 (c0 is the ionic bulk concentration)
and the electrical potential   zF RTc , the Equation (7.3) can be expressed in a
dimensionless form as

dci*
ci* d  *
d
Ji  * 
 ci  T STi* *  0 ,
*
dy  T   1 dy
dy
*

*
where J i  

(7.4)

Tref
hJ i
is the dimensionless molar flux and  T 
is a dimensionless
c0 Di
Tc

parameter related to the imposed temperature difference between the top and bottom
walls of the slit channel.
The concentration distributions of both cations and anions can be solved from
Equation (7.4) as follows:



d

d * 
*
*
ci*  exp 
T * 
dy

S

y ,
Ti T
2
*
 T  1

dy
dy



1


T


165

(7.5)

CHAPTER 7
Equation (7.5) is the modified Boltzmann distributions of ions. In particular, the first
term in the exponential function is the well-known Boltzmann distribution, the second
term represents the deviation of the Boltzmann distribution due to temperature field,
and the third term accounts for the ion thermodiffusion [17].
Then the dimensionless free charge density can be expressed as

 e* 


zF  c1  c2 

d

d * 
*
*
 c1*  c2*  exp  
 T * 
dy

S

y 
T1 T
2
*
 T  1

zFc0
dy
dy



1


T


 
d

d * 
*
*
 exp 
 T * 
dy

S

y 
T2 T
2
*
 T  1

dy
dy



1


T


(7.6)

Under the assumptions of small imposed temperature difference and low zeta
potential, Equation (7.6) can be simplified as

e*  2

where  TD 


d

 2 T * 
dy*  2 TD y*
2
T  1
dy   T   1

(7.7)

ST 1*  ST 2* d 
S *  ST 2*
 T * , in which T 1
is the difference between the
2
2
dy

dimensionless Soret coefficients of cations and anions. On the right-hand side of
Equation (7.7), 2TD y* denotes the dimensionless ion thermodiffusion induced
electrical charge.

7.2.3 Electrical potential profile and ionic distribution
Under the assumptions of negligible EOF convection effect and decoupling the
applied electrical field from the free charge induced electric field, the theory of
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electrostatics relates the electrical potential distribution,   y  to the free charge
density obtained in Equation (7.7) through the Poisson equation [48]



d  d 

  e
dy  dy 

(7.8)

where  is the temperature-dependent fluid permittivity.
Using the defined dimensionless electrical potential and dimensionless ion
concentration and substituting the dimensionless free charge density, Equation (7.8) is
rewritten in a dimensionless form as
2

2
d * d 

d

* d 
 *

  ref h   
 T * 
dy*   TD y*  (7.9)
2
*
*2
 T  1

dy dy
dy
dy   T   1



Equation (7.9) is associated with the dimensionless zeta potential boundary conditions
as  y* 1   * .
In Equation (7.9) the dimensionless fluid permittivity  * is normalised by the
reference permittivity  ref based on the cold wall temperature Tc . The expressions of
 * and  ref are provided in Table 7.1, with the variation coefficient of permittivity

with temperature as C  0.004Tc and  ref  2 z 2 F 2 c0  ref RTc as the inverse of
Debye length based on Tc .
Now seek for analytical solutions to Equation (7.9) by using the regular perturbation
method. For small  T (i.e.,  T  0.1 ), the linearised expression of dimensionless
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permittivity  * is given in Table 7.1, and the dimensionless electrical potential can be
expressed as
   0   T 1    T 2 

(7.10)

By neglecting higher order terms of  T , the two equations respectively governing  0
and 1 are derived as follows:
Table 7.1 Thermophysical and dielectrical properties of the electrolyte solution are
assumed to be the same as those of water [171].
The reference properties
 ref (F/m)

expressions
305.7  8.85 1012 exp  C 

ref (kg/ms)

2.761  106 exp  C 

The dimensionless properties

expressions
exp   T C 


*

*

exp    T C    T   1 

The linearized properties

expressions
1   T C 
1   T C 


*

*

2
2
d 20
  ref h   0   ref h   TD y*
*2
dy

(7.11a)

2
d 20
d 2 1
d  d 0
  ref h  1  C *
  C  1  *2
dy*2
dy dy*
dy
(7.11b)
2 d
2
0
*
*
  ref h 
dy   ref h   TD y
dy*    T   12

where C  0.004Tc is a non-dimensional coefficient accounting for temperaturedependent liquid permittivity provided in Table 7.1.
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It is also straightforward to obtain the respective boundary conditions for  0 and 1
as

 0 y*1   *

(7.12a)

1 y*1  0

(7.12b)

Equations (7.11a) and (7.11b) subject to the boundary conditions given in Equations
(7.12a) and (7.12b) can be integrated separately to obtain analytical solutions for  0
and 1 . Substituting the solutions of  0 and 1 into Equation (7.10) gives the
following electrical potential profile in terms of the ratio   * of the dimensionless
electrical potential to the dimensionless zeta potential as




*

 *

no_th

 *

th

(7.13)

In Equation (7.13) the ratio  *
of the dimensionless electrical potential without
no_th
thermal effect to the dimensionless zeta potential is



*
no_th



cosh  ref hy* 
cosh  ref h 

(7.14)

and the ratio of the thermal effect induced dimensionless electrical potential to the
dimensionless zeta potential is

*

th

 *

TD
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where the first term  *

TD

on the right-hand side of Equation (7.15) is the ratio of the

ion thermodiffusion induced dimensionless electrical potential to the dimensionless
zeta potential

*

TD

















*
*
 sinh  ref hy 

C  2  cosh  ref hy  
*
1 

 y  T


2
 ref h   cosh  ref h  
 sinh  ref h 



*
*


C  1  * sinh  ref hy  cosh  ref hy  
y


  T



4
sinh

h
cosh

h




ref
ref






*
*
sinh  ref hy 
cosh  ref hy 

*
*
*
 ETD   T
 T
  T y 1  y 

sinh  ref h 
cosh  ref h 




 1

cosh  ref hy* 
1





2
2


  ref h   ref h  cosh  ref h 

  T



    12  *2

*
*
T
y
y* sinh  ref hy  cosh  ref hy  








 2
2 sinh  ref h 
cosh  ref h  





*

cosh  ref hy    (7.16)
*
*2

  2 y  y  1


cosh

h




ref
   T  h  C  1 coth  h  


ref
*
 4 ref
sinh

hy


 ref 

 2




sinh

h
 ref 




and the second term is the ratio of the temperature-dependence of permittivity induced
dimensionless electrical potential to the dimensionless zeta potential
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 cosh  ref hy*  sinh  ref hy*  

  C  1  y*



4
cosh

h
sinh

h




ref
ref


*
 cosh  ref hy  sinh  ref hy*  
T
1
 y*



2

2   T  1 
cosh

h
sinh

h




ref
ref



sinh  ref hy*  
*
*2
  2 y  y  1

sinh  ref h  

T
  C  1  ref h tanh  ref h  

*
4
 cosh  ref hy 

 2



c
os
h

h


ref



T

*
T

(7.17)

In Equation (7.16), ETD*  TD  * denotes the dimensionless ion thermodiffusion
induced electrical field normalised by  h . In a channel with negative charged walls
(i.e.,  *  0 ), when the cationic Soret coefficient is larger than the anionic one (e.g.,
NaCl electrolyte), ETD*  0 , and when the cationic Soret coefficient is smaller than
the anionic one (e.g., NaHCO3 electrolyte), ETD*  0 .
Differentiating Equation (7.13) with respect to y * and making use of Equations
(7.14-7.17), a dimensionless transverse electrical field is obtained for a limiting case
of thin EDLs (i.e.,  ref h   )

ETE*

*



d  dy*

*



 ETD* 1   T 1  2 y* 
 ref h 



(7.18)

Equation (7.18) shows that the magnitude of ion thermodiffusion induced
thermoelectrical

field

ETE*  *

is

proportional

to

the

dimensionless

ion

thermodiffusion induced electrical field ETD* , and it increases linearly with y * . In a
channel with negative charged walls (i.e.,  *  0 ), the direction of the ion
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thermodiffusion induced thermoelectrical field ETE* is along the imposed temperature
gradient, and it points to the hot region when ETD*  0 and to the cold region when

ETD*  0 .
Based on the modified Boltzmann Equation (7.6), together with Equations (7.12-7.17),
the dimensionless ionic distribution is given by



 sinh  ref hy* 

*
*

 ETD* 

 y   T 1 TD  y  
 sinh  ref h 









*

 

2




cosh  ref hy 
1

  T d * ETD*   y  1 



 2  ref h  sinh  ref h 
sinh  ref h     
 *   T  1 dy





    1   cosh  hy*

 ref     y* 
ci*  exp  T



T
1 T

  cosh  ref h 



 

*

 

sinh

hy
 ref 
d 1

 T

  T  1 dy*  ref h cosh  ref h 





d *


*
  STi  T dy* y



(7.19)

Equation (7.19) shows that the ionic distribution is not only related to the
dimensionless ion thermodiffusion induced electrical field ETD* , but also depends on
the dimensionless ionic Soret coefficient STi* .

7.2.4 Electroosmotic flow field
Due to small Reynolds number and large aspect ratio of L>>2h, only the steady-state
EOF in fully developed region with negligible inertial effects is considered here.
Furthermore, under the assumption of incompressible Newtonian fluid, applying an

172

CHAPTER 7
applied axial electric field, Ea , gives rise a unidirectional EOF that is governed by the
Stokes equation expressed as [4, 68]

d  du  d  d 

  
 Ea  0
dy  dy  dy  dy 

(7.20)

where  is the temperature-dependent fluid viscosity. The no-slip boundary
conditions are

u y  h  0

(7.21)

Equation (7.20) as well as boundary conditions (7.21) for fluid velocity can be
rewritten in dimensionless forms as
2
d  * du*  d  * d 
* d 




0


dy*  dy*  dy* dy*
dy*2

(7.22)

u* y* 1  0

(7.23)

where the dimensionless velocity u * is normalised by a reference velocity

uref   ref ref Ea ref , and the dimensionless fluid viscosity is  *   ref with the
expressions of  ref and  * given in Table 7.1. In the expression of the reference
viscosity, C  1713 Tc is a non-dimensional coefficient accounting for temperaturedependent liquid viscosity.
Again seek for an analytical solution to the EOF velocity u * . For small values of  T
(i.e.,  T  0.1 ), the dimensionless fluid viscosity  * can be linearised as shown in
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Table 7.1, and by using the regular perturbation method an expression is obtained for
u * in the power of  T as

u*  u*0   T u*1    T 2 

(7.24)

By neglecting higher order terms of  T , the two governing equations are obtained for

u*0 and u *1 respectively as follows:
d 2 u *0 d 2  0
 *2
dy*2
dy

(7.25a)

d 2  0 d 2 1
d 2u*1
d  du*0 
d  d 0

C


C

C







dy*2
dy*  dy* 
dy* dy*
dy*2
dy*2

(7.25b)

In Equation (7.26), the first term on the right-hand side is due to the temperaturedependent viscosity, the second term is due to the electrical body force induced by the
transverse electrical field, the third term is due to the electrical body force induced by
the temperature-dependent permittivity, and the last term is due to the electrical body
force induced by the small order of the electrical potential  T 1 .
The boundary conditions for u*0 and u *1 are respectively expressed as

u*0 y* 1  0

(7.26a)

u*1 y* 1  0

(7.26b)

Through integrating the governing equations (7.25a, 7.25b) and combining the no-slip
boundary conditions (Equations (7.26a, 7.26b)), the expressions of u*0 and u *1 are
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obtained and further substituted into Equation (7.24) to get the dimensionless
electroosmotic velocity. The classic electroosmotic velocity for thin EDL cases in the
absence of thermal effect is named as the Smoluchowski slip velocity,

us    ref  Ea ref [48]. To provide a good scaling for the thermal effect induced
electroosmotic velocity, the electroosmotic velocity is re-scaled by the Smoluchowski
slip velocity as

u
u*
  *  u*
 u*
no_th
th
us


(7.27)

where the dimensionless electroosmotic velocity for the isothermal case is given as

u

*
no_th

 1

cosh  ref hy* 

(7.28)

cosh  ref h 

and the thermal effect induced dimensionless electroosmotic velocity is obtained as

u*

th

 u*

TD

 u*

(7.29)

T

In Equation (7.29), the dimensionless electroosmotic velocity induced by the ion
thermodiffusion consists of four terms:
u*

TD

 u*

TE

 u*

C _ * |TD

 u*

C _ * |TD

 u*

* |TD

(7.30)

In Equation (7.30), the first term is the dimensionless velocity induced by
thermoelectricity effect

u*

TE

  ETD* T C fu1
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The second term is the dimensionless velocity accounting for the effects of ion
thermodiffusion induced electrical potential and temperature dependent permittivity
u*

C _ * |TD

  ETD* T C f u 2

(7.32)

The third term is the dimensionless velocity accounting for the effects of ion
thermodiffusion induced electrical potential and temperature dependent viscosity
u*

C _ * |TD

 ETD* T C  fu1  fu 2 

(7.33)

And the fourth term is the dimensionless velocity due to the free charge density
induced by the electrical potential under the ion thermodiffusion effect (given by
Equation (7.16))
u*

* |TD

  *

TD

(7.34)

In Equations (7.31-7.34), the parameters f u1 and fu 2 are respectively given as
cosh  ref hy*   y*2  1
1 
 coth  ref h  

f u1 

 ref h 
2
sinh

h


ref



fu 2

*
  sinh  ref hy*  
2  cosh  ref hy 

 1  y* 

 coth  ref h    1 



 ref h sinh  ref h 
sinh  ref h  

 

In addition, without consideration of the ion thermodiffusion effect, the dimensionless
electroosmotic velocity u* T accounting for the temperature-dependent liquid
viscosity and permittivity is obtained as follows:
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u*

T

 1 
sinh  ref hy*   
*

 tanh  ref h  y 
 
  ref h 
cosh  ref h   


  cosh  ref hy*  

  *
 1  y* 
  T  C  C    1 
T


cosh  ref h  
 



*



sinh

hy
 ref   tanh  h y*  
2


 ref   
  ref h  cosh  ref h 




where the expression of  *

T

(7.35)

is given by Equation (7.17).

7.3 Results and discussion
In the previous sections, analytical expressions of electrical potential, ion
concentration, and electroosmotic velocity were derived for characterising the steadystate fully developed EOF under the effect of imposed temperature gradient in a slit
microchannel. An examination of these expressions suggests that such thermal effect
on electroosmosis is characterised by three dimensionless parameters, including

 T ,  ref h , and ETD* . Physically, the non-dimensional thermal parameter  T  Tref Tc
represents the ratio of the external temperature difference to the reference temperature.
The non-dimensional electrokinetic height  ref h characterises the ratio of the channel
height to the EDL thickness. The ion thermodiffusion induced non-dimensional
electric field ETD* 

ST 1*  ST 2* d  *
 T *  is mainly resulted from the difference of
2
dy

cationic and anionic Soret coefficients, and it is dependent on electrolyte type,
imposed temperature difference/gradient as well as the dimensionless zeta potential of
channel walls.
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In the following parametric studies, the cold wall temperature is set to be the same as
the room temperature Tc  298.15 K , and then based on their definations, the nondimensional permittivity parameter is estimated as C  1.19 and the non-dimensional
viscosity parameter is estimated as C  5.75 . Also the non-dimensional
electrokinetic height  ref h is considered to vary from 3 to 100, corresponding to a slit
channel of 1 µm in height and electrolyte ionic bulk concentration varying from

1103 mM to 1 mM. Moreover, unless otherwise specified  T  0.08 and  *  0.5
are chosen in order to satisfy the requirements in the above derivations  *  1 ,

 T C  1 , and  T C  1 .

7.3.1 Thermal effect on ionic distributions
Figures 7.2a and 7.2b respectively present the distributions of cations and anions
along the transverse direction for three different values of non-dimensional
electrokinetic height  ref h . Both cases of with and without the imposed temperature
difference(gradient) effects are considered; for the latter the choice of ETD*   0.2
means the temperature gradient induced Soret effect causes more cations than anions
to migrant from the hot side to the cold side. When there is no imposed temperature
difference (i.e.,  T  0 ), the ion distributions follows the conventional Boltzmann
distributions as shown by the dashed lines in Figure 7.2. Under an imposed
temperature difference (e.g,  T  0.08 ), the presence of such temperature gradient
induces thermodiffusion effect drives both cations and cations to the cold wall region
of the channel, giving rise to an asymmetric distribution along the transverse direction
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(see the solid lines in Figure 7.2). For large values of  ref h (e.g., 10, 100) without
EDL overlapping, in the bulk region the cationic concentration linearly decreases

(a)

(b)

Figure 7.2 Transverse distributions of the dimensionless ionic concentration ci * (given
by Equation (7.19)) for three different values of non-dimensional electrokinetic height

 ref h as 3, 10 and 100: (a) cations c1* and (b) anions c2* .

from the cold side to the hot side, with higher values in the cold region than c0 and
lower values in the hot region than c0 . Inside the EDL regions, the ion
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thermodiffusion also affects the ion distribution significantly, leading to much higher
ionic concentration near the cold wall than near the hot wall.
Figure 7.3 shows the distributions of the dimensionless free charge density e* along
the transverse direction for a thin EDL case of  ref h  100 . In the absence of imposed
temperature difference (i.e.,  T  0 as shown by the square symbols), the free charge
density distribution is symmetric. Under an imposed temperature difference (e.g.,

 T  0.08 ), ion thermodiffusion induced asymmetric ionic distribution (see Figure 7.2)
breaks the symmetry of the free charge density distribution. In particular, for
negatively charged channel walls (i.e.,  *  0 ), a negative value of ETD* (e.g.,

ETD*   0.2 as shown in the dash line) means more cations (than anions) migrate
towards the cold wall, giving rise to a larger free charge density near the cold wall and
a smaller one near the hot wall, compared to the case of  T  0 . Whereas a positive
value of ETD* , say ETD*  0.2 , indicates more anions (than cations) transport towards
the cold wall, resulting in a smaller charge density near the cold wall and a larger one
near the hot wall (see the solid line in Figure 7.3). In the bulk region, the free charge
density is close to zero; this is because the thermodiffusion effect simultaneously
drives both cations and anions from the hot side to the cold side (see Figures 7.2a and
7.2b).
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Figure 7.3 Transverse profiles of the dimensionless free charge density e* .

7.3.2 Thermal effect on electroosmotic velocity
Figure 7.4 presents the thermal effect on electroosmotic velocity for three different
values of  ref h . As a comparison, the electroosmotic velocity under the cases of no

Figure 7.4 Transverse distributions of the dimensionless electroosmotic velocity
normalised by the slip velocity u s for three different values of non-dimensional
electrokinetic height  ref h  3,10,&100 .

imposed temperature difference is plotted by dashed lines. Clearly it shows the
imposed temperature difference causes a deviation from the conventional symmetric
velocity distributions depicted by solid lines in the figure. Moreover, the presence of
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imposed temperature difference results in much faster EOF. For example, when

 T  0.08 and ETD*  0.2 , compared to the isothermal plug EOF, the thermal effect
can cause the electroosmotic velocity to reach up to 1.3 times of the slip velocity u s
for the thin EDL cases (i.e.,  ref h  10,100 ).
A question arises – why does the higher charge density near the cold wall shown in
Figure 7.3 not induce the higher electroosmotic velocity near the cold wall in Figure
7.4? Here take advantage of the analytical solution of the thermal effect induced
electroosmotic velocity u *

th

expressed by Equation (7.29), which consists of the ion

thermodiffusion induced electroosmotic velocity u *

TD

and the temperature-dependent

permittivity and viscosity induced electroosmotic velocity u* . The distributions of
T

Figure 7.5 Thermal effect on transverse profile of dimensionless electroosmotic velocity
normalised by the slip velocity u s for a thin EDL case of  ref h  100 .

both u * TD and u* T for a thin EDL case of  ref h  100 are shown in Figure 7.5. u* T
almost linearly increases from the cold wall to the hot wall along the transverse
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direction. u *

TD

is dependent on the non-dimensional ion thermodiffusion induced

electrical field ETD* . For a negatively charged slit channel (i.e.,  *  0 ), when
ETD*  0 , the ion thermodiffusion induced electroosmotic velocity exhibits a linear

distribution along the transverse direction, leading to an increment of the
electroosmotic velocity near the cold wall and a decrement near the hot wall. Such
trend is due to the ion thermodiffusion induced increase of free charge density at the
cold side and reduction at the hot side as shown in Figure 7.3. For instance, when
ETD*  0.2 and  T  0.08 , which is a case presented in Figure 7.4, u* T increases

from 0% on the cold wall (due to the same as room temperature, Tc ) to about 60 % of
the slip velocity u s on the hot wall. Meanwhile, u *

TD

also varies linearly from 20 %

increase of u s on the cold wall to slightly more than 30 % decrease of u s on the hot
wall. On the other hand, as the non-dimensional ion thermodiffusion induced
electrical field becomes positive, say ETD*  0.2 , the distribution of u * shows a
TD
mirror image of that corresponding to the case of ETD*  0.2 and  T  0.08 as
shown in Figure 7.5. Since u*

T

is independent of ETD* , the combined u * TD and u*
T

shows the electroosmotic velocity with 20 % decrease on the cold wall and near 100%
increase on the hot wall, demonstrating the significant effect of ETD* .
Included in Equation (7.30) are four terms contrbuting to the ion thermodiffusion
induced electroosmotic velocity u * TD . Figure 7.6 depicts the distributions of each
term in Equation (7.30) for the case of  ref h  100 , ETD*  0.2 and  T  0.08 . It
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shows that the thermoelectricity effect induced velocity u *
(7.31) has a negligible contribution to u *

TD

TE

(given by Equation

. The dimensionless velocity due to ion

thermodiffusion induced electrical potential and temperature dependent permittivity
u*

C _ * |TD

(Equation (7.32)) varies linearly along the transverse direction with zero

value on the cold wall and a maximum of around 3% near the hot wall. The velocity
due to ion thermodiffusion induced electrical potential and temperature dependent
viscosity u*

C _  |TD
*

(Equation (7.33)) has a negative contribution to u *

TD

. Its

magnitude increases from zero on the cold wall to a maximum around 17% near the
hot wall. The dimensionless velocity due to the free charge density induced by the
*
electrical potential with the ion thermodiffusion effect u *

(7.34) has the most significant contribution to u *

TD

expressed by Equation
TD

, and it has a positive maximum

value around 20% near the cold wall and a negative maximum value around 20% near
the hot wall. Therefore, it can be concluded that the positive value of u * TD at the cold
*
region is mainly due to u * , whereas the negative value of u * TD at the region side
TD

*
is due to u *

and u*
TD

C _ * |TD

. Also it shows the ion thermodiffusion induced

thermal effect on EOF is mainly resulted from the ion thermodiffusion which gives
rise to a large variation of free charge density in the EDL regions.
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7.4 Summary
This work reports a theoretical analysis of the thermal effect on steady, fully
developed EOF in a slit microchannel with taking into account ion thermodiffusion.
Analytical solutions for ion concentration, electrical potential and electroosmotic
velocity in the channel under the effect of an imposed transverse temperature
difference/gradient are obtained by using the regular perturbation method. The
derived analytical solutions involve three dimensionless parameters, namely  T ,  ref h ,
and ETD* . The analyses in this study show that compared to the isothermal cases
(  T  0 ), the presence of imposed transverse temperature difference/gradient leads to
much different distributions of the ion concentration, electrical potential and
electroosmotic velocity in the channel, and ultimately such thermal effect results in
faster EOF.
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The analytical solution allows one to split the thermal effect induced electroosmotic
velocity u *

th

into the ion thermodiffusion induced electroosmotic velocity u *

TD

and

the temperature-dependent permittivity and viscosity induced electroosmotic velocity

u* . It has been found that depending on the polarity of the ion thermodiffusion
T
induced non-dimensional electric field ETD* , u * can assist u * on the one side of
TD
th
the channel and hinder u *
can always aid u *

th

th

on the other side of the channel. On the other hand, u*

T

with a linear increase from the channel cold side to the channel

hot side. In addition, it has been identified that among the four terms contributing to

u*

u*

TD

TE

(expressed by Equation (7.30)), the thermoelectricity effect induced velocity
has a negligible contribution to u *

TD

. The dimensionless velocity due to the free

charge density induced by the electrical potential with the ion thermodiffusion effect

u*

*

TD

has the most significant contribution to u * TD . Finally, it can be envisioned that

the findings from the present study can not only provide insight into the thermal effect
on EOF but also furnish a better design and operation control of the microelectronic
thermal management with electroosmotic puming as well as offer an option for tuning
electroosmotic flow via imposing temperature gradient.
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CHAPTER 8: CONCLUSIONS AND FUTURE STUDIES
8.1 Contributions
Following the objectives of this study, extensive and rigorous research efforts to
advance the thermophoresis theories and better understand the thermophoresis
phenomena are performed through numerical simulations, analytical predictions, and
experimental investigations. In this study, the thermal conductivity effect on
thermophoresis

is

thoroughly

investigated,

and

a

new

development

of

thermoelectricity theory is then reported. Subsequently, a new phenomenon of particle
size dependence of thermophoresis is presented, and the electrolyte and particle
concentration effects on thermophoresis of non-interacting particles are examined. In
addition, for potential thermophoresis applications, the thermal effect on EOF with
consideration of ion thermodiffusion is analysed. Nonetheless, the major contributions
made in this thesis research can be summarised as follows:
a)

Characterisation of thermal conductivity effect on the thermophoresis of

a single charged particle in aqueous solutions.
A numerical model is developed to describe the thermal conductivity effect on the
thermophoresis of a single charged particle in aqueous solutions. The numerical
simulations of the thermal conductivity ratio of particle to liquid ranging from 0.1 to
100 show that the thermal conductivity difference between particle and liquid induces
non-linear temperature distributions in a thin region around the particle surface.
Hence, the thermal conductivity effect on thermophoresis is dependent on the relative
thickness of such non-linear temperature region to the EDL regime of the particle.
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When the thickness of the non-linear temperature region is thinner than that of
particle EDL, the thermophoretic coefficients are found to be independent of the
thermal conductivity ratio of particle to liquid, and thus the thermal conductivity
effect can be neglected. When the thickness of the non-linear temperature region is
thicker than that of particle EDL, the thermophoretic coefficient decreases with
increasing thermal conductivity ratio of particle to liquid, and thus the thermal
conductivity effect becomes significant. For the thin EDL cases, the thermophoretic
velocity is proportional to the local axial temperature gradient at the particle surface.
In addition, an analytical expression of the average dimensionless axial temperature
gradient in the EDL region is obtained, and such expression can well describe the
numerically calculated thermophoretic coefficient ratio of a charged particle to a
“normal” particle( with the same thermal conductivity as that of liquid).
b)

Characterisation of thermoelectrical effect induced thermophoresis of a

single charged particle in aqueous solutions for arbitrary EDL thickness in the
presence of linear and non-linear temperature fields.
For a single charged particle in aqueous solutions under a linear temperature field, an
analytical expression for the thermoelectrical effect induced thermophoretic
coefficient is derived for arbitrary EDL thickness, based on the linear response theory.
The analysis shows that the thermoelectrical effect induced thermophoretic coefficient
is independent of the ratio of particle radius to EDL thickness. Such prediction agrees
with the existing studies for thick EDLs, but deviates for thin EDLs. Through the
numerical analysis of thermoelectrical fields for various EDL cases, it is found that
such derivation in thin EDL cases is due to the neglect of ion thermodiffusion in the
188

CHAPTER 8
EDL region in the existing studies. Thus, both the analytical and numerical analyses
suggest that the inclusion of ion thermodiffusion in the EDL region is necessary for
calculating the thermoelectricity effect induced thermophoretic coefficient for thin
EDL cases.
On the other hand, when the temperature distribution around the particle surface
becomes non-linear, a numerical model is developed for the thermoelectrical effect
induced thermophoresis of a single charged particle in aqueous solutions. The
numerical results show that when the non-linear temperature distribution region is
thinner than EDL region, the thermoelectrical effect induced thermophoretic
coefficients is independent of the ratio of particle radius to EDL thickness. However,
when the non-linear temperature distribution region is thicker than EDL region, the
thermoelectrical effect induced thermophoretic coefficient becomes dependent on the
ratio of particle radius to EDL thickness, with the dependence related to the thermal
conductivity ratio of particle to liquid: i). When the thermal conductivity ratio of
particle to liquid is smaller than one, the thermoelectrical effect induced
thermophoretic coefficient increases with the ratio of particle radius to EDL thickness;
ii). When the thermal conductivity ratio of particle to liquid is larger than one, the
thermoelectrical effect induced thermophoretic coefficient decreases with the ratio of
particle radius to EDL thickness.
c)

Thorough study of the particle size effect on thermophoresis of dilute

hydrophobic particles in deionised water.
The thermophoresis experiments of dilute hydrophobic PS particles, with the particle
diameter ranging from 100 nm to 5 μm, dispersed in deionised water were carried out
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by using a microfluidic approach. The experimental findings reveal the following
particle size effects on the thermophoretic coefficient: for sub-microparticles, the
thermophoretic coefficients are positive, with the thermophoretic coefficient values
independent of particle size; but for microparticles, the thermophoretic coefficients
become negative, with the thermophoretic coefficient values proportional to the
particle size. To explain these experimental findings, the Duhr and Braun's analytical
model is modified with inclusion of hydrophobic hydration entropic effect. It is such
hydrophobic hydration entropic effect that gives rise to the thermophilic behaviours of
microparticles. In addition, an application of the particle size-dependent sign switch
of thermophoresis is demonstrated through separating submicron particles from
micron-sized particles.
d)

Study of both electrolyte and particle concentration effects on non-

interacting charged hydrophobic particles in electrolyte solutions.
Thermophoresis experiments were carried out for 500 nm and 720 nm hydrophobic
PS beads in NaCl electrolyte solution under effects of particle concentration and
electrolyte concentration. The experimental findings show the following electrolyte
and particle concentration effects on the thermophoretic coefficient: i) for
concentrated but non-interacting particles with a particle volume fraction of 0.9%, the
sign of thermophoretic coefficient switches from negative to positive with increasing
electrolyte concentration from 0.005 mM to 50 mM; ii) for particles dispersed in
dilute electrolyte solutions with an electrolyte concentration of 0.005 mM, the sign of
thermophoretic coefficient switches from positive to negative with increasing particle
concentration from 0.0009 % to 0.9 %. A theoretical model for the thermophoresis of
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non-interacting charged hydrophobic particles in electrolyte solutions is presented,
with considerations of EDL electrostatic interaction and electrolyte concentrationdependent

hydrophobic

hydration

entropic

effect.

A

comparison

between

experimental and theoretical results shows that the thermophilic behaviours of
concentrated but non-interacting charged hydrophobic particles in dilute electrolyte
solutions are due to the strong hydrophobic hydration entropic effect.
e)

Characterisation of thermal effect on electroosmotic flow in the

microchannels with the consideration of ion thermodiffusion.
An analytical model for the thermal effect on a steady, fully developed EOF in a slit
microchannel is formulated, which not only considers the temperature-dependent
thermophysical and electrical properties, but also includes ion thermodiffusion. Using
the regular perturbation method, the model is solved analytically to allow for
decoupling of several physical mechanisms contributing to the thermal effect on EOF.
The parametric studies show that the presence of imposed temperature
difference/gradient causes deviations of ionic concentration, electrical potential and
electroosmotic velocity profiles from their isothermal counterparts, and gives rise to a
faster EOF. It also has been found that the ion thermodiffusion induces an additional
electrical field acting on EOF. Depending on the polarity of ion thermodiffusioninduced

non-dimensional

electric

field,

the

ion

thermodiffusion

induced

electroosmotic velocity can assist/hinder the thermal effect induced electroosmotic
velocity on the one/other side of the channel.
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8.2 Recommendations for future research
Based on the results obtained in this study, future research works are recommended as
follows:
a)

Particle-wall interaction effect on thermophoresis.

Particle-wall interaction is usually encountered in thermophoresis experiments: When
a particle moves toward to the wall, the temperature field between the particle and the
wall becomes strongly non-linear. According to Chapters 3 and 4, the non-linear
temperature field effect on thermophoresis is strongly related to the relative thickness
of the non-linear temperature region around the particle surface to the EDL region.
Therefore, the non-linear temperature field induced by the particle-wall interaction
can induce a significant effect on thermophoresis. The investigation of particle-wall
interaction effect on thermophoresis can be carried out by using the similar numerical
simulation as shown in Chapters 3 and 4.
b)

Particle orientation effect on thermophoresis of rod-shaped particles.

In the literature, most theoretical studies of thermophoresis focused on spherical
particles. However, the shape of many macromolecules, such as DNA and virus, is
non-spherical. Wang et al. [172] theoretically and experimentally studied the
thermophoresis of rod-shaped particles, and it was observed that the particles are
aligned anisotropically. However, theoretical analysis in ref. [172] neglects the
orientation effect on thermophoresis. Such orientation effect on thermophoresis may
induce not only the variation of translational friction coefficient, but also lead to a
very different non-linear temperature field around the particle surfaces. As a result,
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the particle orientation effect on thermophoresis of rod-shaped particles can be
numerically studied based on the numerical models presented in Chapters 3 and 4.
c)

Particle separation using thermophoresis.

Particle separation is of importance to biological and chemical analyses, such as
cancer cell detection, drug screening, and tissue engineering. Based on the
experimental results obtained in Chapter 5, thermophoresis of hydrophobic particles
in DI water can be employed to separate the sub-microparticles from microparticles,
due to the opposite moving directions of sub-microparticles and microparticles. This
is also applicable for separation of microparticles of different particle sizes, as the
thermophoretic coefficients of microparticles are dependent on particle size. The
separated particles can be collected through EOF, which is found to become faster
under the thermal effect with the inclusion of thermodiffusion as shown in Chapter 7.
d)

Particle-solvent effect on thermophoresis.

Chapters 5 and 6 present that the hydrophobic hydration entropic effects can cause
sign switch of thermophoretic coefficient of hydrophobic particles in aqueous
solutions. Such hydrophobic hydration entropic effect is due to the interaction of
hydrophobic particle surface with water (i.e., solvent). The particle-solvent effect on
thermophoresis can also be manipulated through adding surfactants to the particle
suspensions,

which

significantly

changes

the

particle-solvent

interfacial

tension/energy. A systematic study of the particle-solvent effect on thermophoresis is
needed.
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