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1 Introduction

Temperature induced migration of interacting
charged colloidal particles: an irreversible
thermodynamics approach

J. K. G. Dhont @ *? and W. J. Briels*®®

The migration of particles induced by spatial gradients in temperature is commonly referred to as
thermophoresis, thermodiffusion, thermal diffusion, or the (Ludwig-)Soret effect. The force on colloidal
particles that drives such a migration depends on the response to variations in temperature, both of
single particles and of interactions between particles. A distinction can thus be made between single-
particle and collective contributions to the thermophoretic force experienced by a colloidal particle.
There is as yet no systematic theory for thermophoresis of charged colloids that accounts for the
collective contribution due to interactions between charged colloids. In a previous study, we developed
an irreversible thermodynamics approach for uncharged colloids [J. K. G. Dhont and W. J. Briels,
J. Colloid Interface Sci., 2024, 666, 457]. In the present study we extend this approach to account for
interactions between charged colloids, which includes additional fluxes of ions. Enslavement of ion
fluxes to the relatively slowly evolving concentration profile of the colloids, and an approximate
evaluation of the heat-of-transfer, leads to microscopic, particle-based expressions for the thermo-
diffusion coefficient and the Soret coefficient. In addition, an explicit expression for the macroscopic
thermoelectric field is derived, which gives rise to a thermoelectrophoretic force. A comparison to
existing experimental thermophoresis experiments is presented.

suspensions has been put forward. The main focus of this
previous theoretical research is concerned with thermodiffusion

The very first study on temperature-gradient induced mass
transport stems from Ludwig in 1856, who referred to the
phenomenon as ‘“hydrodiffusion”. In a one-page report (in
German), a single measurement is performed on a sodium
sulphate solution.' About two decades later, quite extensive and
systematic studies were published by Soret (in French) on
various types of salts.>™ Since then, many experiments have
been performed on other types of molecular systems. With the
advent of microfluidics, single-particle imaging, and several
different types of optical techniques, thermodiffusion of macro-
molecular systems gained scientific interest over the last few
decades. Overviews of these techniques and/or experimental
results on many different macromolecular systems can be found,
for example, in ref. 5-11.

Accompanying these experimental developments, a large
body of theoretical work specifically aiming at colloidal
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of single colloidal particles, in which case the concentration of
colloids is sufficiently low to neglect contributions arising from
interactions between the colloids. Single-particle theories and
experiments include the contribution of an electric double layer
of charged colloids to thermodiffusion,’*>' of Marangoni-
related interfacial forces,>>* and of solvated uncharged
colloids.>*>?°

As yet, there is no systematic theory that accounts for the
contribution to thermodiffusion due to interactions between
charged colloids. There are only a few theoretical studies of the
effect of inter-colloidal interactions on thermodiffusion. In ref. 27
and 28, the force between charged colloids is assumed to be given
by the spatial gradient of a temperature dependent mean-field
potential. As will be discussed later, however, the force due to
interactions is non-conservative. In ref. 8, 24 and 29-31, the force
of a colloid is related to the spatial derivative of the equation-of-
state pressure (which is referred to in these references as the
osmotic pressure). As will be shown, this expression omits the
contribution from the heat-of-transfer.

The only published experimental thermophoresis data for
charged colloids where interaction effects are probed are on
micellar sodium dodecyl sulphate (SDS) systems'>*°> and
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charged silica spheres.*® As for the uncharged sticky-sphere
colloids,** a strong concentration and temperature dependence
due to colloid-colloid interactions is found. Due to the lack of
full characterization of these systems, an accurate quantitative
comparison to the present theory is not possible. The experi-
ments on micellar SDS systems can only be compared to some
extent to the present theory.

In all of the abovementioned experiments and theories, a
prescribed and time independent externally imposed temperature
gradient is applied. In the irreversible thermodynamics approach
described in this paper we will also consider the situation where
such an externally imposed temperature is present.

The present study is solely concerned with the effects of
colloid-colloid interactions on thermophoresis. For single-
colloidal particle thermophoresis, interactions between solvent
and solute molecules with a colloidal particle surface are highly
significant. The corresponding interfacial thermophoretic phe-
nomenon renders the irreversible thermodynamics approach
discussed in the present study not meaningful for single-
particle thermophoresis. We do, however, include single-
particle thermophoretic forces in our theory as an unspecified
additional contribution to those resulting from colloid-colloid
interactions. In a comparison of our theory to experiments, the
single-particle contribution must be obtained from either a
specific theory for single-particle thermophoresis (see the refer-
ences above), or from an extrapolation of experimental data to
zero colloid concentration.

Fig. 1 is an overview of the content of this study. The
thermophoretic force on a charged colloid particle due to
colloid-colloid interactions is derived in Section 2. As indicated
in Fig. 1, the derivation consists of several consecutive steps,
starting from Onsager’s irreversible thermodynamics flux-force
relations, which are formulated in Section 2.1. In the first step
2.2 the fluxes of solvent molecules and small ions are related to
that of the colloid flux. These so-called enslavement relations
are used in the subsequent step 2.3 to eliminate the solvent and
salt fluxes to arrive at an effective one-component flux-force
relation for the double-layer-dressed colloids. In the next step
2.4, the thermophoretic force is expressed in terms of gradients
of the colloid pressure (not to be confused with the osmotic
pressure) and the colloid heat-of-transfer. Separating out the
mechanical forces due to pressure variations allows us to derive
an explicit expression for the colloid heat-of-transfer in the
subsequent step 2.5. We find a contribution to the thermo-
phoretic force on a charged colloid due to colloid-colloid
interactions that has not been considered before, which we
refer to as the thermophoretic interaction force. There is also
an electrophoretic force due to a macroscopic electric field
generated by the spatially varying temperature and colloid
concentration, commonly referred to as thermoelectricity. The
origin of this electric field and an expression for it is derived in
Section 3. Microscopic expressions for the Soret coefficient and
thermodiffusion coefficient in terms of the pair-correlation
function and the pair-interaction potential are then given in
Section 4, which in principle allow for a microscopic, particle-
based comparison of our theory with experiments. Finally,
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Section 2

Calculation of the thermophoretic force due to
colloid-colloid interactions

Subsection 2.1
Onsager’s flux-force relations for a four-component
simple mixture: solvent molecules, two types of small
ions, and big ions (the colloidal cores)

Subsection 2.2
Enslavement of fluxes of solvent and small ions by the
colliod flux

Subsection 2.3
Reduction of the four-component flux-force relations to
an effective one-component flux-force relation

Subsection 2.4
Expression for the thermophoretic force on a dressed
colloid in terms of the colloid pressure and the
heat-of-transfer
Subsection 2.5
Explicit expression for the heat-of-transfer leading to the
final expression for the thermophoretic force on a colloid
including contributions from colloid-colloid interactions

Section 3

Collective thermoelectricity

Section 4

Explicit expression for the Soret coefficient and the
thermodiffusion coefficient for interacting charged colloids

Section 5

Comparison with experiments
on SDS micellar systems

Fig. 1 An overview of the steps taken to arrive at an expression for the
thermophoretic force due to colloid—-colloid interactions, and subsequent
sections in this paper.

Section 5 conducts a comparison with experiments, and Section 6
contains a summary and conclusion.

2 The forces acting on a colloid in
concentration and temperature
gradients

In this section we calculate the contribution to the thermo-
phoretic force on a charged colloidal particle in a salt solution
that originates from its interactions with other colloids. Single-
particle contributions, which are due to the response of degrees
of freedom of the electric double layer (and possibly a solvation
layer, a grafted polymer brush, adsorbed surfactants, .. .) to the
temperature gradient are not explicitly specified.

For simplicity, we consider two types of ions being present:
mono-valent positive ions which dissociated from the surfaces
of the colloids and those resulting from added salt, while the
mono-valent negatively charged ions originate solely from
added salt. For many types of charged colloids the positive

Soft Matter, 2025, 21, 4498-4516 | 4499


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00319a

Open Access Article. Published on 05 May 2025. Downloaded on 4/5/2026 6:31:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

. +.
ions are H'-ions. In an electro-neutral homogeneous suspen-
sion the +-ion number concentrations p. are thus equal to,

Py = pPo+Zpe,
1)

p-= pOa

where p, is the number concentration of added salt, Z > 0 is
the number of negatively charged colloid surface groups, and p.
is the number concentration of colloids.

In classic irreversible thermodynamics, the system is sub-
divided into volume elements which are sufficiently large to be
considered as thermodynamic systems by themselves, but
small enough so that concentrations and temperatures do not
substantially vary within the volume elements. These homo-
geneous volume elements are assumed to be in internal equili-
brium. Hereafter, we shall refer to these volume elements as
“irreversible thermodynamics volume elements”.

2.1 TIrreversible thermodynamics approach

As a first step, as indicated in Fig. 1, the basic irreversible
thermodynamics flux-force relations are introduced, and the
approximations made in the further development of the theory
are specified.

In order to quantify the thermophoretic force on a colloid
that is due to interactions between the colloids we start from

the fundamental Onsager flux-force relations,**™°
Je Le Lo Lo Lo Ly F.
Js L Ls Lyt Ly Ly F;
Ji | = Lie Lis Ly Lo Ly || Fr |, (2)
J_ Lo Ly L, L_ Ly F_
Ju Lyc Lus Lu+ Lu- Lyu Fu

where J. is the particle-number flux of colloidal particles, J of
solvent molecules, J.. are the number fluxes of +-ions, and Jy is
the flux of internal energy. The fundamental forces are equal to,

F. = — Tvﬂ; — Z¢F,
Fo= — TV“—YE,
F.— — TVME 4 oE, ©)
- ek,
Fu = TV,
T

with p. s+ the chemical potentials of the colloids, solvent and
ions, respectively, and where T is the temperature. The flux-
force relations are valid for linear order in local spatial gradi-
ents. These relations remain valid, however, in the presence of
large global variations, in which case the Onsager coefficients
Ly are functions of the local thermodynamic variables.*’
Furthermore, E is the macroscopic electric field that is due to
colloid concentration and temperature gradients. As will be
discussed in Section 3, the origin of this electric field is solely
due to the spatial variation of the Donnan potential, to within
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the approximations set out in the classic Poisson-Boltzmann
approach.

The Onsager flux—force relations in eqn (2) and (3) relates to
a mixture of ions, solvent molecules, and bare colloids (without
the presence of an electric double layer, but just a core which
carries charges), and therefore has the same standing as for
simple mixtures. In particular, the Onsager coefficients satisfy
the symmetry relations L;; = Lj;.

The approximations that we will make concerning the
behaviour of the solvent and the salt ions are much the same
as those made in the classic Poisson-Boltzmann theory for
charged colloids.*" Apart from excluded volume interactions,
which prevent solvent molecules (and salt ions) to penetrate the
cores of the colloids, solvent molecules do not interact with the
colloids in any other way. Salt ions do not occupy volume, and
do not interact with the solvent molecules. In addition, salt
ions behave as an ideal gas in a homogeneous solution that is
everywhere electro-neutral. The ions only interact with each
other through the electric field that they generate due to locally
unequal concentrations of +-ions leading to a violation of local
electroneutrality. The solvent is assumed to be incompressible
and therefore is fully packed in the sense that each solvent
molecule occupies a fixed volume v, independent of salt and
colloid concentration, which will be referred to as ‘“the volume
of a solvent molecule”. In thermodynamic terms this means
that the partial molar volume of solvent is assumed constant.
The number concentration of solvent molecules within bulk salt
solution is thus equal to 1/v,, which is of course different from the
thermodynamic concentration N/V of solvent in a suspension
(with Ny the number of solvent molecules and V the volume of the
system). The difference between the two concentrations is due to
the volume that is occupied by the colloids. The cores of the
colloids are assumed incompressible, and the volume v, of the
core is constant, similar to the solvent molecules.

The difference in the relatively slow dynamics of the large
colloids in comparison to the fast dynamics of the much
smaller ions and solvent molecules will be shown below to
enable the reduction of the Onsager flux-force relations(2) to
an effective two-component system, involving only the colloid
flux and the heat flux, evidently with forces that differ from
those in eqn (3).

These assumptions constitute a minimal (Poisson-Boltzmann
type) model which allows us to derive an explicit expression for
the thermophoretic force on charged colloids resulting from
interactions between them.

2.2 Enslavement of solvent and ion fluxes

In the next step in the derivation of the thermophoretic force as
indicated in Fig. 1, we discuss how the solvent flux and ion
fluxes instantaneously adapt to the relatively slowly evolving
colloid concentration profile. The solvent flux J's defined in
eqn (4) and the ion fluxes J';. defined in eqn (15) will be argued
as vanishing due to enslavement. This sets the relation between
the solvent and ion fluxes, and the colloid flux.

As discussed in ref. 42, the displacement of a colloid is
accompanied by an opposite displacement of v./v; solvent

This journal is © The Royal Society of Chemistry 2025
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molecules. The corresponding trivial contribution —(v./vs)J. to
the solvent flux is accounted for by introducing an effective
solvent flux,

Jo=J,+ lfJC. (4)

S

Fluxes are defined relative to the volume-fixed frame, for which,
vds + vJc = 0. (5)

For the incompressible system under consideration, fluxes are
thus measured relative to a position fixed to that of a closed
sample cell. It thus follows that J'; is zero. This implies that the
solvent flux responsible for the relaxation of the corresponding
pressure gradients relaxes to zero instantaneously. We note that
this results in zero fluxes only for closed systems, where the
system boundary is impenetrable for solvent molecules.

Due to the fast dynamics of the ions relative to that of the
much larger colloids, the macroscopic concentration profiles of
the ions (quasi) instantaneously adapt to the slowly changing
concentration profile of the colloids. The ion concentrations
are therefore enslaved, and henceforth referred to as p&'s.
The superscript “ens’” is used to indicate that this is the ion
concentration profile under the assumption that the ion
concentration profiles fully adapt to the colloid’s concentration
profiles.

To obtain the two ion fluxes in terms of the colloid flux, two
equations are needed that connect the concentration of the
ions to that of the colloids.

First, the stationary state that the ions (quasi) instanta-
neously attain in a closed system for a given configuration of
the colloids corresponds to zero ion fluxes. As for the solvent,
ion fluxes vanish in their stationary state in a closed system,
since the system boundaries are impenetrable for the ions.
A zero flux implies a vanishing total force on the ions, which is
the result of two counter-acting forces. There is a force due to
the variation in the equation-of-state pressure of the ions. Since
within a Poisson-Boltzmann approach the pressure of the ions
is that of an ideal gas, the corresponding force per unit volume
on the +-ions is equal to —V[p_ kgT/(1 — ¢)], where p. is the
thermodynamic concentration of ions (number of ions per unit
volume of suspension), and kg is the Boltzmann constant. Note
that this equation holds on length scales comparable to the
dimensions of irreversible thermodynamics volume elements.
Furthermore,

¢ = Vepe, (6)

is the volume fraction of colloids. Note that p./(1 — ¢) is the
concentration of ions within the solvent surrounding the
colloids, which is the concentration that determines the ion-
pressure. There is also an electrostatic force per unit volume
equal to +p_eE, with e > 0 the elementary charge, and E the
thermoelectric field (see Section 3 for a detailed discussion
concerning the thermoelectric field). The total force vanishes,

This journal is © The Royal Society of Chemistry 2025
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and hence,

ens T
v [%} - )

As mentioned before, p&'*® denotes the ion concentrations that
are instantaneously adapted to the colloid concentration profile
(hence the superscript “ens” referring to enslavement). The
thermophoretic force experienced by the ions is included in the
temperature derivative that is implicit on the left hand-side: in
the absence of colloids and a vanishing electric field, the above
equation implies ion-Soret coefficients equal to S¥" = 1/T,
which complies with the ideal gas behavior of the ions within
a Poisson-Boltzmann approximation.*'

The second equation needed to connect the concentration of
the ions to that of the colloids is the Poisson equation on length
scales larger than the size of the irreversible thermodynamics
volume elements,

V-[6E] = —eZpe + p™, (8)

with pc™ = e(p$"® — p*) the charge density due to unequal
concentrations of ions, and where, as before, Z > 0 is the
number of negative surface charges carried by a single colloid,
and where p. is the spatially varying number concentration of
colloids. Furthermore, ¢ is the dielectric constant of the
solvent, which is kept inside the divergence operator to account
for its temperature-gradient induced spatial variation.

As will be shown in Appendix A, the two eqn (7) and (8) imply
local electro neutrality within each irreversible thermody-
namics volume elements, that is,

pr— p—=Zpe. )

The divergence of the electric field on the left hand-side of
eqn (8) is shown in Appendix A to be relevant only at the walls
of the sample container.

It is furthermore shown in Appendix A that eqn (7) and (8)
imply the following enslavements relations,

I = — [ZF (o) + pliive] de.
(10)
I = [Z - {ZF(«) + pgelfvc}]Jc.
For brevity, the function F is introduced,
1
F(a) = 11
) =57 (11)
where the parameter o > 0 is defined as,
Ncoll Z
o= N:alt = p‘ZC’ (12)
i

which is the ratio of the number of positive ions N¢°" that disso-
ciated from the colloid’s surfaces, and the number of positive
ions N5 originating from added salt, within the corresponding
irreversible thermodynamics volume element. Provided that
the global variation of p. and p, are small, the concentrations
pe and p, on the right hand-side in eqn (12) can be obtained
from are their ambient values, that is, in that case p. = N./V and
Po = Ngai/V, with N, and Ny, the total number of colloids and

Soft Matter, 2025, 21, 4498-4516 | 4501
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dissolved salt molecules in the volume V of the sample con-
tainer. Furthermore,
free 242 Po

salt — . 13
Palt 2+O(1—([) ( )

As will be shown below, this is the concentration of salt within
the solvent surrounding the colloids.

The interpretation of eqn (10) for the enslaved ion fluxes is
as follows. The contribution —pT5¢v J. accounts for the trivial
displacement of salt in the opposite direction of the colloids,
just like for the solvent molecules in eqn (4). If there is no salt
added, in which case « —» o and p, — 0, the above results in
eqn (10) reduce to J** = 0, which complies with the fact that
there are no negatively charged ions present, and Ji"** = 7],
which implies that a colloid drags all its counter ions along
with it. In the opposite situation when « « 1, we have the
leading order J$"* = [+(1/2)Z — pZ5ev.]J.. The first contribution
+(1/2)Z is in accordance with colloids that drag along their
electric double layer as predicted by standard linear Poisson-
Boltzmann theory for a single spherical colloid. As already
mentioned, the second term —p$¢v J. accounts for the displa-
cement of salt contained in a volume v. in the opposite
direction of a colloid. No linearization with respect to the
potential within the double layer around the colloids has been
made, so that the result in eqn (10) is valid within the realm of a
non-linear Poisson-Boltzmann approach. In addition, the
above relations are valid also for non-spherical colloids.

That p5¢ in eqn (13) is the salt concentration that does not
involve the ions within the double layers that are dragged along
with the colloids can be seen as follows: According to eqn (10),
the expression between square brackets is equal to the number
N, of £-ions that is displaced along with a single colloid,

No = - ZF(5) - e,
(14)

Ny =Z— ZF(a) — p™y,,

where a minus sign indicates displacement in the opposite
direction of the colloids. The concentrations p™® of ions that
do not involve such colloid-enslaved ions are therefore equal to
P =p, — Nop.. From p_ = po, ps = po + Zpe, and eqn (12)-(14)
it is found that p™¢ = p™¢ both being equal to the right hand-
side of eqn (13), which is therefore the salt concentration p5¢
of free salt within the solvent outside the cores of the colloids.

Since we are interested in fluxes on time scales larger than
relaxation times of ions, there are no ion fluxes other than

those enslaved by the colloids. It follows that the fluxes,

V.o =3 4 [ZF(@) + p"ve] de,
(15)
V. =d, = [Z - {ZF@) + p"Ev e,

vanish. These definitions of the primed fluxes will be needed
in the subsequent subsection to eliminate the solvent and
ion fluxes from the original Onsager relations (2), in order
to reduce the number of flux-force relations to an effective one-
component system.

4502 | Soft Matter, 2025, 21, 4498-4516
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2.3 Reduction of the Onsager flux-force relations

In this subsection, corresponding to the next step in our
derivation in Fig. 1 vanishing of the fluxes in eqn (4) and (15)
due to enslavement is used to derive an effective one-component
colloid flux-force relation (see eqn (22)), which contains the as yet
unknown modified Onsager coefficients .#. This allows (as for any
one-component system) to express the total force F in eqn (25) in
terms of the effective chemical potential » in eqn (20), the effective
partial molar enthalpy in eqn (21), and the heat-of-transfer ¢* in
eqn (26). The latter is the as yet unknown quantity. This total force
is due to spatial gradients in temperature and colloid concen-
tration, and also contains single-particle thermophoretic forces.

The flux-force relations (2) are reformulated in terms of the
fluxes J's + in eqn (4) and (15), without yet setting these equal to
zero, and the heat flux,

Jqg=Ju — hs — h_J- — hJs — hde,

where the partial molar enthalpies of the ions are defined as,

(16)

_ aH(NC7N57N*7N+’p7 T)
- ON- ’

/’li (17)
and similarly for the partial molar enthalpies &g and 4. for the
solvent and colloids, respectively. In terms of these fluxes, the
Onsager relations (2) become,

Je L, L L, L_ Ly F',
J L, L L, L_ Lg F's
Vo |=|Le Ly Ly Lo Lig || Fy |, (18)
J_ L', L'y L', L' Ly F_
Jq Loe Lgs Lgy Lg- Lgg Fq

with Onsager coefficients that differ from those in eqn (2).
By construction, the new Onsager coefficients are symmetric.>”*®
The new forces are equal to,

1
F. = — TVZ 4 Thv—
Vot TV,
|
F,= — TV”—;+ ThV,
| (19
o ot 2
Fo= — TVEE4 ThoV i oF,
1

The “effective chemical potential” v is defined as,

v U Ve M M fi po
Vo =V = Vg 2V = [ZF 4 pgiv Ve (20)

and the “effective partial molar enthalpy” 4 is equal to,

v
h=he— V—Chs + Zhy — [ZF + pSve| (ho + hy). (21)

S

This new set of Onsager relations is completely equivalent to the
original Onsager relations and therefore describes the same

physical phenomena. In this respect we mention that although

This journal is © The Royal Society of Chemistry 2025
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the electric field has disappeared from the force F', it is still in
principle present in the colloid flux through the contribution
(LL. — L )E.

As discussed in the previous subsection, we set
Js=0=1J., which is a consequence of enslavement. This
allows elimination of the forces Fs and F'. from the above
Onsager relations (18) to arrive at an effective one-component
flux-force relation,

)G )
Jq Lo Laq Fq
The new Onsager coefficients can be expressed, with some
effort, in terms of the symmetric Onsager coefficients in the
flux-force relations (18). These rather lengthy expressions show
that symmetry is preserved, that is, £L.q = Lqc.

In the force F'; on the colloids, the macroscopic electric field
is absent, which can be understood as follows. The total charge
carried by the ions within a double layer is equal to e(N, — N_) =
Ze and therefore compensates the surface charge —Ze of a
colloid. This confirms the well-known fact that a dressed
colloid, including its electric double layer, is uncharged. The
simultaneous displacement of the colloid together with its
double layer does not lead to a change of the electrostatic
energy, which is the reason for the absence of the electric field
in the force F'..

The interpretation of eqn (21) being an effective one-
component partial molar enthalpy is as follows. As mentioned
before, the contribution —p™Sév(h_ + h,) accounts for the
opposite displacement of a volume v. of dissociated salt
solution. A similar opposite displacement of solvent is
accounted for by the contribution —(v./vs)hs. Furthermore,
according to eqn (14), the number of positive ions contained
within the electric double layer that is dragged along with the
colloid is equal to N, = Z[1 — F], while the number of enslaved
negative ions is equal to N_ = —ZF (as before, the minus sign
indicates that the number of negative ions decreases upon
displacement of the colloid). The electric double layer thus
contributes

(22)

N_h_+ N h, = —ZFh_+ Z[l — Flh,

Zh, — ZF(h_ + h..),

to the effective partial molar enthalpy, in accordance with
eqn (21).

Within the Onsager irreversible thermodynamics approach
the temperature gradient and electric field induced deforma-
tion of the electric double layer is not accounted for. The
enslavement relations (7) and (8) apply on length scales larger
than the size of the irreversible thermodynamics volume ele-
ments, and therefore do not resolve the double layer structure
around single colloids. The double layer deformation due to
temperature gradients gives rise to a single-particle thermo-
phoretic force, while the electric field induced double layer
deformation gives rise to an electrophoretic force. The electro-
phoretic force in the present context will hereafter be referred
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to as the thermoelectrophoretic force. Both the resulting single-
particle force and the thermoelectrophoretic force will be
added by hand: our interest here is in the effect of inter-
colloidal interactions on the electrophoretic force. The thermo-
electrophoretic force F,, is proportional to the electric field up
to leading order in spatial gradients, and can be written as,

Fei = —ZeyE, (23)

where yi¢ is related to the electrophoretic mobility. The relation
of uf to the electrophoretic mobility will be discussed in
Section 4. The origin of the macroscopic electric field will be
discussed, and an explicit expression for the electric field will
be derived, in Section 3. We note that the temperature-gradient
induced deformation of the electric double layer of a colloid
contributes to the single-particle thermophoretic force. The
total deformation of the double layer is the sum of the defor-
mation due to the macroscopic electric field (thermoelectricity)
and the temperature gradient (single-particle thermodiffusion).

The colloid flux is driven by the total force F on a single

colloidal particle,
Je = ZeoF, (24)

for which the following expression is found from eqn (22) for
the colloid number flux and eqn (19) for the forces,

v 1 .
F= —VT — ?(/’l +4q )VT — ZeufE (25)
where the so-called heat-of-transfer is given by,
=2, (26)

Lee

The name “heat-of-transfer” refers to its contribution to the
heat flux J. From eqn (22) it is readily seen that Jq = ¢*J. for
constant temperature (excluding mere heat conduction), which
leads to the well-known interpretation of ¢* being equal to the
heat that is transported per colloidal particle.>’**** The heat-
of-transfer in the present case includes the solvent molecules
and ions that are enslaved and dragged along with the colloid.

In ref. 27 and 28, the force on a colloid, including the
thermophoretic force, is assumed to be given by the spatial
gradient of a temperature dependent mean-field colloid-colloid
interaction potential. Eqn (25), however, shows that the force
contains several additional contributions, and in particular is non-
conservative. Depending on the type of colloid under consideration,
the temperature dependent part of the pair-interaction potential
consists of an electrostatic contribution, van der Waals attractions,
depletion attractions, and possible interactions between molecules
grafted or adsorbed to the surfaces of the colloids.

Eqn (25) for the force is formally the same as for uncharged
colloids as found in ref. 42, but now with additional contri-
butions to v from the ions, and with an additional thermo-
electrophoretic force.

2.4 The force in terms of the colloid pressure p,

For the derivation of an expression for the heat-of-transfer, the
force in eqn (25) on a colloid is first expressed in terms of
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gradients of the colloid pressure p. instead of the chemical
potential v, which is the subsequent step in our derivation as
presented in Fig. 1. The resulting expression for the force is
given in eqn (34). The colloid pressure, which is related to the
osmotic pressure, is the contribution of the colloids to the total
pressure, as will be discussed below.

The starting point is the Gibbs-Duhem relation for the
suspension, which reads,*?

dT
0 = [hsps + /’l,p_ + h+P+ + hcpc]?
'ucl #el (27)
=+ 4+ pcd7C —dp.

U ﬂel
T |pd—> d—
+ 1| pg T +p_ T +p4 T

where, as before, kg , . are the partial molar enthalpies, pg 4 . =
Ns . /V are the thermodynamic number concentrations of the
solvent, the ions, and the colloids, respectively, and p is the
(total) pressure. Furthermore uS. are the electro-chemical
potentials,

1 = py +ed,
(28)
1 = pe — Zed,

where, as before, 1, . are the purely chemical contributions and
¢ the electric potential corresponding to the macroscopic
electric field E. We note that, on the level of the above Gibbs—
Duhem relation, the colloid electro-chemical potential pertains
to the bare colloids, not including the enslaved ions or solvent
molecules. The macroscopic electric field will be discussed in
more detail in Section 3.

The fundamental difference between colloids and mixtures
of simple fluids is that for the latter the total pressure cannot be
written as a sum of the equations-of-state pressures for the
otherwise pure species. For such systems, there are contribu-
tions to the pressure due to interactions between the various
species in the mixture. Within the present approach, the system
can be considered to consist of three independent subsystems.
First, we have the colloids, including their electric double
layers, which interact only amongst each other. Secondly, we
have solvent molecules interacting with each other, while being
confined to the volume outside the colloids. Finally, the excess
(dissociated) salt molecules, with concentration pfi¢, that do
not interact with the solvent, and similarly to the solvent have
the same limited accessible volume.

As a consequence, the total pressure is a sum of three
equation-of-state pressures, ps; of pure bulk solvent, pg,. of
(dissociated) salt molecules, and the equation-of-state pressure
P. resulting from the colloids. The latter pressure includes the
interactions between the colloids due to enslaved ions present
within the electric double layers. For spherical colloids, the
equation-of-state pressure p. can be expressed in terms of an
integral of the pair-correlation function and pair-interaction
potential, as will be discussed in Section 4. Since within the
Poisson-Boltzmann approximation the (dissociated) salt mole-
cules behave as an ideal gas, as discussed before, their equation
of state reads pgac = 2pek,T. That the total pressure can be
written as such a sum of three independent equation-of-state

4504 | Soft Matter, 2025, 21, 4498-4516

View Article Online

Paper

pressures, can be shown similarly to that for uncharged col-
loids in Appendix B in ref. 42 based on the virial theorem,
considering that the colloids with their double layers behave as
a single species due to enslavement. Hence,

D =Ds t Psaie T Pe- [29)

As in ref. 42, we will henceforth refer to p. as the colloid
pressure, which now includes the interactions between the
colloids via their electric double layers.

An effective one-component Gibbs-Duhem relation for the
colloids can now be derived as follows. Within the Poisson-
Boltzmann approximation, the ions do not occupy any volume,
so that pcv. + pgvs = 1. Furthermore using eqn (1) and (9),
imposing ion-enslavement, it follows that p, — Zp. = p, and
p_ = po, with p, the spatially varying salt concentration that
would have existed in the absence of the colloids. In addition,

free free

Pot chF + PVcPsalt = Psalts (30)

which follows from the definition of p™5¢ in eqn (13), as well as

F=1/(2 + ) with « = Zp./p,. Using these relations, together with
eqn (20) and (21) in order to eliminate d(v./T) and %, in favour
of d(v/T) and h, it is found, with some effort, that the suspen-
sion Gibbs-Duhem relation (27) can be rewritten as,

1 dT 1

K
0 = —h— d—=—d
Vsl‘T+ T Ds

Vs

dr

ree 1+ I
+ Pgﬁf(lt + h+)7 + plird———+

T (31)

- dpsalt

+ pchd% + pcd% —dpe.
As mentioned earlier, each irreversible thermodynamics
volume element is in internal equilibrium, and the solvent
molecules and salt do not interact with each other nor with the
colloids (except for exclusion of volume). The relation between
variations of temperature, chemical potential, and the pressure
for the solvent and the salt between the volume elements are
therefore given by their corresponding Gibbs-Duhem relations.
The first two lines in the suspension Gibbs-Duhem relation
(31) therefore vanish (note that 1/vg is the solvent number
concentration in bulk, outside the cores of the colloids). We
thus arrive at the following effective one-component Gibbs-
Duhem relation for the colloids,
0= pchd% + p.d

dpe. (32)

14

T
Since the infinitesimal differences can be related to the differ-
ences between the irreversible thermodynamics volume ele-
ments, the above Gibbs-Duhem relation implies that,

v vT 1
V—==-h—+—V 33
T T + Pe Pe; ( )
from which eqn (25) for the force can be rewritten as,
1 q*
F= ——Vpc — 7VT — Zé’ﬂfE7 (34)

C
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Except for the thermoelectrophoretic force, this expression for
the force is formally identical to that for uncharged colloids.*?
However, both the colloid pressure and the heat-of-transfer
now include the enslaved ions, that is, the electric double layer
that is dragged along with the colloid. The earlier proposed
expressions for the force in ref. 8, 24 and 29-31 do not include
the contribution arising from the heat-of-transfer, while p. is
referred to as the osmotic pressure (although the correct
equation-of-state pressure is used in these references in its
virial expression, as will be further discussed in Section 5).

It is important to realize that the colloid pressure p. is not
the osmotic pressure II, which is commonly defined as the
excess pressure of the suspension with respect to a salt reser-
voir with a separating membrane that is permeable for solvent
molecules and salt ions. For example, for low colloid con-
centrations and for ideal salt solutions p. = p.kgT, while IT =
[pc +p_+ps— 2p§a1t]kBT, with p. the ion concentrations within
the suspension and pR ¢ the number concentration of salt in
the reservoir.***>

Note that the heat-of-transfer ¢* is responsible for the Dufour
effect, where transport of particles gives rise to a temperature
gradient.

2.5 Expression for the heat-of-transfer and the total
thermophoretic force

As the last step in Fig. 1 to arrive at an explicit expression for
the thermophoretic force, the remaining unknown quantity
needed to fully specify the total force in eqn (34) is the heat-
of-transfer ¢*. In this subsection, an explicit expression for the
heat-of-transfer is derived. The expression for ¢* in eqn (37)
contains the internal energy u per colloidal particle, which is an
additive contribution u;,, due to colloid-colloid interactions
and ugngle from single colloids. This finally leads to eqn (39),
where fi, and fiingle are defined in eqn (38).

The derivation of an expression for the heat-of-transfer
follows the same lines of reasoning as for uncharged colloids
in ref. 42. First, the force on a colloid due to mere heat
conduction (without particle transport) is neglected. The moti-
vation for this approximation is that microstructural ordering
of the colloids, contrary to simple liquids, is not affected by
mere heat conduction (heat conduction in the absence of
particle transport) since colloids behave in that respect as
macroscopic objects. Secondly, the forces on the colloids due
to pressure gradients as a result of gradients in concentration
and temperature need not be considered in the calculation of
the heat-of-transfer, since these forces are already included in
the first term on the right hand-side in eqn (34) for the force.
In fact, the force has been expressed in terms of the pressure in
favour of the chemical potential to render the calculation of the
heat-of-transfer feasible.

As in ref. 42 we consider two irreversible thermodynamics
volume elements which are thermally isolated from their
surroundings and from each other. We next pull, by means of
an external force balancing the force in eqn (34) a colloid from
one volume element to the other. By isolation of the volume
elements, we have excluded the possibility of mere heat
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conduction. The work done by the external force then consists
of work against pressure gradients and work needed to change
the thermodynamic internal energy u per colloid. Therefore,

—%VT — MG T ARy, (35)

oT
where AFr denotes the thermophoretic force responsible for
the changing internal energy. As before, displacing a single
colloid implies displacing enslaved solvent and ions, so that
(36)

salt

du = du. — %éus + Zdu, — [ZF + pfreevc]é(u, +uy).

The interpretation of each of the terms on the right hand-side is
the same as that discussed for the effective molar enthalpy in
Section 2.3. It thus follows that,

o Oulpe, T)
=T —5r (37)
The variation of the effective partial molar internal energy
comprises an additive contribution du;, from interactions
between neighbouring colloids and a single-particle contri-
bution Sugingie, that is, du = dutjne + dUsingle. The single-particle
contribution is understood to include the internal energy
involving the earlier discussed opposite displacement of a
volume v, of solvent molecules and salt.
For convenience we introduce the abbreviations,

auin
ﬁnt = aTt7 (38)
. ausinglc
fsingle = 7 +f0

In addition to the contribution to the single-particle thermo-
phoretic force that follows from eqn (37) for ¢*, we introduced
Jo in the above expression for finge. This additional contribu-
tion accounts for effects such as solvent flow induced by the
interface between the solvent and the solid core of the
colloids.”” For charged colloids, for example, it is well-known
that electro-osmotic flow plays a role in addition to the tem-
perature dependence of the internal thermodynamic energy
Usingle Of the electric double layer. To leading order in spatial
gradients, such phenomena do not give rise to additional
colloid-colloid interaction forces.
We thus find,

1% 1 dp.

F=——Toyy, — |—2¢
p.Op. < p. OT

+f:%ingle +ﬁnt VT - Zeﬂva (39)
where both p. and fi,,; are functions of just two variables p. and
T, as is evident from the effective one-component Gibbs-
Duhem relation in eqn (32).

In the comparison to experiments, fingle is determined from
thermophoretic data extrapolated to zero concentration. In
addition to the purely thermodynamic contribution to fgingie
in eqn (38), there are in general contributions that cannot be
described on the basis of thermodynamics alone, due to
temperature-gradient induced solvent flow."?707*?

The above expression for the force is formally identical to
that for uncharged colloids.*> The new aspect of the current
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discussion is that the ions which are dragged along with the
colloids, which give rise to additional interactions between the
colloids, are fully accounted for through the colloid pressure
and the thermophoretic interaction force. Eqn (39) is more
general than just for uncharged colloids.

In the following section an explicit expression for the
macroscopic electric field is derived, which then specifies the
thermoelectrophoretic force in eqn (39).

3 The macroscopic electric field:
Donnan and Seebeck contributions to
thermoelectricity

The phenomenon in which an electric field arises as a result of
a temperature gradient is commonly referred to as thermoelec-
tricity. There are two mechanisms for colloidal suspensions
giving rise to thermoelectricity. One mechanism arises from
concentration gradients of the colloids (also in the absence of a
temperature gradient) and one from temperature gradients
(also in the absence of colloid concentration gradients). Both
mechanisms will be discussed below.

First, the local Donnan electric potential within an irrever-
sible thermodynamics volume element is defined as the volume
averaged electric potential of a unit charge. That potential
depends on the concentration of the colloids, and thus varies
between volume elements, giving rise to a Donnan electric field.
In a closed system, there are oppositely charged layers formed
at the opposite (uncharged) walls of the sample container.
These thin charged layers on either side of the container lead
to the Donnan electric field, even though the bulk system
is locally electro-neutral (see also the discussion at the end of
Appendix A). This is very similar to the electric field that exists
in an isothermal diffusion-sedimentation equilibrium of
charged colloids.”**"

The second contribution to the macroscopic electric field is
due to the disproportional accumulation of different species of
ions at the walls of the sample container as a result of their
different thermophoretic mobilities.*"*>” This mechanism is
similar to the Seebeck effect in solid state physics, where
electrons accumulate at the walls of a conducting material
(see, for example, ref. 58). That contribution to the electric
field is therefore referred to as the Seebeck electric field. Within
the Poisson-Boltzmann approximation used in the present
approach, the *-ions have identical Soret coefficients being
equal to 1/T so that the Seebeck electric field in our approach is
absent.

We note that within the present approach, an additional
external electric field will not give rise to an additional electro-
phoretic force. Enslavement implies complete electrode polar-
ization: double layers are present at the walls of the sample
container which compensate the externally applied charge,
leading to a zero additional macroscopic field within the bulk
of the suspension. In electrophoresis experiments, enslavement
of the ion concentration profiles must therefore be avoided.
This is accomplished by using a large distance between the
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electrodes (which enhances the time to establish electrode
polarization), and switching the direction of the external field
before electrode polarization kicks in (see, for example, ref. 59
and references therein).

An expression for the macroscopic Donnan electric field can
be obtained by subtraction of the two eqn (7) for the +-ions,
and using that Vp, = Vp_ + ZVp. which follows from local
electro-neutrality as discussed in Section 2.2, leading to,

o lkBT[ 1 VT]

_ 1 Vo VT
24ael —@|l—0 p, T

(40)

where, as before, o = Zp./po, with p, = p_ is the spatially varying
local thermodynamic number concentration of negative salt
ions (see eqn (1)), and ¢ is the volume fraction of colloids.
Eqn (40) for the Donnan electric field in the presence of a
temperature gradient has not been derived before. The con-
tribution ~VT to the Donnan electric field stems from the
temperature dependent structure of the electric double layers of
the colloids.

The thermoelectrophoretic force in eqn (23) is thus equal to,

Fei = 1, Vpe + urVT, (41)
where,
PR z? kg T
’ 12p0 + ch (1 - @)2 (42)
P,
pr = (1= )7

where it is used that o = Zp./p, (see eqn (12)).

The response to a given temperature gradient in terms of the
resulting colloid concentration gradient in the stationary state,
which is often probed in experiments, is quantified by the Soret
coefficient Sy, which is defined as,

Voo _ gy

C

(43)

The Donnan electric field in eqn (40) in the stationary state can
be rewritten as,

E=

o kB 1 I: TST (44)

— —1|VT.
240 el—@|l—0¢ }V

Although this is the Donnan electric field, one can formally
define the Seebeck coefficient S. in the stationary state as
E = S.VT. From the above expression for the electric field, the
following relation between the Soret coefficient and the Seebeck
coefficient is obtained as

o kB 1 TST 1
24ael—9|l—0 '

For non-interacting colloids and without colloid-internal
degrees of freedom contributing to single-particle thermophor-
esis, we have St = 1/T, and hence S. ~ ¢/(1 — ¢)>. For very dilute
suspensions, the Seebeck coefficient is therefore, as expected,
solely due to single-particle contributions to the colloid’s Soret
coefficient.

Se = (45)
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An expression for the macroscopic electric field in the
stationary state is proposed in ref. 57 on the basis of a
Nernst-Planck approach. In this approach the variation of the
Donnan potential as a consequence of the varying colloid
concentration and temperature is not included. In addition,
the heat-of-transfer for the colloids is not accounted for.
A relatively large increase of the Seebeck coefficient is experi-
mentally observed in ref. 60 upon adding colloids to an
electrolyte solution, which might be due to the Donnan electric
field in eqn (40).

There are some studies on thermoelectricity of suspensions
of colloids with added salt which indicate that once colloids
accumulate at the container walls, specific interactions with
the wall lead to a significant chance of the thermoelectric
potential.®"*> The details of such electrode-specific interactions
are as yet unclear.

4 The Soret and thermodiffusion
coefficient

Here, microscopic expressions for the Soret coefficient St
(defined in eqn (43)) and the thermodiffusion coefficient Dy
(see eqn (49)) will be discussed. This allows in principle for a
particle-based evaluation of Sy and Dy as far as the collective
contributions are concerned. The single-particle contribution
Jsingle in eqn (39) for the force requires a separate theoretical
approach for each different type of colloid particles.

In typical closed systems, like for example in cells with
thermalized boundaries, as well as in thermodiffusion forced
Rayleigh scattering (TDFRS) experiments,®®* the colloid flux
vanishes in the stationary state. A vanishing flux implies a
vanishing force on the colloidal particles. It thus follows from
eqn (39) and (41)-(43) that

1 Jp. pe
ST - pj@iT +fsingle +fint - .uT:| / |:87pc - pc,up:| .

The coefficients u, and ur will be specified in terms of the
electrophoretic mobility p. below (see eqn (53)).

Eqn (39) for the force, and hence the above expression for
the Soret coefficient, is valid for any type of geometry of the core
of the colloids, spherical, rod-like, plate-like, or otherwise. For
spherical colloids, for which the theory will compared to
experiments below, a particle-based approach is feasible, based
on the expressions,**®

(46)

dV(R)
dR

2 00
pe(pe; T) = pckpT — gnpfj dRR’g*4(R)
0

- (47)
i = 2mpy | ARREURV(R),

where V(R) is the pair-interaction potential between the colloids,
and g°R) is the equilibrium pair-correlation function which
specifies the probability to find two colloids a distance R apart.
The pair-correlation is understood to be evaluated at a local
temperature and colloid concentration.
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The transient dynamics in reaching the stationary state is
governed by the phenomenological diffusion equation,

ap.
%zfv-JC:V-[DcVPc+DTvTL

(48)
where D, is collective diffusion coefficient, and Dy is the thermo-
diffusion coefficient. Eqn (24) and (39) lead to the following
expressions for these diffusion coefficients,

1 Ope
DC = gw{ii_ﬂpjy
pe Op.
(49)
1 Op. .
DT = ycc L—CBLT +fsingle +finl - ,uT:| .

From the well-known expression for the collective diffusion coeffi-

cient of spherical colloids in the absence of thermoelectricity,**®°
it immediately follows that the mobility % .. is equal to
gcc = DOpcﬁHO, (50)

where D, = kgT/6mysa is the Stokes-Einstein—-Sutherland diffu-
sion coefficient for non-interacting colloids (s is the solvent
shear-viscosity), f§ = 1/kgT, and the hydrodynamic mobility
function is defined as (with k = k/k the unit vector in the
direction of the wave vector k),

Ne o
h —N%ii%@ (k- By k) el [r,-—r,}}> e

ij=1 0

Here, (-)o denotes the equilibrium average with respect to the
position coordinates {r;|i = 1, 2, ... N} of the colloids, and
the tensors Dj; specify hydrodynamic interactions between the
colloids.®®™® Note that H, is a function of the local colloid
concentration and temperature through the probability density
function with respect to which the average (-), in eqn (51) is
taken. We note that a non-zero wave vector k has a significance
in light, X-ray, and neutron scattering experiments, being
related to the wave length and scattering angle.®*®°

We note that the expression for the collective diffusion
coefficient is the short-time coefficient, whereas the diffusion
coefficient in eqn (49) is the long-time diffusion coefficient. It is
well-known, however, that the zero-wavevector limit of the
short-time collective diffusion coefficient is essentially equal
to the long-time diffusion coefficient.”® ">

The relation between p¢ in eqn (23) and the electrophoretic
mobility pe is as follows. By definition, v = yE, v being the
field-induced velocity of a colloid. The colloid flux due to that
velocity is Jei = pev = peptelE. On the other hand, from eqn (23)
and (24), Je1 = ZLccFe = —ZZeiE, and hence,

Pe 1 "
PoZe T DoBHoZe

(52)

Ky =

The relation between the coefficients u, and pr in eqn (46) for
the Soret coefficient, according to eqn (42) and (52), thus reads
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(using that f = 1/kgT),

- Hey Zp. i (kBT)z
P DogHy2py+ Zp.ep. (1 — @)* (53)
p
pr = (1 =)

Well-known expressions for the electrophoretic mobility pe on
the single-particle level in terms of the surface charge Z and the
salt concentration p, exist. It should be noted, however, that
colloid-colloid interactions give rise to a concentration depen-
dence of the electrophoretic mobility, for which simulation data
are available for particular system parameters (see ref. 73-76 and
references therein).

The above expressions for the Soret coefficient and the
thermodiffusion coefficient allow in principle for a micro-
scopic, particle-based test of the validity of the theory for
spherically shaped colloids.

5 Comparison with experiments

For a detailed comparison of the theory with experiments, a set
of thermophoretic data as a function of the colloid concen-
tration, temperature, and salt concentration is required, pre-
ferably with a characterization of the temperature and salt-
concentration dependence of the pair-interaction potential
(similar to the uncharged colloids in ref. 42). Such data are
unfortunately not available for charged colloids. The most
complete set of thermophoretic data of charged colloids that
allow a comparison to the theory to some extent concerns
micellar sodium dodecyl sulfate (SDS) suspensions.

It is stated in ref. 31 that for the micellar SDS suspensions
under consideration no significant thermoelectric contribu-
tions to experimental Soret coefficients are found, which is in
accordance with the present theory, as shown in Appendix B.

In ref. 12, 30 and 31 the Soret coefficient for SDS micelles is
reported as a function of the NaCl concentration at a fixed
temperature. Here, it is found that 1/Sr varies linearly with the
micellar concentration for various NacCl salt concentrations, up
to micellar concentrations of about 20 ¢ dm™>. The slope of
these curves can be determined from eqn (46) for the Soret
coefficient.

First, it follows from eqn (46), by neglecting thermo-
electricity,®" that the single-particle Soret coefficient S is equal to

1 féin le
S =—11 s 54
= g1+ (51)
so that the Soret coefficient can also be written as,
10 : Ope
St = | —=={pc — pkpT} + kg TSS + f; . 55
T e - T} TS| [ 69)

Expanding both the numerator and the denominator to leading
order in concentration, using that p. = kgTp[1 + B,p.], where

B, = ZTEJOCdRRz[l —exp{—V(R)/ksT}], (56)
0
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is the second virial coefficient, leads to,
St = 15280 +§%sz0 {1 + Tp—SC%{Bz + T% +%H, (57)
with (see eqn (47)),
o = 33310% = Zn%J:OdRRz exp{—V(R)/kgT}V(R), (58)

considering g°4(R) = exp{—V(R)/kgT} at low concentrations. The
linear dependence of 1/Sr on the micellar SDS concentration that
is found in ref. 12, 30, and 31 suggests that the term in the
numerator involving the curly brackets in eqn (57) is small
compared to unity. Expanding the corresponding term in the
expression for 1/St up to leading terms in concentration leads to

11
— = —[1 + kp, 59
S S%[ +kpel, (59)
where,

1 dB, f0

k =2By ———{ By + T— 4+t
’ ng{ >t dT+kB} (60)

= 2B, + Ak.

The coefficient k is not to be confused with the wave vector in
eqn (51).

The term in the curly brackets has not been included in the
data interpretation in ref. 12, 30 and 31. In ref. 12 and 30 a
typical ratio k/2B, was approximately equal to 2, while in ref. 31
a typical ratio close to 1 was reported.

To obtain numerical values for k, we need values for S, B,,
dB,/dT, and fi,. Values for S% can be directly obtained from
extrapolation of data in ref. 12 and 30 for 1/St to zero micellar
SDS concentration. The results are given in Fig. 2, for 25 °C at
which the thermophoretic experiments were performed. Values

TS?

70
60 .
50

40

0 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Cs [M]

Fig. 2 TS2as a function of the salt concentration in moles NaCl per dm?®.
These data are obtained from Fig. 1 in ref. 30 by linear extrapolation. The
ambient temperature is 25 °C. The solid line is a guide to the eye.
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Fig. 3 The second virial coefficient as a function of temperature at a NaCl

concentration of 100 mM obtained from data in ref. 78 (<), ref. 77 (W), and
ref. 79 (@). The solid line is a guide to the eye.

for B, and dB,/dT can be obtained from independent light
scattering data in ref. 77-79, albeit for a single NaCl concen-
tration of 100 mM. How to obtain the second viral coefficients
B, in units of nm?® from those reported in ref. 77-79 is
discussed in Appendix C. The resulting second virial coefficient
B, in units of nm® is given in Fig. 3 as a function of temperature
for a salt concentration of 100 mM. Independent values for fi,
are not available. However, the amplitude f},. can be expressed
in terms of the second virial coefficient up to leading order in
VelksT (with Ve the electric contribution to the pair-interaction
potential), which leads to fin/ks = B, + TdB,/dT, and hence,

Ak 1 dln B,
== 1+ T :
2B, TSY a7

Accepting this estimate, the numerical value of & for 25 °C and
an NaCl concentration of 100 mM can be obtained from Fig. 2
and 3, although numerical errors are quite substantial. From
Fig. 2 it is found, for T = 298 K, that 1/(TS%) = 0.071 + 0.015,
and from Fig. 3, Td In B,/dT = —(6.3 £ 2.7). It thus follows that
Ak/2B, = 0.38 + 0.30. In ref. 12 and 30 it was reported that
Ak/2B, = 1, with an equally large experimental error, while in
ref. 31 a smaller value was found. The above theoretical
estimate is therefore in agreement with those experiments,
although error margins are quite substantial.

In ref. 32 the Soret coefficient for the same micellar SDS
system is reported as a function of temperature for two NaCl
concentrations (10 and 20 mM), and for two surfactant con-
centrations (10 and 20 g dm ). As discussed in the Appendix C,
this allows in principle for the determination of numerical
values for k in eqn (60) as a function of temperature for the two
salt concentrations from eqn (59). The necessary independent
information for the temperature- and salt-concentration depen-
dence of the micellar molar mass and critical micellar concen-
tration (cmc) can be found in ref. 77-80. As discussed in

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

Appendix C, the substantial variation of reported values for
the molar mass and cmc as a function of temperature does not
allow for a (semi-) quantitative comparison. Note the quite
substantial variation of reported data on micellar systems is
also reflected in the variation between B,’s taken from ref. 77-79
as plotted in Fig. 3.

As mentioned above, there are at present no experimental
thermophoresis data available where the colloid concentration,
temperature, and ionic strength are systematically varied,
together with a characterization of the colloids concerning
their size and effective surface charge. Such data would allow
for a quantitative comparison to our theory, similar to that for
uncharged colloids in ref. 42.

6 Summary and conclusions

We present an irreversible thermodynamics analysis of the
thermodiffusion of charged colloids, focussing on the effect
of colloid-colloid interactions. This is an extension of our
earlier work on uncharged colloids.*” The starting points are
the irreversible thermodynamics flux-force relations in eqn (2)
and (3) for the colloids, solvent molecules, and ions. Due to the
relatively fast dynamics of the solvent molecules and ions as
compared to the colloids, the spatially varying solvent and ion
concentrations quasi instantaneously adjust to the relatively
slowly varying colloid’s concentration profile. This allows us to
derive enslavement relations, where the fluxes of solvent mole-
cules and ions are proportional to the colloid flux (see eqn (4)
and (15)), with vanishing J's ;). This in turn allows reducing the
flux-force relations to the effective one-component colloid flux-
force relation in eqn (19) and (22). Subsequently this leads to
the expression (25) for the force on a single colloid, which
contains the still unknown heat-of-transfer. The Onsager irre-
versible thermodynamics approach does not account for defor-
mation of the electric double layers of the colloids due to the
macroscopic electric field. The corresponding thermoelectro-
phoretic force in eqn (23) is therefore added by hand in eqn (25)
for the total force. After expressing the force on a colloidal
particle in terms of spatial gradients of the colloid pressure (see
eqn (34), an approximate expression for the heat-of-transfer is
derived (see eqn (37)), which contains both single-particle and
collective contributions. The approximation involves neglecting
pure heat conduction (that is, heat conduction in the absence
of colloid migration), which is argued to be a good approxi-
mation due to the relatively large size of the colloids. The total
force in eqn (39) is valid for arbitrary core geometries (sphe-
rical, rod-like, plate-like, etc.) and arbitrary surface charge
density. It consists of a single-particle thermophoretic force, a
term proportional to the spatial gradient of the colloid pres-
sure, a thermoelectrophoretic force, and a thermophoretic
force that we refer to as the thermophoretic interaction force.
In a closed system, the stationary state implies a zero flux and
hence a zero force, which leads to the explicit expression (46)
for the Soret coefficient. An expression for the mobility, valid
for spherical colloids, is then derived, which leads to an explicit
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expression for the thermodiffusion coefficient (see eqn (49)-(51)).
The coefficients y, and pr in the expression (46) for the Soret
coefficient and eqn (49)-(51) for the diffusion coefficients, which
account for the thermoelectrophoretic force, are expressed in
terms of the electrophoretic mobility in eqn (53), for the derivation
of which the expression (44) for the macroscopic electric field is
essential. The colloid-colloid interaction contributions to the
Soret and thermodiffusion coefficients can be expressed in terms
of integrals of the pair-interaction potential and the pair-
interaction function (see eqn (47)), which are valid for spherical
colloids). This allows in principle a particle-based, microscopic
comparison of the theory with experiments.

The main results are summarized in Section 4: the Soret
coefficient is given in eqn (46) (where u, and ur specify the
contributions from electrophoresis, which are given in
eqn (53)), and the collective and thermodiffusion coefficients
are given in eqn (49) and (50) (where H, is the hydrodynamic
mobility function, which is defined in eqn (51)).

To within the Poisson-Boltzmann approximations that were
made, and assuming enslavement of the ion concentrations, there
is a macroscopic electric field that is given in eqn (44). This
expression for the macroscopic electric field is a necessary input
to quantify the thermoelectrophoretic force in eqn (23). The electric
field is solely due to the spatial variations of the Donnan potential,
which is very similar to the field that exists in an isothermal
diffusion-sedimentation equilibrium for charged colloids.>*>!

That the force on a colloid in a temperature gradient is
proportional to spatial gradients of the colloid pressure has
been suggested before in ref. 8, 24 and 29-31, albeit without
further justification and without inclusion of the thermophore-
tic interaction force. The force on a colloid is argued in ref. 27
and 28 to be proportional to gradients of the mean-field
colloid-colloid interaction potential, which resembles the pre-
sent thermophoretic interaction force that originates from the
heat-of-transfer. Forces due to gradients of the colloid pressure
are not included in these latter papers. Moreover, a term
proportional to the concentration derivative of the colloid-
colloid interaction potential appears in ref. 27 and 28 that is
absent within our theory. The theory presented here provides a
systematic approach that leads to the force in eqn (39) that
contains contributions resulting from gradients of the colloid
pressure (like in ref. 8, 24 and 29-31), as well as the gradient of
the colloid-colloid interaction potential as far as its tempera-
ture dependence is concerned (like in ref. 27 and 28, except that
there the concentration derivative of the colloid-colloid inter-
action energy should be omitted).

The colloid pressure p. in eqn (47) should not be confused
with the osmotic pressure II. The colloid pressure is the
contribution to the total suspension pressure originating from
the presence of the colloids in a closed system. The osmotic
pressure on the contrary is the excess pressure of the suspen-
sion with respect to an osmotic reservoir, with a membrane that
is permeable for both solvent molecules and ions. This is most
explicitly seen from the expression IT = (p. + p_ + p+ — 2p3)ksT
for the osmotic pressure at low colloid concentrations,**** for
which p. = pckgT.
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A comparison of the theory with experiments for uncharged
colloids requires data where the concentration and tempera-
ture are systematically varied ref. 34 and 42. For charged
colloids, where also the ionic strength is varied, are not available.
The only experiments that allow for a comparison to some extent
are those conducted on a micellar sodium dodecyl sulphate (SDS)
system.'>**? In these references the inverse Soret coefficient
(without the contribution from the thermophoretic interaction
force) is expanded to leading order in concentration. In that case,
apart from the single-particle contribution, the only unknown
parameter that is left is the second-order virial coefficient origi-
nating from the colloid pressure. For such micellar SDS systems
additional information is necessary, such as the temperature
and concentration dependence of the molar mass and the
critical micellar concentration. The limited available data and
the variation of such data between different publications””"*°
unfortunately renders a conclusive quantitative comparison not
feasible. We presented a comparison that indicates that the
thermophoretic interaction force could explain differences
between second-virial coefficients obtained from thermophor-
esis experiments as described above'>?°3? and those obtained
by independent light scattering experiments.”””°

Experiments on well-defined charged colloids where the
colloid concentration, ionic strength, temperature, and possi-
bly the colloid’s charge are systematically varied are required
for a conclusive comparison with the theory. A particle-based
comparison would also provide access to knowledge of the pair-
interaction potential and the pair-correlation function.

The results obtained here for charged colloids are applicable
to other types of colloids as well. The analysis is equally valid in
case there are additional colloid—colloid direct interactions, on
top of the excluded-volume and double-layer interactions, due
to for example, van der Waals attractions and/or an uncharged
polymer brush grafted to the surface of the colloids. Further-
more, for the additional presence of relatively small solutes,
their enslavement can be assumed just as for ions.

The main assumption in our treatment of the ions is conform
those made in the classic Poisson-Boltzmann approach of
charged colloids.*" The ions are assumed to behave as an ideal
gas, and only respond to the (mean) electric field that is generated
by the colloid’s surface charges and the unequal +-ion concentra-
tions within the double layers. This is a crucial assumption for the
formulation of eqn (7), which is one of the equations to obtain the
ion-enslavement relations. This equation is also at the origin of
the expression (40) for the macroscopic electric field. Including
interactions between the ions would be an important general-
ization of the theory towards very high salt concentrations.
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Appendices
A: Derivation of the enslavement relations

First, we rewrite eqn (7), as,
1 - enskBT
pE°

1=
Adding the equation for the + ions eliminates the electric field,

and leads to
l EIISk T l ensk T
v {u} + p_v {pfiB} —0.

P 1—o moll-o

} = +eF. (61)

(62)

Performing the differentiation gives,
kgT
-9

1 2 2
L}ensv ens pemVpe"S + VT+?V(/):| 0, (63)
+

and hence,

VInp$™ +VInp™ +VInT® — Vin(1 — ¢)* = 0.
(64)

It thus follows that,

P (0, )9 (1, ) T(r)
1= o(r. 0P

As before, the superscript “ens” refers to enslavement. Note
that we consider throughout this paper a time independent,
externally imposed temperature gradient, so that T = T(r) is
independent of time. Since eqn (65) holds for all times, we
also have,

=0.

(65)

(£ + 80)p<S(x, £ + 81) T2(x)
(1= o(r, 1+ 61)2

=0, (66)
where 6t is an infinitesimally change of the time. During the
time interval (¢,¢ + 6¢), the colloid concentration profile changes
from p.(r,t) to pe(r,t) + dp.(r,t) and the ion concentrations
change from pT°(rt) to pP°(rt) + 8pP°(r,t). Subtracting
eqn (65) and (66) this leads to, up to leading order in the
changes of the concentrations (not denoting the position and
time dependencies for brevity),

V{;(] Tz(p)2 |: Snsspens +p€n88 ens+2pen5p3§156 :|}

1 -
=0 (67)

Since linear irreversible thermodynamics assumes from the
outset small spatial gradients, and §p$"® and 3¢ are by defini-
tion infinitesimally small differences, products of gradients
with either 3p$"® or 8¢ can be neglected, so that eqn (67)
leads to

v pe:lssp:flﬂ + pEl’HS ens + 2pen§p3fm6

(68)
The combination within the square brackets is thus a function
of time only. Dividing by p**p$"™® and using that ¢ = v.p.
thus gives,

= 5F(1), (69)

BPCHS + anSBPeHS

2ve
pins 1 —
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where 0F(¢) is the infinitesimally small change of the as yet
unknown function F(¢) during the time interval &¢. That 5F(¢) = 0
can be shown as follows. Since 8p® = 38t(0pT°/ot) =
—8tVJE* and similarly dp. = —8tV-]J., while the fluxes are
linear in gradients, eqn (69) can be written as,

1 1 I ()

Vol e T T e

(70)

up to linear order in gradients, where products of two gradients
are neglected. Due to the impermeability of the boundary of the
system (the wall of the sample container) for ions and colloids,
the components of fluxes normal to the boundary vanish.
Therefore, according to Gauss’ integral theorem, the integral
over the volume of the system of the left hand-side of eqn (70)
vanishes. The integral on the right hand-side is equal to (3F(¢)/
ot) x V, with V as the volume of the system. It thus follows
F is independent of time, so that 6F in eqn (69) vanishes,
and hence,

2ve
3p
®

8 TS + pCﬂSS jlls +

—0.
o =

(71)

pe_ns ¢

The number-concentration increments dp.. . are directly corre-
lated with their corresponding fluxes. Enslavement implies that
each colloid drags along with it, in the same direction, a propor-
tional amount of positive and negative ions. These amounts of
+-ions that are dragged along with a single colloid correspond to
are specified by eqn (71) as §p°/dp. = —pL*[2ve/(1 — ¢)]. Since
the ions are dragged along with the colloids, it follows directly
from eqn (71) that

1 1 2,
__Jens s — c Jc~
p s T T

(72)

In order to obtain the second enslavement relation, we
calculate V-[¢E] from eqn (7) and compare the result to
eqn (8). Subtraction of the eqn (7) for p$™® and p'® leads to
the following expression for the electric field,

PSnSkBT]
l—¢ |

1
2 (s + pens) 3)
Within linear irreversible thermodynamics, products of two
gradients are neglected. Multiplication of eqn (73) with & then
leads to

5 pens ) pens )
. E — cns € € T 74
Ve E = o | S v | )
where k' is the Debye screening length,
2829
2
= 75
K= T (75)
with .# the ionic strength,
1
g = ,[ ens +pens} (76)

2

Within the present setting, contrary to the classic Poisson-
Boltzmann theory for single charged colloids, both the Debye
length and the ionic strength are position dependent quantities
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that vary between irreversible thermodynamics volumes and
are thus related to the macroscopically varying ion concentra-
tions. Each term on the right hand-side of eqn (74) is of the
form 1~ >V?(), which is the second order gradient contribution
in a Taylor expansion of (-) over a distance equal to the Debye
length . Since the Debye length is of the order of the size of a
colloid, these terms constitute the spatial variation of (-) within
irreversible thermodynamics volume elements. The Onsager
irreversible thermodynamics approach, () is assumed constant
within irreversible thermodynamics volume elements which
contain many colloids. The terms on the right hand-side of
eqn (74) are therefore of no significance within the present
irreversible thermodynamics approach. In other words, the
variation of (-) over distances comparable to the size of a single
colloid is negligible as compared to the change of (-) over
distances comparable to the size of irreversible thermody-
namics volume elements. Within the bulk of the system, we
thus find that

ens ens

P — p® = Zpe, (77)

which implies local electro neutrality to leading order in spatial
gradients. A small change J&p. thus leads to changes

d3pT' equal to
dpts — 8pM = Zdpe, (78)
and hence, similarly as discussed just below eqn (71),
J = )20 = 7). (79)
Combining eqn (72) and (79) it is found that,
g P S e S (80)

PP p AP~

According to eqn (1) for the (position dependent) concentration
profiles p$™® that exists under enslavement and the corres-
ponding position dependent concentration p,, together with
the definitions in eqn (11)-(13); this can be rewritten in the
final form given in eqn (10).

We note that the right hand-side of eqn (74) cannot be
neglected in the Poisson equation to describe sample container
wall effects. In an isothermal sedimentation-diffusion equili-
brium, for example, similar contributions lead to thin charged
layers of ions at the sample container walls with an extent of the
order of the Debye length, within which x~'V(-) cannot be
neglected.’® No approximation is made, however, neglecting
these wall effects to correctly describe the electric field within
the bulk of the system (see also the discussion section in
ref. 51).

B: The significance of thermoelectrophoretic forces

An estimate of the significance of thermoelectrophoretic forces
can be made on the basis of data provided in ref. 31 and 77-80:
a ~ 2.5nm, Z ~ 17 (less than the number of monomers due to
physical adsorption of ions), B, ~ 8.2 x 107>> m®, and the
dimensionless electrophoretic mobility i = (6mnsa/e)ue =
3Z/[2(1 + ka)] is equal to 7 (where xa = 2.6). Furthermore,
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dB,/dT ~ —14 x 10> m’ K, and fiingle/ks = 13 (see eqn (54) and
Fig. 2 for 100 mM salt). To within the second virial approxi-
mation it follows that, for T = 298 K, (1/kgT)(Op./0p.) ~ 1 + 240,
and (1/pckg)(0pc/OT) + fsingle/ks = 14 — 52¢. In addition, H, ~ 1,
so that, ppi,/keT = pr/ks = 2909/(2pev. + 17¢). For the 100 mM
salt solution pov. = 4, so that it follows that, (0p./0pc)/(pctt,) =~
(1 +249)(8 + 17¢)/290¢ and (Opc/OT + pcfsinge)/(Pcr) ~ (14 —
52¢)(8 + 17¢)/290¢. The micellar SDS concentrations corre-
spond to volume fractions 0.002 < ¢ < 0.02, so that 6 < (Op./
Opc)l(petty) < 37 (the 6 for ¢ = 0.02 and 37 for ¢ = 0.002), and
46 < (OpJOT + pefuingle)/(Petit) < 460 (the 460 for ¢ = 0.02 and
46 for ¢ = 0.002). The above lower limit of 6 is most probably
about a factor 2 larger, since the . decreases with increasing
concentration. Thermoelectric contributions can thus be safely
neglected against those from pressure gradients and single-
particle forces for the micellar SDS system under consideration.

C: Converting experimental second virial coefficients to B,

The experimental determination of the second virial coefficient
and the molar mass M of colloids by means of static light
scattering experiments is based on the following relation
involving the (inverse) Rayleigh ratio R(k — 0), which goes
back to Debye,®’

Kc 1
¢ =—+2Bc,

Rk—0) M (81)

where K is a constant, ¢ is the colloid concentration in units g
ml ™. Furthermore, B is the second virial coefficient in units ml
mol g%, which is proportional to the second virial coefficient B,
in eqn (56). To obtain the proportionality constant between B
and B,, it is noted that (see, for example, ref. 69, Section 3.5),

Kc 1

Rk—=0)_ M (82)

Comparing the two expressions above, and using that p.[#col-
loids per m®] = (N,,/M)10° [g ml "], leads to,

B, = (M?/Ny,)10™°B,

(83)

where B, is understood to have the unit m*, M is expressed in
units g mol ', and the unit of B is already mentioned above.
Experimental light scattering data for B are given in Fig. 4.”77°
The necessary temperature and salt-concentration dependence
of the molar mass of SDS micelles, required to convert experi-
mental values for B into B,, are given in Fig. 5 and 6, respec-
tively, where the data are taken from the same references.
These plots are used to generate Fig. 3 for B, versus temperature
for ¢ = 100 mM in the main text.

Also note that relation (3a) in ref. 78 implies that the
numerical values for k; in Tables I and II in that reference
(for 25 and 40 °C, respectively) are related to B as k; = 2MB.
Alternatively, B, can also be obtained from ref. 78 without the
use of their eqn (3a), using the values for k; and the aggregation
numbers m in Tables I and II (with the molecular weight of a
single surfactant equal to M; = 288 g mol '), together with the
relation k| = 2B, = ki/v. The specific volume 7 of a micelle is
obtained from the data for the radii in Tables III and IV in

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The second virial coefficient B as defined in egn (81) in units of ml
mol g2 for a NaCl concentration of ¢, = 100 mM, as a function of
temperature. The data points @ are taken from ref. 79, the points are
from ref. 78, and the point B is taken from ref. 77. Note that the definition
of the second virial coefficient k; in egn (3a) in ref. 78 differs by a factor of
2 M from the definition of the second virial coefficient B in ref. 77 and 79.
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18000 — L
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Fig. 5 The molar mass of SDS micelles as a function of temperature at a
salt concentration of 100 mM. The data points @ are taken from ref. 79,
the two points & from ref. 78, and the single point B from ref. 77.

310 320 330

ref. 78, using that ¥ = [Na/(mM,)]v.. The thus obtained numer-
ical values for B, are the two data points ¢ in Fig. 3.

For a given temperature and salt concentration, eqn (59)
predicts that,

k= (84)

PERREPTR

where the superscripts refer to two different micellar concen-
trations. Fig. 2 in ref. 32 allows in principle to obtain k as a
function of temperature for the two salt concentrations 10
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Fig. 6 The molar mass as a function of NaCl concentration for two
temperatures. The data points @ and O are taken from ref. 78, for 25
and 40 °C, respectively. The points B for 25 °C are taken from ref. 77. The
two points < are obtained by interpolation of the data in Fig. 5 from ref. 79
to 25 and 40 °C. The points A for 25 °C are from ref. 82. The solid lines are
guides to the eye.

and 20 mM. To this end, however, the concentration in
units ¢ dm > must be converted to the number of colloids p,
per unit volume, for which the molar mass is needed for the
two salt concentrations as a function of temperature. Further-
more, the total surfactant concentration in terms of which
Fig. 2 in ref. 32 is plotted, should be corrected for the cmc to
obtain the concentration of the surfactant in the micellar form.

Without salt, the cmc is equal to (2.30 + 0.15) mg ml ™'
within the temperature range of 15-30 °C.** In ref. 79, for a
NaCl concentration of 100 mM, the cmc concentration of
(0.41 + 0.01) mg ml~" is also found to be independent of the
temperature within the temperature range of 17-30 °C. One can
therefore safely assume that the cmc is independent of tem-
perature within the temperature range of interest. For 25 °C the
eme is equal to 1.50 mg ml~' for a NaCl concentration of
10 mM, and 0.43 mg ml~" for 100 mM,** and is found to vary
from 2.65 to 0.53 mg ml ™" for salt concentrations varying from
10 to 100 mM in ref. 77. These data are plotted in Fig. 7, and are
thus taken to be independent of temperature. For the salt
concentrations of 10 and 20 mM it is found from Fig. 7 that
eme = (1.57 + 0.10) mg ml™" and (1.35 £ 0.10) mg ml ™,
respectively. The molar mass on the contrary is a function of
temperature, as shown in Fig. 5 and 6. For a salt concentration
of 100 mM, the data for the molar mass in Fig. 6 are in quite
good agreement between the varies reported values. For the salt
concentrations of 10 and 20 mM used in the temperature
dependent thermophoretic measurements in ref. 32, however,
there is quite a significant variation between the reported
values for the molar mass. It turns out that this variation leads
to quite large errors in the expression (84) for k, and thus
prevents us from a comparison of the experimental data in
ref. 32 with theory.
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Fig. 7 The cmc, which is essentially constant within the temperature
range 15-30 °C, as a function of NaCl concentration. The data points B
are taken from ref. 77, the points & from ref. 83, I from ref. 79, and the
points O from ref. 82. The solid line is a guide to the eye.
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