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SURFACE PHENOMENA IN
THERMAL FFF OF PARTICLES

S. N. Semenov

Institute of Biochemical Physics
Russian Academy of Science
117977, Moscow, Kosygin St. 4, Russia

ABSTRACT

The theory developed in this article presents the physico-
chemical mechanism of particle thermophoresis in a liquid. It is
shown, too, that polarization phenomena may play an important
role in thermophoresis. The possible role of polarization as the
reason of the features observed experimentally in the experiments
on ThFFF of particles and macromolecules is discussed.

INTRODUCTION

One object of Prof. Giddings investigation for recent years was Thermal
FFF of particles.' He also initiated my interest in this problem. As the result
of our work, the paper’ raised, where the principles of particle thermophoresis
were explained using the general theory of the phoretic movement in liquids,
which is presented in Ref. 6.
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The main aim of our paper’ was the explanation of metal particle
thermophoresis. since it was the most obscure phenomenon observed by Prof.
Giddings and Dr. Shiundu in their experiments.  The possibility of
thermophoresis for the metal particles was explained there. However, many
details of the experimental data observed in Refs. 1-4 are still unexplained.
This is the situation. which emphases the degree of originality and importance
of these experiments.  The unexplained features of particle thermophoresis
can be formulated. roughly, as the following:

a) the particle thermophoretic mobilitics depend on the particle
size, while the theory developed in Ref. 5 does not predict such a
dependence:

b) the particle thermophoretic mobilities increase as the salt
concentration incrcases in the carricr liquid, while the theory
devcloped in Ref. 5 does not predict such a dependence: and

c¢) different thermophoretic properties of the polymer particles
and the polvmer chains of the same chemical composition: in
contrast to the particles, the thermophoretic mobilities of the
polymer chains practically do not depend on the chain length and
the salt concentration in the outer liquid.

The aim of this paper is to provide more a complete theory of
thermophoresis in a liquid which may. at least qualitatively, explain the above-
mentioned details observed in experiments.

There is a way (o explain the above features of particle thermophoresis. It
is thc accounting of the surfactant concentration gradient along the particle
surface. caused by its movement in thermophoresis. Due to the tangential
transport of the surfactant ions or molecules in the particle surface layer, the
cxchange of surfactant should exist between this surface laver and the outer
liquid to compensate the drain of the former and to maintain the stationary
surfactant concentration.

This phenomenon. called concentration polarization, is known widely in
the theory of particle electrophoresis.® Both electrophoresis and thermophoresis
are related phenomena. which are surface-driven.®®  Since the concentration
polarization plavs an important role in electrophoresis, where it significantly
changes the particle electrophoretic mobility, and where its degree depends on
the particle sizc, we may hope that its role in thermophoresis also should be a
significant one.
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According to the current theory, the phoretic movement is due to the
osmotic pressure gradient or the electrostatic force in the surface layer, where
surfactant molecules or ions are accumulated. An electrostatic force acts on the
non-compensated diffuse electric charge which exists in the double electric
layers when the particle is suspended in an electrolyte. The osmotic pressure
gradient may be due to both macroscopic temperature and surfactant
concentration gradient. As a result, the “slipping” of the liquid in the surface
layer arises, which Icads either to particle phoresis or to the osmotic flow of the
liquid, when the solid surface can not move. To derive the particle
thermophoretic velocity we should solve four related mathematical problems:

a) derivation of the temperature distribution around the spherical
particle in the outer constant temperature gradient;

b) derivation of the flow velocity profile in the surface layer;
¢) derivation of the surfactant concentration distribution; and
d) derivation of the particle thermophoretic velocity.

To simplify the examination, we neglect the electric fields which may
arise around the particle due to the concentration gradients of electrolyte, and
examine the situation where the single type of the surfactant is accumulated in
the surface layer with the concentration high enough.

TEMPERATURE GRADIENT AROUND THE PARTICLE

This problem is discussed widely in the literature,” and we present, here,
only the statement of the problem and the main results.

One supposes that the temperature distributions inside and outside a
particle ( 7, and 7, respectively) have the dipole form

T, = VT-r-cos3 1)

M
T, =Ty +V;T-r-cos$ +—-cos9 Q)
T

where 7, is the temperature at the center of the particle, 7 is the distance from

its center, 3 is the angle between the vector 7 and the outer temperature
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gradient VT, M~ is the temperature “dipole moment” of the particle, and
V;T is the internal temperature gradient in the particle, which should be
determined.

On the particle surface, at r = R, we have the boundary conditions

Ti = Te (3)

)

where € and 6, are the thermal conductivities of the particle and the external
liquid, respectively. Expressions 1-4 give the complete picture of the
temperature distribution. In further calculations, we need only the outer
temperature distribution

r n-1R?
T, = VT-R-cos9| —+ — )
R n+2 rz
where
n=li
0

is the ratio of the thermal conductivities.

In the thin surface layer, where a significant osmotic pressure arises, we
will use the coordinate v =r—R << R. According to Expressionn 3, in this

thin layer, the temperature gradient can be written as

VT =+ ging VT (1+nlj 6)
R 29 2+n R

Usually, the particles have thermal conductivities comparable to the liquids’
(normal particles) or exceeding them significantly (metal particles).
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FLOW VELOCITY PROFILE IN THE SURFACE LAYER AND
THE PARTICLE THERMOPHORETIC VELOCITY

The flow velocity profile in the thin surface layer is defined by the Navier-
Stokes equations in the form®®

o*u, L)
TIE;“- e (N
%:—c(y,z)%j—’ ®)

where 77 is the dynamic viscosity of a liquid, #, is its tangential velocity, p
is the pressure, z = K9 is the tangential surface coordinate, ¢ is the
concentration of the of surfactant molecules dissolved in the liquid, and @ is

the surface potential of this surfactant molecule.

Equation 8 expresses the condition of the hydrostatic equilibrium across the
surface layer. Near the particle surface, a quasi-thermodynamic equilibrium is
also established, and the surfactant concentration distribution is the
Boltzmannian one®’

__9)
oy, z)=cos(y. 2)e K1(y-2) )]

where kT is thermal energy and ¢, is the surfactant concentration at the

distance y<<R from the particle surface, but, outside the surface layer.
Equation 8, in combination with Expression 9, gives the excess pressure
distribution in the surface layer

@
P=D, +chos[e kT _ IJ (10)

where p, is the “outer” pressure in the liquid far from the particle.

Substituting the pressure distribution given by Expression 10 into Eqn. 7,
we have equation
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2 - AV D,

3 CostRoZ) | —7x Ny.z)| ...

n( uzz :kTULO“( '])'e l\'T_l +kco(_(__}"/) ¢ I\IL2+I),]
o \ KT

(rn

Writing Eqn. 11. we assume that the longitudinal concentration and
tcmperature gradients arc too small to cause the changes of temperaturc and
concentration comparable to their mean values. We also neglect the sccond
powers and the mathematical products of the gradicnts. Thesc assumptions are
used in the further derivations. too. The boundary conditions to Eqn. 10 can be
written as”

u, =0 at y=0 (12)
auy, 0 A

Using boundary conditions given by Expression 12, the flow profile in the
particle surface layer can be writicn as

D(y")
u,.(&%):ﬁ—iﬁf jdx J'dv' o J[

Y V' )

3ke VT | ’ ( 2R

—sinY C—‘-’»-’Idy'fd_v”kh—nl‘)C K
n(2 +n) g R

(13)

where Expression 6 for the temperature gradient is used. The slipping velocity
of the liquid in the whole surface laver can be written as

3ke, VT / , ay)
+—C—°——jydyL1+n}E) ¢ KT {Mﬂ ~1lsing (14)
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where integration by parts of Expression 13 is used. It is shown in Ref. 5 that
the particle thermophoretic velocity #, and the slipping velocity (Expression
14), which can be written in the form

Ug = Uy - Sind
are interconnected by the relationship

Ut =Ug0 (15)

The structure of the slipping velocity and thermophoretic velocity contains
two terms corresponding to thermophoresis and diffusiophoresis in the
concentration gradient due to the particle movement in the temperature
gradient. This secondary concentration gradient may significantly change the

movement of the particle. To derive it, we should formulate the appropriate
equations.

SURFACTANT CONCENTRATION DISTRIBUTION
AROUND THE PARTICLE

If the thermophoretic movement of the particle is stationary and slow
enough, the convection-diffusion equation for the surfactant concentration can
be written in the form

div grad ¢, =0 (16)

and its solution may be found as the "dipole" concentration distribution

M
Cos(T.8) = ¢ +—7cos§ )
r

Expressions 16 and 17 are valid outside the particle surface layer. However,
the equation expressing the stationary state of the surfactant concentration
distribution in the stationary particle movement should be true, both in the
particle surface layer and outside it. Such an equation can be written as

div j =0 (18)
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where
]:ﬁ-c—D~gradc 19)

is the surfactant flux. Here, ) is the diffusion coefficient of the surfactant

molecules and # is their velocity. If the particle surface layer is thin enough
(the question "how much is thin?" will be discussed later), we can formulate the
boundary condition to Eqn. 16 using Eqn. 19. As shown in Refs. 6, 7, 8, this
boundary condition can be formulated as

aCOS
or

D

|r=g = divj; (20)

where

is = [sdy @
0

is the total excess transport of the surfactant in the surface layer and

(y)

0z T o0z kT

(22)

is the longitudinal excess flux of the surfactant in the particle surface layer.

Further, we will discuss the most interesting situation for ThFFF, where
the surface potential well is deep enough and we can assume that

e
e kT >»1 (23)

In this situation. we also can approximate the real potential distribution by
expression

@ '_zj
KT 80( @4
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where &, is he depth of the surface potential well in A7 units and % is its

characteristic width. This assumption (Expression 23) and approximation
(Expression 24), together with Expressions 13, 17 and 20-22, allow us to write
the equation defining the concentration "dipole moment" A7,

'

M KT Mo T 2 F % ¥
- 30 __% ce4 J'e hdyjdy'fdy"e h _
R T]D R 4] 0 o
3k 2VT 280 o _SOX y y' _SOX: " 1"
T VIE € dyIdy'Idy"e h (1+nl—j l—so(l—y—) +
n(2 +m)RD ) R h
M €4 © —801 €4 *® —g X
e’ Ie hdy—c—"—3VTLJ'e Oh(l+n1—jso(l—zh)dy
R4 . T 2+nR 5 R

(25)

After much algebra, this equation allows us to derive the concentration "dipole
moment' as

e, — 1+ nh €9 —2)+2¢p8-Rel 2e, -5+ nh 3eq — 10
3 o 0 o 0
_ 3¢ kVIR Rel eoR goR
¢ (2+n)T 2 + Rel + 495 - Rel?
(26)
where the reduced parameters are introduced

€o

Rel =2 Q7
e, R

o]

is the criterion of the concentration polarization degree of the particle,

4nd?
®=c, “3 (28)

is the volume fraction of the surfactant molecules or ions having the radius d ;
and

5-M-R (29)
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is the parameter characterizing the ratio of the main sizes considered in the
problem. Deriving Expression 26, we also used the known Stokes expression
for the diffusion coefficient:

PP (30)
onnd

Besides the above mentioned parameters, Expression 26 also contains the

parameter

~~~~~~ 31

which is small. when the particle/liquid ratio of the thermal conductivities is
about 1. and it should be large for metal particles having high thermal
conductivities.  This parameter characterizes the role of the transverse
temperature distribution in particle thermophoresis. We can consider these
situations scparatcly for the normal particles:

3¢, VTR? et 1+2¢-8-Rel(2e, - 5)
; (§]

Mc,\' - (32)
T(2 + n) 2 +Rel+4¢-3-Rel?
and for the metal particles:
; £, ~2+2¢-5-Rel(3s, —10
Moy = 3c, VLR D _peyfe @ (35, ~10) (33)
T 5.R 2+Rel+49-5-Rel?
DISCUSSION

Expressions 32 and 33 allow, after substitution into Expression 14, where
Expression 17 is taken into account. to write the thermophorctic velocities for
normal and metal particles

_ 3¢,kVT hZe®o [ Rel[a0 -1+2¢-3-(28, -5) Rel]

Upy = — 3-8, +
n(2+n) szg L ° 2+Rcl+4(p-5Re12
34




11: 46 24 January 2011

Downl oaded At:

SURFACE PHENOMENA IN THERMAL FFF 2697

Uy =

3¢, kVT hle® s ) Rel[s(, -2+2¢-3-Rel(3e, - 10)]
—_— -g,)+
n s?,R ° 2+Rel+4cp-6Re:l2
(35
At small values of criterion Rel, the thermophoretic velocities of both normal
and metal particles are negative, i.e., particles should be driven to the cold wall

of the FFF channel.

We can determine, roughly, the regimes of the thermophoresis with the
concentration polarization as:

a) non-polartzation regime, where
Rel <<1;
b) first transition regime, where
Rel =1,
¢) regime with the moderately large values of criterion Rel, where
1 <<Rel << (4(p'5)_1,
in this regime, as shown in the cxact analysis of the Expressions 25 and
26, the convective transport of surfactant in the particle surface layer

can be neglected as compared to the diffusional transport;

d) second transition regime, where
Rel~ (4¢-3) ",

in this regime, both the convective and diffusion transport of surfactant
in the particle surface layer are important;

¢) regime of very large Rel values, where
Rel >> (49-3) 7",

in this regime, convective transport in the particle surface layer prevails.
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Of course. the above classification is valid only at
4¢p-0 << 1,

which condition seems to be true for the wide range of the experimental
situations in FFF.'°

The approximating expressions for the terms in the figure brackets of
Expressions 34 and 35. which arc designated as fy(e,.5,¢,Rel) and

fu (s:o,é‘).cp,Rel), correspondly, for the above mentioned regimes are

represented in Table 1. The data represented in Table 1 show the transition
from the negative thermophoresis at Rel << 1 (no polarization, particles are
driven to the cold wall) to the positive one at Rel ~1 (moderate polarization,
particles arc driven to the hot wall). As criterion Rel increases, the
isopolarization statc may come on, where the particle thermophoretic velocity is
cqual to zero. For the normal particles, it occurs at

€y —3
R(‘lli = —“—2 (36)

o}

and for the metal ones, at

Hd-¢
70

(37

Taking into account the range of validity for the approximation by
Expressions 23 and 24, based on the assumption concerning the deep surface
potential well, we can define the range of £, values, where the isopolarization
state is possible, for the metal particles, as

5<g, <6 (38)

This is the range which is narrow enough, and we can suppose that metal
particles should have the isopolarization state rather rarely. However, taking
into account the large values of parameter & , which are characteristic for
metals,'’ the metal particles should be strongly polarized and they should be
driven to the cold channel wall. In the experiments on ThFFF, where particles
of different sizes made of the same material were analyzed, one can observe

different situations represented in Table 1, since there are different particles
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Table 1

Approximate Expressions for the Terms in the
Figure Brackets of Expressions 34 and 35

Regime fN(so,S,(p,Rel) fum (80,8,(p,Rel)
a)Rel <<1; 3-¢, 2(4_80)
b) Rel=1 _IR Rel
3-g, +—(S° JRe ( —eo)+—(8° JRe
2+Rel 2 +Rel
¢) 1<<Rel <<(4(p-8)_1 2 6-¢
d) Rel ~(4¢-3)”" See Exprn 34 See Exprn 35
e) Rel >> (4(p-5)_1 1 6-¢,
2 2

having the same parameters of the surface potential wall &, and / should

have different values of criterion Rel corresponding to the size. If Expression
35 is valid, the behavior of the both metal and normal particles in the various
polarization regimes should be similar. The main difference between the

normal and metal particles is the factor in the dependence of the

€y

thermophoretic velocity on the particle radius for the latter ones.  As the
particle size decreases, its thermophoretic velocity, which is negative at
Rel <<1 increases up to zero at Rel;, then it increases further with the size
decrease up to transition to regime c), reaches the maximum and decrease in
respect to this maximum in regime €). For metal particles with £, > 6, the

monotonous increase of the thermophoretic velocity modulus with the size

decrease should be observed due to factor Due to high values of the

€o

Hamaker constant for metals, just this dependence should be the most common
one.
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Since the ThFFF experiments are carried out with polymer and silica
particles, which can be considered as the normal ones, we examine the normal
particles in detail, in an attempt to explain the experimental data.  The
possible ranges of values for the parameters €,,h,3,¢,Rel are discussed in
Ref. 10, where the possibility of all the above mentioned polarization regimes
is shown.

The experimental data of [Ref 1| show a nonlinear, slow increase of the
ThFFF retention with the particle diameter. For the particles being the objects
of the experiments reported.'™ the retention can be written as

Ret = %‘3 (39)

where Pe is the transverse Peclet number

pe = 28T (40)

D,

b7 is the particle thermophoretic mobility (thermophoretic velocity in the unit
temperature gradient), AT is the temperature drop over the half-width of the
channel, and D, is the particle diffusion coefficient, which depends on the
particle radius as Expression 30 shows. Thus, the dependencies observed in
[Ref. 1] correspond to a slow decrease of the particle thermophoretic mobility
modulus with the increase of its size.

As Table [ shows, such a dependence corresponds to regimes b), or d),
where the modulus of the particle thermophoretic mobility increases with the
particle radius. In the first case. the particle must have the Rel values lower
than Rel;. In principle, regimes b) and d) can be differentiated. if one knows

whether particles are driven to the cold wall or to the hot one. However. we
had not found such information in [Refs. 1-4].

The effect of the salt addition observed in [Ref.1] also may provide certain

arguments pro regime b). The salt addition decreases the Debyve length, which
1

depends on the ion concentration €, as ¢; 7 . In this way. the Rel values are
decreasing too, and particles obtain higher thermophoretic velocity. either by
transition into regime a) or into regime c¢), moving away from the
isopolarization state. Also. the effect of the salt addition mav be explained by
the sharp incrcase in the surface potential due to ion’s adsorption but, in this
case, some new questions arise. In this number, one cannot explain why the
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particles and macromolecules of the same material exhibit so different
thermophoretic properties. An explanation can be found if we assume that the
“particles”’-monomers, which comprise the polymer chain, are strongly
polarized. Using the data of Table 1, and above-mentioned dependence of the
width of the surface potential well in ¢lectrolytes, i.e., the Debye length, on the
ion’s concentration

and assuming that the salt added to solvent is the strong surfactant, i.e.,
€, & €, , one can see that the thermophoretic velocity of the strongly polarized

particle both in regimes ¢) and e) should not depend on the electrolyte
concentration. In this way, the macromolecules move in the temperature
gradient as a set of small, strongly porarized particles, interconnected by the
elastic forces. However, these strongly polarized particles should be driven to
the hot channel wall, while the most of the macromolecules are driven to the
cold one. Among many others, this feature of the macromolecule
thermophoresis needs further explanation.

The hypothesis discussed in [Ref. 2], where the effect of the salt addition
is explained by the decrease of the particle-wall repulsion layer, should not be
valid, becausc this effect must be important for both the particles and
macromolecules, which have the same Debye screening layer and should have
the same repulsion interaction with the wall.

CONCLUSION

The theory developed shows the physico-chemical mechanism of particle
thermophoresis in a liquid. It shows, too, that the polarization phenomena may
play an important role in the thermophoresis. The polarization also may be the
reason for the features observed experimentally in the ThFFF of particles and
macromolecules.
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