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Abstract. Experimental results on mass transfer within a thin porous layer saturated with ferrofluid are
outlined in this paper. From the analysis of particle concentration distribution across the layer it is shown
that both the mass diffusion and the Soret coefficients of nanoparticles are remarkably less than those
measured in free fluid. The particle transport coefficient changes due to an external uniform magnetic field
qualitatively well agree with the predictions of existing theoretical research. The magnetic field that is
oriented transversely to the porous layer causes an increase in the diffusion coefficient and a decrease in the
Soret coefficient whilst the longitudinal field causes a reduction of the mass diffusion and an intensification
of the particle thermodiffusion.

1 Introduction

A strong anisotropic magnetic Soret effect in ferrocol-
loids has been recognized [1]. Theory says that direct
influence of a field on nanoparticle thermophoretic mo-
tion is limited; the main reason of magnetic Soret effect
is changes in the mass diffusion under the effect of in-
ternal magnetic field gradients due to development of a
non-uniformity of particle concentration. The main con-
clusions of the theory of magnetic Soret effect have been
confirmed experimentally. Two principally different tech-
niques, relaxation measurements of optically induced ther-
mal grating in thin ferrofluid layers [2,3] and direct mea-
surements of particle dynamic separation in thermodiffu-
sion columns [4–6], both testify the theoretically predicted
anisotropy of nanoparticle Soret coefficient in the presence
of magnetic field. Unfortunately, both measurement tech-
niques allow obtaining quantitatively safe results only in
case of relatively small magnetic fields [7]. Under stronger
fields the separation process is disturbed by appearance
of thermomagnetic convection. To avoid the influence of
this parasitic convection, mass transfer experiments are
performed employing thin ferrofluid layers which are de-
limited by permeable walls [8] or by measuring the particle
transfer through porous membranes [9]. Whilst nanopar-
ticle size remains significantly less than the size of pores,
we may believe that the transport properties of the fer-
rocolloid are close to those of homogeneous dispersion.
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However, in filters of low porosity and of small grains
the diffusive and thermphoretic transport of nanoparticles
may be supported by specific magneto-osmotic phenom-
ena [10] and by originating of a thermomagnetic pressure
gradient due to the difference in fluid temperatures on
both sides of the layer [11]. In order to eliminate these
parasitic processes, in the research presented in this pa-
per we have performed particle transfer experiments in
a ferrofluid-saturated porous layer enclosed within rigid
non-permeable walls.

2 The physical model

2.1 Formulation of the physical situation

Transfer of the magnetic nanoparticles of a ferrofluid is
investigated in a porous layer of a flat cylindrical shape.
The layer is composed of ten coaxial, tightly packed sub-
layers. The mass transfer coefficients are evaluated from
measurements of particle concentration across the layer,
where the mass transfer is initiated in two ways: a) the
development of concentration profile from initial stepwise
distribution (in this case experiments are referred to as
diffusion experiments) and b) development of concentra-
tion difference from a homogenous distribution due to the
application of a temperature difference on fluid borders
(thermodiffusion experiments). The cases are summarized
in fig. 1.

In all experiments, there is no mass flux through any
wall. In thermodiffusion experiments (fig. 1a), a temper-
ature gradient is set along the cylinder’s axis, which is
aligned with gravitational field. Temperatures at top and
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Fig. 1. Layouts of porous layers in various experiments. Case
a: thermodiffusion experiments; b: diffusion experiments, mag-
netic field parallel to concentration gradient; c: magnetic field
diffusion experiments, magnetic field normal to concentration
gradient.

bottom walls are kept constant, with Ttop > Tbottom.
There is no heat flux through the side walls. The external
magnetic field, if present, is also aligned with temperature
gradient and gravity field. As stated, the initial concen-
tration distribution of magnetic particles is homogenous
throughout the porous environment.

In diffusion experiments, likewise, no mass flux
through any wall is allowed. However, no temperature gra-
dient is present and no heat flux through top and bottom
walls is allowed. Five of the ten sub-layers are homoge-
nously saturated with ferrofluid, while the other five are
saturated with pure carrier fluid. Two configurations of
the experiment are used. In one, referred to as “paral-
lel” configuration (fig. 1b) initial concentration gradient is
aligned with gravitation field and external magnetic field,
if present. In the other (“normal”; fig. 1c), the porous
layer is inclined by a straight angle, so that the initial
concentration gradient is normal to the external magnetic
(if present) and gravitation fields.

2.2 Unsteady diffusion of ferroparticles in a flat layer
partially filled with ferrofluid

Let us consider the development of a concentration profile
of nanoparticles in a flat layer of thickness 2a. Initially, one
half of the layer at a > x > 0 is filled with a ferrofluid of
particle concentration c = 2c0 whereas the second half at
0 > x > −a is filled with the corresponding carrier liquid.
We introduce C as C = c/c0−1, where c = c(x, t) denotes
the actual particle volume concentration. It is important
to note that the volume concentration here is that of par-
ticles in the ferrofluid, regardless of what volume share of
porous environment the fluid takes. Treating ferrofluid as a
binary mixture, where the solid phase is made of magnetic
nanoparticles along with their surfactant layer, we can use
equations for colloid mass transfer [1]. The development of
concentration profile of nanoparticles is governed by the
diffusion equation written in non-dimentional form

∂C

∂τ
=

∂2C

∂X2
, (1)

Fig. 2. Particle concentration distribution in diffusion exper-
iments at different values of τ .

with boundary conditions
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Here τ = Dt
a2 , X = x

a . The initial stepwise distribution
of concentration at t = 0 may be presented in a form of
Fourier expansion

C(X, 0) = 2
∞∑

k=1

sin(βkX)
βk

, (3)

with βk = (2k − 1)/π. The solution to eq. (3) is then

C(X, τ) = 2
n∑

n=1

e−β2
nτ sin(βnX)

βn
. (4)

The development of concentration distribution curves is
shown in fig. 2. The numbers in the frame denote values of
time τ . At low τ the development of concentration profile
may be described employing the unsteady boundary layer
approximation. The solution of boundary layer equation
by Laplace transformation for this regime gives

C(X, τ) = erf
(

X

2
√

τ

)

. (5)

If τ > 0.1 only the first summand in (4) should be taken
into account when analyzing the concentration profiles
(the so called “regular regime”). For layers of thickness
2a = 1mm this regime corresponds to the duration of the
experiment approximatively equal to 24 hours.

2.3 Development of particle concentration under
non-isothermal conditions

Let us consider the development of particle concentration
in ferrofluid layer of non-permeable ends at xL = ±a, the
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Fig. 3. Particle concentration distribution in thermodiffusion
experiments at k = 1 and different values of τ .

sedimentation force is aligned along the x axis. The mass
transfer equation, initial and boundary conditions obey
the following non-dimensional form:

∂C

∂τ
=

∂2C

∂X2
+ k

∂C

∂X
,

∂C

∂X

∣
∣
∣
∣
X=±1

+ kC|X=±1 = 0 and C|t=0 = 1. (6)

Here C = c
c0

, where c = c(x, t) with c0 being the ini-
tial uniform particle volume concentration at t = 0; k =
ST ΔT/2, with ST the particle Soret coefficient and ΔT
the difference in wall temperatures ΔT = T (a) − T (−a).

Implementing the Laplace transform for solving the
problem, we obtain the following dependence of distribu-
tion of concentration across the channel:

C(X, τ) = 1 − k

∞∑

n=0

4iβn

[

1 − e−
1
4 (β2

n+k2)τ
]

cos βn(β2
n + k2)2

×
[

(k − iβn) sinh(k + iβn)e−( k
2−i βn

2 )X

− (k + iβn) sinh(k − iβn)e−( k
2 +i βn

2 )X
]

. (7)

Here βn = nπ.
The development of concentration profiles across the

layer is shown in fig. 3. At the initial stage of separation
when τ � 1 the development of concentration profile near
the layer walls follows the formula which is obtained under
the boundary layer approximation:

C(X, τ) = 1 ± 2k
√
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π

×
[
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(
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2
√

τ

)]
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(8)

However, a more beneficial regime for the determination
of the Soret coefficient is the steady distribution of par-
ticles which is reached in durable experiments approxi-
mately at τ > 1. The condition of steadiness of the mass
transfer inside the layer together with the mass conserva-
tion equation

∫ +a

−a
c(x)dx = 2c0 gives the following simple

distribution of particles across the channel:

C(X, τ) =
k exp(−kX)

sinh k
. (9)

For layers of thickness 2a = 1mm this regime again corre-
sponds to the duration of the experiment approximatively
equal to 24 hours.

3 Experimental methodology

3.1 Experimental setup and methods

The porous layer used in experiments is δ = 1.3mm in
height and dlayer = 67mm in diameter. The layer itself is
made of ten sheets of filter paper saturated with ferrofluid
(or carrier liquid) and pressed together to form a contin-
uous porous environment. Filter material has been found
to be inert to components of ferrofluids used in our exper-
iments. Porosity of the layers is measured as the ratio of
free (or pore) volume to total volume of the porous mate-
rial and found to be ε = 0.33. Pore diameters are specified
by the manufacturer to be in range dpore = 9–20μm. The
temperature difference between top and bottom walls in
thermodiffusion experiments is ΔT = 40K. The magnetic
field, when present, is applied by an electromagnet with
an iron core. Since the size of the core exceeds that of the
experimental device itself, magnetic field is easily homoge-
nous, as is confirmed by measurements.

Only final states of each experiment are investigated.
Particle distribution is attained by splitting the layers
apart after the experiment is finalized and measuring mag-
netic particle concentration in samples from each layer
individually. Concentration of magnetic material is de-
termined from magnetization M = ϕMS , where MS de-
notes saturation magnetization of the material. Magneti-
zation of the samples is measured using a vibration sample
magnetometer (Lake Shore Cryotronics Co., model 7404
VSM). Absolute accuracy of measurements is given by the
manufacturer to be better than 2% of the reading value.
Experimental work has, however, shown that the measure-
ment error for particle concentration will be higher, which
is largely attributed to a parasitic processes taking place
upon ending the experiment, including the splitting of the
layers. Resulting accuracy is estimated to be around 10%
of the measurement value.

3.2 Overview of ferrofluids used in experiments

Two major types of ferrofluids are identified by the
method of colloidal stabilization. Aggregation of parti-
cles is countered either by applying a surfactant to form
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Table 1. Properties of magnetic fluids.

Ferrofluid: df-105 S-1 U5 FF13-04

Particle material Fe3O4 Fe3O4 Fe3O4 Fe2O3

Carrier fluid: tetradecane tetradecane undecane water and citrate

Method of stabilization: surfaced surfaced surfaced ionic

Surfactant oleic acid oleic acid and lauric acid oleic acid –

Most expected particle moment (Am2) 2.29E-19 2.96E-19 2.34E-19 6.46E-19

Most expected particle diameter (nm) 9.64 4.72 9.70 13.60

Particle volume concentration (%) 4.75 1.48 4.00 0.87

Soret coefficient in free fluid (1/K) 0.15 0.02 0.15 0.00

Diffusion coefficient in free fluid (m2/s) 1.86E-11 4.05E-11 3.50E-11 1.34E-11

a layer of molecules that covers the particles, or forming
a double ionic layer around the particles. Both kinds of
ferrofluid are used in experiments described in this arti-
cle. Surfactant-based ferrofluids are manufactured at the
Institute of Physics, University of Latvia, while the single
ionic ferrofluid is provided by the Department of Theo-
retical Physics, University of Latvia. Oleic acid and lauric
acid used as surfactants were provided by Sigma-Aldrich.

An overview of ferrofluids used is given in table 1. The
values of Soret coefficient are measured directly with the
method of Forced Rayleigh scattering, while diffusion co-
efficients are either measured in magnetic grating experi-
ments or calculated from Stokes’ formula. The accuracy of
ST measurements is estimated to be approximately 10%
due to lack of detailed information about the colloid op-
tical refractive index [12], while the accuracy of D mea-
surements is about 5%, the uncertainty is mostly due to
particle polydispersity.

It should be noted that, while a ferrofluid with ionic
stabilization could have a negative Soret coefficient, the
ionic ferrofluid FF 13-04 actually has a Soret coefficient
ST = 0 —no particle transfer under temperature field
was observed in free fluid in forced Rayleigh scattering
experiments.

3.3 Convective stability analysis

It is necessary to ensure that the diffusive mass transfer is
not disrupted by convective flow. In the presence of Soret
effect the convective processes in fluid-saturated porous
layers should be considered taking into account both the
thermal as well as the solute buoyancy. However, in col-
loids the double diffusive convection may be considered
introducing significant simplifications.

The particle diffusion coefficient D is significantly
lower than the colloid thermal diffusivity α (the Levis
number Le = α/D � 1) and due to high Soret num-
bers the solutal buoyancy significantly exceeds the ther-
mal buoyancy (in steady mass transfer regime the ratio
N = ST /βT � 1, βT is the fluid thermal expansion co-
efficient). In ref. [13] it is shown that under such condi-
tions (approximately starting with LeN > 10) the con-
vective stability in fluid-saturated porous media is gov-

Table 2. Convective stability criteria for ferrofluids used in
the experimental work.

Fluid Rap (B = 0) Rap (B = 0.1 T)

df105 −2.18 55.6

S-1 −0.18 0.33

U-5 −0.75 2.65

FF13-04 3.50 13.83

erned by one criterion, by the solute Rayleigh number
Rap = RaϕDa with Raϕ being the Rayleigh number
for a homogeneous liquid and Da —the Darcy number
Da = K/δ2 (K is the layer permeability, δ = 2a is the
thickness of the layer). Considering a top heated layer in
the presence of vertical magnetic field B = const, with the
account for magnetic buoyancy force [14], the Rayleigh
number Rap may be written as follows:

Rap = Rapm + Rapg = μ0
K(εϕ0MsL(ξ)ST ΔT )2

ηD(1 + γL′(ξ))

−δβϕρgϕ0ST ΔTK

ηD
. (10)

Here γ = ϕ0ξMS/H is a parameter of particle magnetic
interaction (ϕ0 being the volume concentration of parti-
cles), the parameter ξ = μ0mH/kBT , the parameter βϕ

is defined as βϕ = 1
ρ0

∂ρ
∂ϕ (here ρ is the ferrofluid density

and ρ0 is ferrofluid density at t = 0), MS is the saturation
magnetization of particle material, m the magnetization
of a single particle, L(ξ) = coth(x) − 1

x is the Langevin
function and L′(ξ) is the derivative of Langevin function,
αT is the pyromagnetic coefficient and η is the fluid effec-
tive viscosity.

The condition for offset of a convection in layers of rigid
boundaries is the reaching of a critical value Racr = 4π2.
The negative sign of the gravitation summand in Rap

means that within B = 0 the fluid heating above can-
not induce the convection. Contrarily, applying vertical
magnetic field always causes a convective destabilization
of the fluid.

Values of Rap for physical parameters of the performed
experiments are summarized in table 2. The permeability
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Fig. 4. Relative concentration profiles for surfaced (df-105) and ionic (FF 13-04) ferrofluid. The temperature gradient is directed
toward positive distance values, opposite to the direction of gravitation force.

Fig. 5. Concentration profiles in parallel configuration diffusion experiments with no magnetic field, performed with surfaced
ferrofluid df-105, after 2 and 24 hours; positive x corresponds to the bottom half of the layer.

K is calculated by using the Kozeny-Carmen relation [15].

K =
d2ε3

172.8(1 − ε)2
. (11)

The filter porosity ε = 0.33 is detected experimentally,
the mean pore size d = 2μm is taken from the filter docu-
mentation. As it is seen, even in the presence of magnetic
field the loss of convective stability of the fluid in porous
layer is not expected.

4 Experimental work and results

4.1 Mass transfer coefficients in a porous environment

Thermodiffusion experiments are conducted for 24 hours.
Experimental values of effective separation (Soret) coeffi-
cient are attained by fitting eq. (9) to experimental data.
Examples of data with the respective approximation func-
tions are presented in fig. 4. It should be pointed out that

for the ferrofluid sample FF 13-04 with ST = 0, the par-
ticle flow is directed toward higher temperatures.

In diffusion experiments, measurements are performed
after various intervals of time have passed —2, 4 or 24
hours— observing the decay of the initial step-like con-
centration profile. At sufficiently small values of Fourier
number, as is the case in both two- and four-hour experi-
ments, the concentration profile is described by eq. (5). In
24-hour experiments, particle distribution is described by
eq. (4). As an example, data from 2- and 24-hour diffusion
experiments of a surfaced ferrofluid in parallel configura-
tion are given in fig. 5.

While two- and four-hour experiments are performed,
it is noted that certain disturbances in particle distribu-
tion appear in early stages of diffusion experiments. These
are most likely related to non-diffusive mass transfer pro-
cesses taking place in the moment of forming a continu-
ous porous layer from the ten separate layers. With this
in mind, only results from 24-hour experiments are used
and analyzed further.
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Table 3. Results from parallel configuration experiments without magnetic field. R2 denotes the coefficient of determination.

Ferrofluid ST , 1/K ST,exp, 1/K R2 D, m2/s Dexp, m2/s R2

df-105 1.50E-01 4.75E-02 0.99 1.86E-11 1.56E-12 0.98

S-1 2.00E-02 5.64E-03 0.59 4.05E-12 2.98E-14 0.96

U5 1.50E-01 6.21E-02 0.98 3.50E-11 1.60E-12 0.94

FF13-04 0.00E+00 −3.00E-02 0.72 1.34E-11 3.71E-12 0.98

Table 4. Comparison of experimental and theoretical values of relative ST .

Ferrofluid ST,experimental (100 mT)/ST (0 mT) ST,theoretical (100 mT)/ST (0 mT)

df105 0.480 0.482

U-5 0.560 0.618

S1 0.035 0.034

FF1304 −0.739 −0.323

Table 5. Comparison of experimental and theoretical values of relative D for ferrofluid df-105 at both experimental configura-
tions.

Field orientation Dexperimental (100 mT)/D (0 mT) Dtheoretical (100 mT)/D (0 mT)

parallel 1.35 1.97

normal 0.92 0.81

Results of parallel configuration experiments with no
magnetic field have been summarized in table 3. ST and D
are values of Soret and diffusion coefficients in a free fluid
while ST,exp and Dexp are experimental values of both
coefficients.

The accuracy of the fitting procedure by which ex-
perimental values of coefficients is attained is described
by the coefficient R2. Following from the considerations
about measurement accuracy, the experimental coeffi-
cients ST,exp and Dexp cannot be expected to have an
accuracy of more than 10%. It is immediately noticeable
that a strong decrease in both Soret and diffusion coeffi-
cients has been observed.

4.2 Effects of magnetic field on particle transfer

Thermodiffusion experiments are performed in magnetic
field of B = 100mT, with a temperature gradient paral-
lel to the concentration gradient and the magnetic field.
Values of relative experimental and theoretical Soret coef-
ficient are summarized in table 4. Considering the signifi-
cant changes in particle transfer coefficients in the porous
environment, all values are relative to the experimental
value of ST at B = 0mT in the porous layer, not free
fluid.

A theoretical model to predict changes in the Soret
coefficient in the presence of magnetic field is described
in detail in ref. [16]. By introducing a particle flux associ-
ated with magnetic sedimentation and assuming that an

external uniform magnetic field is aligned with temper-
ature gradient, as is the case in our thermodiffusion ex-
periments, we can introduce the effective magnetic Soret
coefficient

ST,M =ST

[(

1− γL2(ξ)
1+γL′(ξ)

· αT

ST

) / (

1+
γL2(ξ)

1+γL′(ξ)

)]

.

(12)
Here αT is the pyromagnetic coefficient.
As measurements follow the same methodology, exper-

imental coefficients in table 4, and in table 5, attained in
a magnetic field are assumed to have the same 10% accu-
racy.

In the case of diffusion experiments, where the temper-
ature gradient is zero but there is a concentration gradient
and an external magnetic field, aligned along the concen-
tration gradient and gravity field, is present, the effect of
magnetic field on diffusion coefficient can be expressed,
again, following the theoretical model of ref. [17], as

DM,parallel field = D

(

1 +
γL2(ξ)

1 + γL′(ξ)

)

. (13)

This approach only accounts for particle transfer
caused by inhomogeneity of the magnetic field due to par-
ticle distribution. When the field is aligned perpendicular
to the particle concentration gradient, this would play no
part in particle transfer coefficient changes.

Another cause of changes in diffusion coefficient is re-
lated to magnetic interaction between the particles [17].
According to the model presented there, mass diffusion
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coefficient in a magnetic field normal to the concentration
gradient is

DM,normal field = D

(

1 − λγL2(ξ)
1 + λγL′(ξ)

)

. (14)

Here λ is a parameter of magnetic interaction called the
effective field constant and can be calculated within the
effective field model presented in ref. [18]. For ferrofluid
df-105, it is found to be λ = 0.286.

Diffusion experiments are performed in both field ori-
entations with fluid df-105 at B = 100mT. Experimental
and theoretical values of the diffusion coefficient are given
in table 5. As before, all values are relative to experimental
value at zero magnetic field. Theoretical values in paral-
lel and normal fields are calculated by eqs. (13) and (14),
respectively.

5 Analysis

A conclusion can immediately be drawn from these results,
that both diffusion and Soret coefficients in the porous
environment are significantly lower than in free fluid. It
should be noted that the decrease of transfer coefficients
does not always correspond to particle transfer being ham-
pered. This is demonstrated by Soret coefficient for fer-
rofluid FF 13-04, that has turned negative in the porous
layer. No particle transfer induced by a temperature gradi-
ent was observed in free fluid for FF 13-04, corresponding
to Soret coefficient of zero. In this case, particle transfer
has appeared, not been diminished.

Within the current experimental body of work and the-
oretical considerations, no clear explanation for the change
in any of the coefficients has been found. One of the pos-
sible causes of decrease in diffusion coefficient is related
purely to the geometry of the porous layer, namely to
tortuosity of the environment that should decrease diffu-
sion coefficient through prolongation of the actual path for
particles to travel to cover some effective distance. How-
ever, quantitative estimation of this effect is a problem,
since tortuosity of an environment is not considered to be
measurable experimentally and lack of a theoretical model
that would clearly correspond to our filter layer structure
prevents us from attaining a theoretical value. Under the
assumption that the layer has a porous structure, a de-
crease by an order of magnitude is not to be expected.

Soret coefficient being significantly lower in a porous
environment than it is in a free fluid is an entirely un-
expected result. In binary gas or liquid mixtures, usu-
ally the reduction of diffusion and thermodiffusion coef-
ficients in porous systems is equivalent (at least if con-
vective processes are not involved), because changes in
both coefficients are driven by tortuosity [19]. Therefore,
the Soret coefficient remains unchanged, as previous ex-
perimental research has confirmed [20]. Ferrocolloids are
somewhat more complicated systems with notable differ-
ences in particle thermodiffusive transport mechanisms. A
possible reason for changes in transport coefficients in a
porous medium concerns gradients of chemical potential

near colloidal particles and pore walls that could cause
slip velocity to appear, through a mechanism described
in [21]. In the case of lyophilic solid/liquid interface, slip
velocity would be directed toward higher temperatures.
Such mechanism of particle transport might be more sig-
nificant in surfaced colloids like ferrofluids due to the pres-
ence of surfactant molecules. Thus, advective flux of the
particles toward higher temperatures might be induced by
pore walls. While qualitatively plausible, quantitative pre-
dictions of the proposed transfer mechanism would require
knowledge not only of parameters of the porous layer, but
also of chemical potential gradients near particle surface in
the ferrofluid. The lack of such knowledge prevents solid
conclusions on the possible role of this transfer mecha-
nism. However, initial experimental work with ferrofluids
with increased surfactant concentration seems to indicate
an according increase in particle transfer toward higher
temperatures. Correlation between concentration of the
surfactant and particle transfer under temperature gradi-
ent calls for additional experimental work before any real
conclusions are drawn.

While it is undeniable that diffusive mass transfer of
colloidal particles in a porous medium is significantly af-
fected by the porous medium itself through mechanisms
not fully understood, measurements of mass transfer coef-
ficients undergoing changes when a ferrofluid is subjected
to a magnetic field give results well comparable with the-
oretical values. Theoretical models presented in refs. [16]
and [17] give reasonably accurate predictions of depen-
dence of mass diffusion and Soret coefficients in a mag-
netic field.

The authors would like to thank Oksana Petricenko from De-
partment of Theoretical Physics, University of Latvia for pro-
viding the ionic ferrofluid used on our research.
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