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Stable suspensions of magnetic particles exhibit specific features making them an inno-
vative liquid material for numerous applications as well as for basic research. In partic-
ular ferrofluids can be used for density separation ofnon-magnetic materials immersed in
the liquid under the influence of magnetic fields. In this article the basic properties and
applications of ferrofluids will be reviewed, and the principles of magnetic density
separation will be discussed on the basis of the available literature. In addition we will try
to show the possibility and problems of a commercial use of this technique.
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INTRODUCTION

In the early 60s a lot of effort has been spent on the development of a

liquid material which can be strongly influenced by moderate magnetic
fields. Such a material, enabling the control of its flow and physical
properties over a wide range by means of a controllable magnetic force,
was expected to give rise to numerous new applications. All known
ferromagnetic materials have a Curie point well below their melting
temperature. Thus, they lose their ferromagnetic properties before
becoming liquid. The only exception, undercooled melts of Co-Pd
alloys, found to show a magnetic phase transition in 1996 [1,2], is of no
technical importance concerning magnetic field controlled flows and
related applications. Solutions of paramagnetic salt exhibit force den-
sities in the order of 50 N/m3 in magnetic fields of about 40 kA/m with
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gradients around 106 A/m2. These values for the field strength and its
gradient are typical for controllable magnetic fields produced with
coils. The mentioned force density on paramagnetic salt solutions is
about three orders of magnitude smaller than the gravitational force
density. Thus they are also not applicable for technical use. Therefore a
completely new class of materials had to be developed to meet the
necessities of the prospected use of a magnetic fluid. The final break-
through was made by S. Pappell’s success in producing stable suspen-
sions of magnetic nanoparticles in appropriate carrier liquids [3]. These
suspensions show liquid behavior coupled with superparamagnetic
properties. That means that moderate magnetic fields can exhibit
magnetic forces to the liquid, which are comparable to gravitational
forces.

Intense efforts undertaken shortly after the discovery of a method
of preparation of ferrofluids as these suspensions are commonly
called forced the development of fluids exhibiting longtime colloidal
stability and reproducible properties. Parallel to further development
and improvement of the liquids themselves, applications have been
published, some of them gaining high commercial importance.

In the following we will first look at the composition and stability
requirements of ferrofluids, as well as their most important magnetic
properties. Afterwards some of their applications, having importance
in everyday life, will be presented to illustrate the wide range of
applicability of these substances. Finally the use of ferrofluids for
sorting of non-magnetic materials by density will be discussed in some
detail, showing the basic principle, as well as the possibilities of tech-
nical use of this method.

COMPOSITION AND STABILITY REQUIREMENTS

Commercially available ferrofluids contain magnetic nanoparticles
with a mean diameter of about 10 nm. To ensure colloidal stability of
the liquid, thermal motion of the magnetic particles has to avoid their
sedimentation in the gravitational field and in magnetic field gradients,
as well as agglomeration due to magnetic interaction. For particles
with a diameter of about l0 nm one can easily calculate that thermal
energy of the particles kT (k denoting Boltzmann’s constant and
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T the absolute temperature) at room temperature is comparable to
their energy in the gravitational field.

Egrav ApVgh, (1)

(Ap is the density difference between particles and carrier liquid, V the
volume of a particle, g gravitational acceleration and h the typical
height of the fluid container), their energy in a moderate magnetic
field H

Igmagl --/zomo VH (2)

(#0 denotes the magnetic constant and M0 the spontaneous magneti-
zation of the particle’s magnetic material) as well as the dipole-dipole
interaction energy of two identical particles in contact,

gdip 0-’-o [/-. (3)12

Nevertheless, colloidal stability of bare magnetic particles of this size in
a carrierliquid cannot be guaranteed, since agglomeration due to
van-der Waals attraction will occur as soon as particles come into
contact. The van-der Waals interaction energy for identical spherical
particles of diameter d can be written in the form

Evaw - 12 + 4l + (1 + 2)--------2 + In ,(i2-J (4)

Here l 2s/d is the distance s between the particles normalized to their
diameter d, while A denotes the Hamaker constant, which is of the
order 10-19 Nm for magnetite in water. One can show, that the van-der
Waals interaction energy diverges for vanishing distance between the
particles with l-. Thus, the thermal energy cannot redispense particles
being in contact. To avoid irreversible agglomeration of the particles,
they have to be prevented from coming into contact. This is usually
done by means of a surfactant layer consisting of long chain molecules
with a polar head and an unpolar tail (see Fig. 1). The head is attached
to the particle, while the tail reaches into the carrier liquid. The
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FIGURE Schematic representation of the coated magnetic particles in a ferrofluid.
The size of the surfactant molecules has not been given in scale, to make the figure
clearer.

molecules have to be chosen in such a way, that the dielectric prop-
erties of the tails match those of the carrier liquid. In this case the
Hamaker constant describing the van-der Waals interaction between
the surfactant molecules becomes zero and no agglomeration between
the surfactant molecules will occur. Thus two surfacted particles
coming close to each other will just experience steric repulsion
resulting from the reduction of the configuration room of the
surfactant molecules. It can be shown, that a surfactant layer of
2 nm thickness yields a steric repulsion strong enough to avoid direct
contact between the magnetic particles and thus prevents interparticle
agglomeration.
Modern ferrofluids contain usually magnetite (Fe304) as magnetic

component. The carrier liquids can be different oils, water, kerosene,
heptane or some esters. The surfactant is always chosen to match the
dielectric properties of the carrier liquid. As an example acidic acid can
be used for magnetite in water, but the composition of surfactants in
commercial ferrofluids is a secret of the producers. The volume con-
centration of the magnetic component is usually in the order of
5-15 vol.%.
Such suspensions of coated magnetic particles in a carrier liquid

are commonly produced by chemical coprecipitation. Khalafalla and
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Reimers [4] coprecipitated magnetite from the reaction

FeC12 + 2FeCI3 + 8NaOH -- Fe304 + 8NaC1 + 4H20 (5)

and boiled the coprecipitate in a mixture of petroleum and oleic acid.
The petroleum was used as a carrier liquid, while the oleic acid served as
a surfactant for the particles. The boiling in presence of the carrier fluid
and the surfactant prevented the agglomeration of the particles due to
van-der Waals interaction. In a magnetic field gradient the magnetic
fluid has to be separated from the salt solution. Finally the resulting
ferrofluid could be obtained by diluting or concentrating the magnetic
liquid filtrate.

In the mean time numerous techniques have been developed to
prepare ferrofluids in other carrier liquids [5-7], with different
magnetic material [8-10] and with other kind of stabilizing layers
[11,12]. Nevertheless most of them are based on chemical precipitation
processes like the one described above. The resulting fluids contain a
polydisperse magnetic fraction with particle sizes between approxi-
mately 3 and 20 nm.

MAGNETIC AND VISCOUS PROPERTIES

The most important feature of magnetic fluids is the combination of
normal liquid behavior with superparamagnetic properties. The mag-
netic particles, having a mean diameter ofabout 10 nm, can be assumed
to be magnetic single domain particles [13]. Thus, their alignment with
an external magnetic field will be determined by a counteraction of
thermal energy with the magnetic energy of the particle which can be
described as a dipole in the field. Therefore the magnetization M of a
ferrofluid follows the well known Langevin law

M Ms(ctgh a 1/a), I.tomHa=
kT’ (6)

where Ms denotes the saturation magnetization of the fluid and m
the magnetic moment of a single particle. For small values of c, that
means for weak magnetic fields, one can approximate the expression
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for M in (6) by

#omH M2s/zTr3 H xH (7)MMs. k---- 3 6k----

with the mean diameter of the particles d and the initial susceptibility X
of the fluid. This approximation is valid up to H 15 kA/m in a fluid
with saturation magnetization of about Ms= 32kA/m containing
particles with mean diameter d 10nm.
Using Eqs. (6) and (7) one can obtain important information about

the composition of a ferrofluid from a measured magnetization curve
like that shown in Fig. 2. First of all one can determine the satura-
tion magnetization of the fluid by extrapolation to H. Using
Ms bM0 one can deduce the volume concentration b if the sponta-
neous magnetization of the particle’s magnetic material is known. For
magnetite the spontaneous magnetization equals M0=4.5.105A/m
[13]. In addition, using the information on saturation magnetization,
the initial susceptibility provides the information on the mean size of
the particles using Eq. (7).
As mentioned before, the particles usually show a broad size dis-

tribution. Therefore, the magnetization curve is not completely
described by a Langevin function using a mean particle diameter. The
shape of the magnetization curve for relatively weak magnetic fields is
strongly influenced by the particle size. Therefore it contains essential
information on the particle size distribution. Using regularization
methods [14,15] one can calculate a discrete particle size distribution
from a measured magnetization curve, as shown in Fig. 2. This
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FIGURE 2 A measured magnetization curve with a fit from a single particle size
model (dashed line) and with an approximation using the particle size distribution on
the right side, obtained from the curve by a regularization technique [16].
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procedure of determination of the particle size distribution is advan-
tageous compared with the usual electron microscopy techniques, since
it measures the fluid as it is, that means without any preparation, that
may change the particle sizes due to irreversible agglomeration or other
phenomena in an unknown way. In addition it provides the real
magnetic information and protects one from mistakes due to influences
from non-magnetic particles formed during the preparation process.
The relaxation of magnetization in a ferrofluid is determined by two

different processes. On the one hand the magnetization can relax by
Brownian motion of the particles in the fluid, on the other hand the
magnetic moment can relax inside the particle without a movement of
the particle itself-, the so-called Nel relaxation process [17]. The
Brownian relaxation time is given by

3Vr/ (8)=kT’

where V denotes the volume of the particles including the surfactant
layer and r the dynamic viscosity of the liquid. For the N6el relaxa-
tion time it holds

rN =fd-1 exp (g V/kT) (9)

with the crystal anisotropy constant of the magnetic material K and a
relaxation frequency f0 that is given by the Larmor frequency of the
magnetization vector in the anisotropy field of the particle. For the
standard ferrofluid described in the Appendix, the Brownian relaxation
time will be about r= 1.1.10.5 s, while the Nel relaxation will take
place in rr=2.8.10-1s (for 10nm particles). One can easily see, that
the Nel process will dominate for small particles, while the relaxa-
tion will be due to Brownian particle motion for large ones. Particles
relaxing by the latter process are called magnetically hard. For mag-
netite the transition size between both processes is about 20 rim.

The possibility to exert strong forces on ferrofluids is due to the high
initial susceptibility which is in the order of X compared to X " 10-3

for paramagnetic salt solutions. This means, that the magnetization of
the fluid is about three orders of magnitude higher at weak magnetic
fields, than it is known from usual paramagnetic liquids. Thus one can
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easily calculate, that the magnetic force density

Ifmagl --/zoMVH (10)

is comparable to the gravitational force for a standard ferrofluid (see
Appendix) in moderate magnetic field gradients. For example a mag-
netic field of about H= 20kA/m with a gradient of about VH=
7.105 A/m2 as it is typically present some 5cm from a pole of an
electromagnet (see Fig. 3) will exert a force density of about 14 kN/m3

to the standard fluid, while the gravitational force density on the
same fluid is approximately 13 kN/m3. Thus the magnetic field is able
to produce a force strong enough to lift the fluid out of the pool
towards the pole of the magnet as shown in the photograph in Fig. 3.

This magnetic force enables the control of the flow of magnetic
fluids. In addition it gives rise to significant changes in their physical
properties. Within this article we will not discuss in detail the influence
of magnetic fields on the flow of magnetic fluids. In particular we
will not use or deduce any of the basic equations of ferrohydro-
dynamics, since this would exceed the frame of this review the
interested reader is referred to the monographs of Rosensweig [18]
and Blums [19] and the literature cited therein. In the following we
will only show the consequences of the magnetic influence with respect
to applications and to the change of physical properties of the fluids.
The most famous property is the change of viscosity in ferrofluids

due to the action of a magnetic field. Suggesting, that the fluid is
subjected to a shear flow with vorticity f, a mechanical torque will be
exerted on the particles due to viscous friction at the solid liquid
interface. This torque will cause the particle to rotate (see Fig. 4). It is
assumed in the following, that the magnetic moment is fixed in the
particle, i.e. the Brownian process determines the relaxation of mag-
netization in the fluid. If, in this case, a magnetic field is applied to
the fluid under shear, its interaction with the magnetic moment of
the particles will give rise to a magnetic torque trying to align the
moment and thus the particle with the magnetic field direction. If
the magnetic field is parallel to the vorticity of the flow, no hindrance of
the rotation of the particle will occur (see Fig. 4). In the opposite case,
i.e. for HA_f, the viscous flow will twist the magnetic moment of the
particles out of the field direction. This will create a magnetic torque
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FIGURE 4 The origin of rotational viscosity. Explanations are given in the text.

counterdirected to the mechanical torque (see Fig. 4). This magnetic
torque hinders the free rotation of the particles, and produces an
increase of the fluid’s viscosity. This increase is anisotropic, since it
depends on the mutual orientation of vorticity and magnetic field. The
phenomenon, called rotational viscosity, was theoretically investigated
by Shliomis [20] in 1972. He found, that for non-interacting particles of
spherical shape, the viscosity increase Tlr (H) ](H=0) can be written
in the form

r/r (I)’r/(H=0) sin2 (/3)
c- tanh(a)
c + tanh(a) (11)

where ’ denotes the volume concentration of the magnetic particles
including their surfactant and/3 the mean angle between vorticity and
magnetic field direction. The effect of rotational viscosity has first been
observed in highly diluted magnetic suspensions by McTague [21]. In
this case good agreement has been found with respect to the theoretical
model. Later on experiments were performed using commercial, con-
centrated ferrofluids [22-24]. In this case, strong quantitative differ-
ences between experiment and theoretical prediction (11) was observed
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(see Fig. 5). These discrepancies can be related to the formation of
agglomerates of magnetic particles in the fluid, which first of all would
explain the strong rotational viscosity and which would be magneti-
cally hard. This second point overcomes the problem, that single
magnetite particles of 10 nm diameter would relax by the N6el relaxa-
tion process, and a fluid containing such particles should therefore not
show any rotational viscosity. Such agglomerates are usually formed
during the preparation process [25]. In any way Fig. 5 shows clearly,
that the magnetoviscous effect in a fluid of reasonable concentration
of magnetic particles is strong enough to be necessarily considered in
investigations, and in the design of applications of magnetic fluids.

Recently some effort has been made in the investigation of visco-
elastic effects in suspensions of magnetic particles. Besides results on
magnetorheological fluids (MR) containing large particles of about
gm in diameter [26] and on nanosized MR-fluids with particles of

about 30nm in diameter [12], recently viscoelastic effects have been
observed also in stable conventional ferrofluids [27]. Such fluids have
the advantage of long-term stability against sedimentation, so that
systematic investigations of the viscoelastic effects and their micro-
scopic origin became possible.

40
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FIGURE 5 Rotational viscosity of a concentrated commercial ferrofluid. The dashed
line represents the theoretical prediction calculated for the fluid used in the
experiments. The full line is the best fit to the data. This fit strengthens the assumption,
that agglomerates of magnetic particles determine the fluid’s behavior.
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SOME APPLICATIONS OF FERROFLUIDS

The possibility to influence ferrofluids with moderate magnetic fields
gave rise to numerous patents for applications of this kind of liquid
materials. Some of them, which gained commercial importance will be
described now, together with some recent application ideas to illustrate
the application potential of magnetic fluids.
The most famous use of ferrofluids is their utilization in sealings for

rotating shafts. Conventionally such sealings are made by oil seal rings
or other mechanical devices. Such sealings have strong friction con-
suming energy and producing heat. The increased energy consumption
as well as the heat production are crucial for many devices needing
rotary feedthroughs. Thus, one of the first realized applications was the
ferrofluid sealing, easily standing against pressure differences of about
bar and having the friction of a liquid in a small gap. As is seen from

Fig. 6, the rotating shaft is surrounded by a circular permanent magnet.
A drop of ferrofluid is placed into the gap between the magnet and the
rotating shaft, which is made from highly permeable material. Due to
the strong magnetic field gradient in this region a strong force is exerted
on the fluid, fixing it in the gap. It can easily be shown [18], that
pressure differences of about bar can be sealed with a single stage
sealing of this kind. The friction of the seal is negligible compared to
that of oil seal rings or comparable systems. Higher pressure differences
can be sealed by an improvement of the magnetic poles and a reduction
of the gap width [28] or by use of multistage sealings [29]. Due to the

vacuum H \ normal pressure

ferro_’

.’/,/// ,/ shaft

magnet

FIGURE 6 Diagram of a ferrofluid sealing of a rotating shaft.
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development of ferrofluids which are highly stable even in strong
magnetic field gradients, such sealings could be adapted for applica-
tions with high requirements concerning lifetime of the used compo-
nents. Nowadays they are used in numerous devices like vacuum
feedthroughs or hard disk drives.
The most important application as far as the total volume of ferro-

fluid produced is concerned is at the moment the cooling and
damping of loudspeakers. In this particular case the voice coil of a
loudspeaker is immersed in a ferrofluid, held in the gap of the per-
manent magnet by the magnetic forces present here (see Fig. 7). Even at
high amplitudes of the membrane the magnetic forces are strong
enough to avoid transport of fluid out of the gap. The fluid increases
the heat transfer from the coil by a factor of approximately 3 making
high power loudspeakers much more reliable. In addition, the alter-
nating magnetic field of the coil produces time-dependent changes of
the viscosity of the fluid, which give rise to dynamic damping of the
loudspeaker [18]. Both effects together improve the overall perfor-
mance of loudspeakers in such way, that nowadays most speakers
for high quality HIFI systems, car audio systems and high power
applications use ferrofluids for cooling and damping purposes. This
application forced intense efforts in the development of ferrofluids,
since the liquids used in high power loudspeakers have to be stable
even at high temperatures of about 120C. Thus many carrier liquids
and surfactants used in the early times of ferrofluid research were not
suitable here.

membrane

ferrofluid

FIGURE 7
ferrofluids.

permanent
magnet

voice coil

The damping and cooling of voice coils in loudspeakers by means of
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Other applications, e.g. in medicine, are at present in development.
For example, drugs can be attached to the surfactant molecules. After
injection of the drug-carrying fluid into a blood vessel, it can be con-
centrated at a certain position by applying a strong magnetic field
gradient [31]. In this way the effect of the drug can be localized in the
body e.g. near an organ needing treatment, reducing unwanted side
effects. Another upcoming therapy technique is the use of ferrofluids
for cancer treatment by hyperthermia. The fluid particles are marked
with tracer substances that are enriched in the tumor tissue. By
applying an alternating magnetic field, the energy losses due to change
of magnetization in the particles can be used to heat up the tissue [32].
Thus, the tumor itself can be destroyed by a technique avoiding side
effects to other organs. Most of the medical applications are at the
moment in a preclinical test phase, but they are expected to become
usual treatment techniques soon. The most important problem that
will have to be solved here, is the synthesis of biocompatible
magnetic liquids.
The above mentioned examples of applications show only a small cut

from the wide field of use of ferrofluids. A more detailed discussion
would exceed the frame of this article. Therefore the.interested reader
can refer to [33] for more information on various kinds of applications
of ferrofluids.

LEVITATION OF NON-MAGNETIC PARTICLES
IN A FERROFLUID

Another outstanding effect, that is observed in magnetic fluids, is the
levitation of non-magnetic bodies in a ferrofluid under the influence of
an inhomogeneous magnetic field. As is well known, a magnetic body
cannot be held in equilibrium by a uniform magnetic field alone.
Ferrofluids under the influence of appropriate inhomogeneous
magnetic fields provide a possibility to obtain a stable levitation of
non-magnetic bodies in the liquid. For a basic insight into this phe-
nomenon one can consider a closed container filled with magnetic fluid.
If the fluid is under the influence of the magnetic field of two opposed
magnetic poles having equal magnetic field strength, as shown in Fig. 8,
the field distribution has a minimum with H 0 in the center of the
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FIGURE 8 The principle of magnetic levitation of a non-magnetic body in a
ferrofluid under the influence of non-homogeneous magnetic fields.

fluid sample. In his deduction of the magnetic stress tensor for a
ferrofluid under influence of magnetic fields from the force density in
the fluid calculated by Cowley and Rosensweig [34], Rosensweig [18]
showed, that the pressure in a magnetic fluid changes with the strength
of the applied magnetic field. The pressure rises with increasing field
strength. Thus, in the fluid considered in our example, we have a

pressure minimum in the center of the container. Therefore
neglecting gravitational effects a non-magnetic body immersed in the
fluid will be forced to the center of the container, i.e. into the region of
minimum pressure. Any disturbance from this equilibrium position will
give rise to a force pulling the body back to this minimum.
On the basis of the phenomenon of pressure variation in a magnetic

fluid under influence of a magnetic field it becomes possible to levitate
non-magnetic bodies at different heights in a ferrofluid under the
influence of the magnetic field gradient. To understand this principle of
magnetic density separation in a ferrofluid, one can calculate the
magnetic force Fm on a non-magnetic body in a ferrofluid, which is
given, in the strong magnetic field limit, by

Fm -IoMVVH, (12)

where M is the magnetization of the fluid, V the volume of the non-
magnetic body and 27H the magnetic field gradient. This force coun-
teracts the net gravitational force Fg on the non-magnetic body in the
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liquid. Thus the body will be stable levitated when [18]

Fg + Fm -(p- )gV+ Fm O, (13)

where p and p’ denote the density of the fluid and of the body
respectively, while g is the gravitational acceleration. In addition, each
displacement of the non-magnetic body from the position where
Eq. (13) is fulfilled must give rise to a repulsive force driving the body
back to the equilibrium point. From Eqs. (12) and (13) one sees imme-
diately, that the condition of stable levitation is independent from the
volume of the test body and it must be

(p p’)g -lzoMVH. (14)

From this one can define the apparent density of the liquid Papp which
is given by

Papp P -+- #0MVH. (15)
g

One should note, that this apparent density does not describe a real
change in density of the fluid. It is just a tool to describe the levitation
of a non-magnetic body in the fluid under influence of a magnetic field
gradient using common concepts. As an example, one can calculate,
that a magnetic field gradient of about 1.5-106 A/m2 will be able to
float aluminum particles (density 2.7.103kg/m3) in a standard
ferrofluid like the one described in the Appendix, if it is magnetized
in a mean field of about 15kA/m. From Eq. (15) one can also
understand, that a non-homogeneous magnetic field gradient VH(z)
(with z being the vertical coordinate) will force bodies of different
density to levitate at different vertical positions z*, which are defined
by the condition that the apparent density equals the respective density
of the bodies. Therefore it becomes possible to separate material of
different" density in different layers inside a magnetic fluid under
influence of a non-homogeneous magnetic field gradient. The effect of
levitation is shown with a test body of density p’--2.9.103 kg/m3 in a
standard ferrofluid in Fig. 9.
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TECHNICAL APPLICATION OF LEVITATION
IN MAGNETIC FLUIDS

The phenomenon of levitation of non-magnetic bodies in a ferrofluid
under the influence of a magnetic field gradient, and the possibility
to levitate different materials in different heights in the fluid if the
magnetic field gradient is non-homogeneous, enables a technical
application in sorting materials by density. The so-called magneto-
hydrostatic separation is carried out by immersing the material to be
separated in the ferrofluid. The ferrofluid is located in a magnetic field
with an appropriate gradient. The immersed material has to be ground
to small particles with a mean size about 5mm or more. Smaller
grinding usually provides better mechanical separation of mixed
materials, but for very small particles hydrodynamic effects reduc-
ing the quality of magnetohydrostatic separation may become too
important. Even in a constant magnetic field gradient the immersed
material will be separated into two different fractions. One of them,
with a density lower than the apparent density, will float in the
separator, while the heavier one will sink.

If the magnetic field gradient varies with the depth of the fluid, the
immersed material will be sorted in different fractions depending on the
material’s density. These different fractions will be levitated in different
depths in the separator according to the discussion of Eq. (14). Thus, by
transferring the ground material through the separator by a flow of the
ferrofluid, the different density fractions of the material can be recov-
ered from the separator mechanically just by fluid outlets at different
depths of the fluid cell.
For a technical use of magnetohydrostatic separation one has to

consider not only the apparent density of the fluid and its adjustment
by an appropriate magnetic field gradient, but also the influence of
hydrodynamic effects on the separation process. In real use the material
to be separated will be immersed in a flow ofmagnetic fluid through the
separator. Thus, the time, that the material will be under the influence
of the magnetic field gradient is defined by the length of the separator
cell and the flow velocity. To achieve optimum separation, this time
has to be long enough, to allow the suspended non-magnetic particles
to reach their equilibrium position in the fluid. To allow maximum
efficiency of the separator the processing time should be as small as



FERROFLUIDS AND DENSITY SEPARATION 19

possible. Thus, an optimized compromise for the flow rate of the
magnetic fluid through the separator has to be found to satisfy the
requirements of separation quality as well as of efficiency. To reduce
the processing times the viscosity of the ferrofluid used, which exerts
viscous friction to the particles moving relative to the fluid, has to be
chosen as small as possible. Since the hindrance of particle motion due
to viscous friction strongly influences the characteristics of the
separation process, the design of a separator has to take into account
phenomena like the increase of viscosity due to the immersed material
or the appearance of rotational viscosity. Furthermore the non-mag-
netic bodies, which can be treated as magnetic holes in the ferrofluid
show attractive interaction parallel to the direction of the applied field
and repulsive one in the orthogonal direction [35,36]. The attractive
interaction lowers the separation quality for non-magnetic particles
with diameters less than mm [36], which has to be taken into account
during the grinding of the material. From these points it is clear, that
the design of a ferrofluid separator requires excellent knowledge about
the ferrofluid properties as well as a detailed calculation of the move-
ment of the non-magnetic bodies in the separation region. Approaches
for such calculations can be found e.g. in [37,38].

Beside these questions, the most important problem concerning a
technical application of magnetohydrostatic separation is the design of
the magnetic field system. It will have to provide a magnetic field
gradient varying with vertical position in a way, that the minimum
density difference that can be separated is optimized for the particular
application problem. In addition the problems of feeding of the
material into the separator, and of recovery of the different fractions
have to be solved. Numerous approaches have been made to apply the
separation process in ferrofluids to. separation of ores [38], of non-
magnetic metals in recycling processes [39-42] or in separation of toxic
wastes [43]. As an example Fig. 10 shows a separator for non-ferrous
metals from shredded automobiles, that was build and tested by AVCO
Co. and NASA [39]. The details concerning the technical layout of the
different types of separators can be found in the related literature.

Independent from the interesting possibilities occurring from the
magnetohydrostatic separation process, different problems hindered
the industrial application of this technique up to now. The most
important obstacle is the high cost of magnetic fluids. Since the fluids
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FIGURE 10 Schematic diagram of a magnetohydrostatic test plant for non-ferrous
metals from shredded automobiles (after [39]).

are contaminated with the separated material after the separation
process, and a certain amount of fluid will stick to the separated
particles, a loss of ferrofluid during the separation process will occur.
Since ferrofluids are expensive, the costs for the lost ferrofluid can
easily exceed the value of the separated material. Therefore the
recovery of the ferrofluid has been considered to reduce the costs of
the process. The recovery processes require usually the washing of the
separated material, the separation of the ferrofluid from the washing
agent and the reconcentration of the ferrofluid. Since the ferrofluids
may lose colloidal stability during the washing process due to dis-
turbance of their chemical equilibrium, complicated restabilizing
methods can be necessary too. Several processes have been reported in
the literature (see e.g. [40,44,45]), but usually the efforts are too high to
make the magnetohydrostatic separation process economically inter-
esting. In addition the problem of high feed rate would have to be
solved to enable an efficient separation process.

CONCLUSION

It has been discussed that stable suspensions of magnetic particles in
appropriate carrier liquids exhibit normal liquid behavior coupled with
superparamagnetic properties. With different examples it has been
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shown, that these coupled features give rise to possible control of flow
and properties of such ferrofluids in moderate magnetic fields in the
order of 50mT. In addition the use of ferrofluids in technical and
medical applications has been illustrated to show their potential as a
functional liquid material for commercial utilization. Finally, the pro-
cess of magnetohydrostatic separation of non-magnetic bodies in a
ferrofluid under the influence of magnetic field gradients has been
presented. In this context, it was discussed, that this process offers the
possibility of controlled density separation, which can be done with
high accuracy. It was also mentioned, that the actual cost of magnetic
fluids hinders the commercial use of this technique in mining or
recycling of materials. As an outlook one can state, that the mag-
netohydrostatic separation process would become interesting, if the
material that has to be separated would be of high value, like e.g. gold
ores in mining processes. In addition, it would be necessary to produce
a magnetic fluid, which not necessarily has a high quality, at low cost.
Ideally the production cost would have to be so low, so that no recovery
of the used ferrofluid would be necessary. Such a cost reduction of
ferrofluids can be expected if the quality of the fluid is reduced, i.e. in
particular no big effort should be spent on a long time colloidal
stability, since the fluid will only have to work for the short time of the
separation process if it is not considered to be recovered. Due to a
combination of cost reduction and high value of the separated material
the process would become economically feasible. Development of
other applications of ferrofluids has shown, that a realistic chance ofan
economically interesting process or device forced always the develop-
ment of suitable colloids for the considered use. Since the existing data
from test plants have already shown, that the separation quality of
magnetohydrostatic separators can be much better than in conven-
tional separation processes, further investigation and a focused devel-
opment of this technique as well as of the related magnetic fluids seems
to be an interesting research task.
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APPENDIX: FUNDAMENTAL DATA OF A
STANDARD FERROFLUID

To enable the reader to get an impression of the most important
properties of magnetic fluids, this Appendix will summarize these
properties for a typical commercial ferrofluid for applications in
loudspeakers delivered by Ferrofluidics. The data of this fluid have
been used to calculate the examples in this article, and to perform
experiments shown in Figs. 3 and 9. The characterization of magnetic
fluids is, up to now, not a triviality. The commercial producers usually
provide only mean values for the main characteristics, which may
differ considerably in the delivered samples and can pose serious
problems in the interpretation of experimental results. Thus, a detailed
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characterization in particular of the viscous, magnetoviscous and mag-
netic properties is always necessary. The magnetization curve of this
fluid, as well as its size distribution determined by the group of the
author has already been presented in Fig. 2. The chemical composition
of the surfactant is a confidential information of the producer
and cannot therefore be given here. All temperature relevant data are
given for T= 20C.

Characteristics of Ferrofluid APG 513 A

Ferrofluid
Producer
Carrier liquid
Magnetic material
Mean particle size d
Thickness of surfactant (approx.) s
Mean volume of magnetic particles V
Mean volume of particles incl. V
surfactant layer
Volume concentration of magnetite b
Saturation magnetization Ms
Initial susceptibility X
Density p
Density of carrier liquid p0

Dynamic viscosity 7
Kinematic viscosity u

APG 513 A
Ferrofluidics
Di-ester
magnetite
10nm
2 nm
5.24.10-25 m3

1.44.10-z4 m3

0.072
32.103 A/m
0.8
1.28.103 kg/m3

1.103 kg/m3

0.128 kg/ms
1-10-4 m2/s

Main Characteristics of the Used Magnetic Material

Spontaneous magnetization of magnetite M0
Density of magnetite
Crystal anisotropy of magnetite K

4.5.105 A/m
5.103 kg/m
-1.104j/m3

Temperature Dependence of Kinematic Viscosity

The temperature dependence of kinematic viscosity is shown in Fig. 11.
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FIGURE 11
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