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Preface

In the years following the publication of Magnetic Methods for the Treatment
of Minerals by Elsevier in 1987, many changes have taken place in magnetic
technology. While fundamental and thorough, the above treatise reflected pref-
erences and philosophy of research and the development and application of
magnetic methods as they were practiced in the second half of the last cen-
tury. Although demand for metals and minerals has not diminished, the dom-
inant drivers of the early 21st century di er significantly from those of the
late 20th. The priorities of nuclear power, defence, and energy-demanding and
waste-generating beneficiation of mineral resources are being replaced by those
associated with technology sustainability, environmental and knowledge man-
agement, recycling, and health care. Research priorities and product develop-
ment of the last century cannot, therefore, satisfactorily meet criteria of the
21st century.
Considerable technological progress has been achieved in areas such as au-

tomation, computerization, sustainable material science, laboratory and plant
practices and separation equipment. New permanent magnetic materials, ad-
vances in practical applications of superconductivity and availability of sophis-
ticated modelling tools have changed the technological landscape. As a result,
innovation and technology transfer in magnetic technology have been remark-
ably successful during the last two decades.
The title of this monograph reflects the fact that the book covers not only the

application of magnetic techniques in the minerals industry, but also in recycling,
environmental engineering and biomedical sciences. The goal of the book is to
reflect the current technological trends and to re-position the research, devel-
opment and practice of magnetic methods of material manipulation, according
to current needs and strategic thinking. The book is intended for researchers,
students, development workers and consulting metallurgists, as well as plant
practitioners and equipment manufacturers who wish to acquire comprehensive
knowledge of magnetic separation technology.
The book is based on work of numerous scientists and engineers. I am

grateful to many of my colleagues and friends at universities, research organi-
zations, and mining and manufacturing companies around the world, for their
contribution in advancing magnetic separation technology. Interaction and col-
laboration with them over the years has been enriching and rewarding and they
will be identified in this monograph by citation of their published work. I am

xi
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also indebted to many individuals and companies who have given me invalu-
able help by providing data and photographs for reproduction. Their important
contributions have been acknowledged directly in the text.
I am grateful to Mr. E. H. Roux and Drs. D. Slatter, G. Hill and N.

Allen for their kindness in reading portions of the manuscript and suggesting
improvements. I also wish to express my appreciation to my colleagues Drs. V.
Murariu and L. Krüger and Mr. A. Sarelis for assistance with various aspects
of this book.

Jan Svoboda
Johannesburg, South Africa
February 2004



Chapter 1

Principles of Material
Treatment by Magnetic
Means

1.1 Magnetism and the innovation milestones in
magnetic separation

Magnetic phenomena have been known and exploited for many centuries. The
earliest experiences with magnetism involved magnetite, the only material that
occurs naturally in a magnetic state. Thales of Miletus stated that the magnetic
interaction between lodestone, or magnetite, and iron was known for at least as
long ago as 600 B.C. That magnetite can induce iron to acquire attractive pow-
ers, or to become magnetic, was mentioned by Socrates. Permanent and induced
magnetism, therefore, represents one of man’s earliest scientific discoveries.
Practical significance of magnetic attraction as a precursory form of mag-

netic separation was recognized in 1792, when W. Fullarton obtained an English
patent for separating iron ore by magnetic attraction [D1]. Since that time the
science and engineering of magnetism and of magnetic separation have advanced
rapidly and a large number of patents have been issued. While separation of
inherently magnetic constituents was a natural early application of magnetism,
Wetherill’s separator, devised in 1895, was an innovation of significant propor-
tions. It demonstrated that it was possible to separate two components, both
of which were commonly considered to be non-magnetic. In the ensuing time
various types of disk, drum and roll dry magnetic separators were developed
although the spectrum of minerals treatable by these machines was limited to
rather coarse and moderately strongly magnetic materials. Since the end of the
nineteenth century there has been a steady expansion of both the equipment
available and the range of ores to which magnetic separation is applicable.
The development of permanent magnetic materials and improvement in their

1



2 CHAPTER 1. PRINCIPLES OF MAGNETIC TREATMENT

Figure 1.1: Development of permanent magnet materials.

magnetic properties have been main drivers of innovation in magnetic separa-
tion. Figure 1.1 illustrates the history of improvement of the maximum energy
product ( )max of permanent magnets. Three innovation milestones can be
identified in the graph. At the end of the nineteenth century very feeble steel-
based magnets were employed, while in the 1940s permanent magnets that were
able to compete with electromagnets, were developed. Probably the most im-
portant innovation step was made in the late seventies of the last century when
rare-earth magnets became available. These magnets allowed new solutions for
challenges that were not possible or feasible with electromagnets.
Another significant driver of innovation in magnetic separation was the in-

troduction of ferromagnetic bodies (such as balls, grooved plates or mesh) into
the magnetic field of a separator. In 1937 Frantz developed a magnetic separa-
tor consisting of an iron-bound solenoid packed with ferromagnetic steel ribbons
[F1] and this proved to be an important milestone in the development of the
present high-intensity and high-gradient magnetic separators. This innovation
extended the range of applicability of magnetic separation to many weakly mag-
netic and even to diamagnetic minerals of the micrometer size.
Although the significance of the discovery of superconductivity has been

equated with the invention of the wheel [K1], its importance for magnetic sepa-
ration does not seem to represent a major breakthrough. The need for magnetic
induction greater than 2 T has never been convincingly demonstrated in ma-
trix separators [S1, S2] and the main advantage of superconducting magnets is,
therefore, the reduced energy consumption and the possibility of generating a
high magnetic force in large volumes, even without using matrices.
The concentration of various ferrous and non-ferrous minerals has been an



1.2. PRINCIPLES OF MAGNETIC SEPARATION 3
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Figure 1.2: Schematic representation of the process of magnetic separation.

important application of magnetic separation, as has the removal of low concen-
trations of magnetizable impurities from industrial minerals. In recent years,
as a result of numerous economic, environmental and social challenges, the re-
cycling of metals from industrial wastes and the concentration or removal of
biological objects in medicine and biosciences have become important areas of
application of magnetic technology. Recent research and development of eddy-
current separators, magnetic fluids and magnetic carriers illustrate the enormous
e ort that has been expended over the last twenty years in order to convert a
wealth of novel ideas into workable techniques and introduce them into material
manipulation operations.

1.2 Principles of magnetic separation

Magnetic separation is used for the concentration of magnetic materials and
for the removal of magnetizable particles from fluid streams. The separation
is achieved by passing the suspensions or the mixtures of particles through a
non-homogeneous magnetic field. This process leads to preferential retention or
deflection of the magnetizable particles. The same objective is often achieved
in a very di erent fashion, the common features being a competition between a
wide spectrum of forces of various magnitudes and ranges.
In magnetic separation the separating (di erentiating) external force is the

magnetic force. The separation of one material from another or the removal
of magnetizable particles from streams depend upon their motion in response
to the magnetic force and to other competing external forces, namely gravi-
tational, inertial, hydrodynamic and centrifugal forces. Interparticle forces of
electromagnetic and electrostatic origin contribute to the overall scenario, which
is depicted in Fig. 1.2.
It is thus clear that a necessary (but not su cient) condition for a successful
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separation of more strongly magnetic from less strongly magnetic particles in a
magnetic field is that the magnetic force acting on more magnetic particles
must be greater than the sum of all the competing forces . Simultaneously,
a magnetic force acting on less strongly magnetic particles, must be smaller
than the sum of the corresponding competing forces. Therefore, the following
conditions must be met in a magnetic separator:

X
and

X
(1.1)

For di erent objectives eqs. (1.1) will have specific forms. For instance, in
order to achieve high recovery of magnetic particles, the magnetic separating
force must be greater than the sum of the competing forces as shown in eqs.
(1.1). If, however, the magnetic force is much greater than the competing forces,
i.e.

(1.2)

selectivity of separation will be poor, as no distinction will be made between
magnetizable species of di erent values of magnetic susceptibilities. High se-
lectivity of the separation process can thus be obtained when the magnitudes
of the magnetic and competing forces are of comparable magnitudes, compati-
ble with conditions given by eqs. (1.1). The selectivity of the process will be,
therefore, critically determined by the relative values of the magnetic and com-
peting forces. And these are a ected by the correct choice of a separator and
its operating conditions. For instance, selective separation of a magnetizable
material (1) from magnetizable material (2) will be achieved when the following
relationship is met:

(1) (2) (1.3)

If the non-magnetic fraction is the valuable product, the ”brute force” approach
to separation, expressed by relationship (1.2), will result in poor yield of the
non-magnetic product, as a result of mechanical and magnetic entrainment of
the non-magnetic material in the magnetic tailings.
In general, a mixture of particles introduced into the magnetic separator will

be split into two or more components. However, in any real separation, both
magnetic and non-magnetic particles can be found in the magnetic fraction,
non-magnetic fraction and the middling fractions. The e ciency of separation
is usually expressed by the recovery of the magnetic component, and by the
grade of the magnetic product. However, these criteria are not unique and they
must be selected on the basis whether the useful product is the magnetic or
non-magnetic fractions.
Since all materials are magnetic to some extent, methods of separation that

use magnetic force o er a unique approach to material manipulation in a wide
array of industries. One of the main advantages of material treatment in a
magnetic field is that the magnetic force can be applied in a controlled manner,
in a wide range of values. Moreover, this force can be superimposed on other
physical forces and several physical properties of materials can thus be exploited
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simultaneously. In addition, magnetic separation can treat a wide range of types
of materials, ranging from colloidal to large sizes and from ”non-magnetic” to
strongly magnetic. Magnetic separation is an environmentally friendly technique
and it can operate in wet and dry modes, making it a technique of choice for
arid or arctic regions.

1.2.1 Magnetic force on a magnetizable particle

The density of the magnetic energy in a linear isotropic medium is given
by:

=
1

2
· (1.4)

where and are, respectively, the magnitudes of the magnetic field and the
magnetic flux density (magnetic induction).
It transpires from eq. (1.4) that the magnetic energy of a magnetizable

particle of volume placed in the magnetic field is:

=
1

2
2 (1.5)

while the magnetic energy of a fluid of the same volume is given by

=
1

2
2 (1.6)

In eqs. (1.5) and (1.6), and are magnetic permeabilities of the particle
and the fluid, respectively. The energy increment of the system (particle +
fluid) is given, to first order, as the di erence between the energies given by eqs.
(1.5) and (1.6). For weakly magnetic particles this is a good approximation
[G1]. Thus:

=
1

2
( ) 2 (1.7)

In general, a force can be expressed as = , where is the operator of
the gradient. Taking into account that = 0(1+ ) , where is the volume
magnetic susceptibility of material and 0 is the magnetic permeability of
vacuum, the magnetic force can be written (in SI units):

=
1

2 0( ) 2 (1.8)

In practical situations the magnetic flux density is frequently used, rather
than the magnetic field strength , and eq. (1.8) can then be expressed as:

=
1

0

( ) (1.9)
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For su ciently strongly magnetic particles ( ) it is advantageous to
re-write eq. (1.8) as:

= 0 (1.10)

where is the magnetization of the particle.
Researchers as well as practitioners of magnetic separation sometimes use

old cgs system of units, in which eq. (1.9) can be written

= ( ) (1.11)

In practice it is easier to measure specific (mass) magnetic susceptibility
rather than volume susceptibility and eq. (1.9) can be re-written, assuming that

:

=
1

0

( ) (1.12)

where is the mass of the particle.

It can be seen from eqs. (1.8) to (1.12) that the magnitude of the magnetic
force is proportional to the product of the magnetic flux density and its gradient.
This force is in the direction of the field gradient, not of the magnetic field. It
is also clear that in a homogeneous magnetic field, i.e. when = 0, the force
on a particle is zero. It can also be seen from the above equations that

3 (1.13)

where the particle radius.

1.2.2 Competing forces in a magnetic separator

As has been mentioned above, magnetic force in a magnetic separator competes
with various external forces such as forces of gravity and inertia, centrifugal
force and hydrodynamic drag. The importance of each force is a function of the
type of the separator and of the mode in which it operates.
For a spherical particle of density the gravitational force is given by:

= ( ) (1.14)

where and are the density of the fluid medium and the acceleration by
gravity, respectively.
The centrifugal force can be expressed as:

= ( ) (1.15)

where is the radial position of the particle and is the angular velocity.

The hydrodynamic drag force can be obtained from Stokes’s equation:
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Figure 1.3: Hydrodynamic drag and force of gravity, as a function of particle di-
ameter, for particles of density 5000 kg/m3 (e.g. hematite), moving
in water ( = 10 3 Pa×s), with relative velocity ..

= 6 ( ) (1.16)

where is the dynamic viscosity of the fluid and and are velocities of the
fluid and the particle, respectively.
It can be seen from the last three equations that:

3 3 and 1 (1.17)

Because some of the forces have di erent dependence on particle radius, their
relative importance will vary with particle size. The dependence of the force of
gravity on the third power of the particle radius means that the force of gravity
will be significant for large particles, On the other hand, the hydrodynamic
drag, which in the Stokes regime depends on the first power of particle size,
will be important for small particles. This situation in depicted in Fig. 1.3 and
demonstrates that the force of gravity, for this specific case, is dominant for
particle diameter greater than 500 m, while for particle diameter smaller than
50 m the hydrodynamic drag is the main competing force.
The magnetic force depends on the cube of particle radius and its relative

importance in the process of magnetic separation is determined by the magnetic
properties of the particles and by technical parameters of the magnetic separa-
tor (i.e. magnetic field strength and its gradient). Figure 1.4 illustrates the
dependence of the magnetic force on a hematite particle of magnetic suscepti-
bility = 9.4×10 3 (SI) ( = 188×10 8 m3/kg), as a function of particle size,
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Figure 1.4: Magnetic force on a hematite particle in several types of magnetic
separators, as a function of particle size.

Table 1.1: Typical values of B B for selected magnetic separators.

[T2/m]
Suspended
magnet

Nd drum
magnetic
separator

Nd roll mag-
netic separa-
tor

HGMS with
steel wool
matrix

0.05 80 300 5×104

for various types of magnetic separators. The values of the product used
in construction of the graph are summarized in Table 1.1.

It is clear from eq. (1.9) and from Fig. 1.4 that the particle size is a more
important discriminating factor in magnetic separation than the magnetic sus-
ceptibility. Since 3 , even a large di erence in magnetic susceptibilities
of components of a poorly classified mixture to be separated will not necessarily
result in selective separation. As can be seen in Table 1.2, a particle character-
ized by magnetic susceptibility of 1 a.u. (arbitrary unit) and size 10 a.u. will be
acted upon by the same magnetic force as a particle with susceptibility of 1000
a.u. and size 1 a.u. Selectivity of separation will be determined by the balance
of the magnetic and competing forces acting on these two components.
It is evident from the above discussion that the subject of magnetic sepa-

ration cannot be treated without first defining the physical quantities usually
encountered in magnetism, and the units in which these quantities are measured.
The next sections will be devoted to these issues.



1.3. FUNDAMENTAL QUANTITIES OF MAGNETISM 9

Table 1.2: Magnetic force vs particle size.

Particle size [a.u.] Magnetic suscep-
tibility [a.u.]

Magnetic force
[a.u.]

10 1 1000
1 1000 1000

1.3 Fundamental quantities of magnetism and
their units

1.3.1 Magnetic field and magnetization

When we describe a magnetic field, we employ two di erent quantities, namely
magnetic field strength and magnetic flux density (or magnetic induction) .
and are both vector quantities having direction as well as magnitude. In

vacuum and are not independent and are related by the equation

= 0 (1.18)

where the magnetic permeability of vacuum 0 is numerically equal to 4 ×10 7

H/m. In a magnetic material of magnetization , the total magnetic induction
becomes, in Sommerfeld convention, adopted by IUPAP:

= 0( + ) (1.19)

In the cgs system, since 0 = 1, eq. (1.19) becomes

= + 4 (1.20)

Magnetization is defined as the total magnetic moment of dipoles per
unit volume , i.e. = . The factor 4 arises from the fact that a unit
pole produces a unit field everywhere on the surface of a sphere of unit radius
(1 cm) enclosing the pole, and the surface of this sphere is 4 cm2

In the Kennelly system, which is traditionally favoured by electrical engi-
neers, is given in SI by:

= 0 +

where is the magnetic polarization. and are related by equation:

= 0 (1.21)

The magnetic induction thus includes contributions from the magnetization
, which is defined as the magnetic dipole moment of a body per unit volume,

or polarization defined by eq. (1.21).
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1.3.2 Magnetic susceptibility and permeability

The magnetization of a material, in general, depends on the magnetic field
acting on it. For many materials, is proportional to (at least when is
not too large) and we may write:

= (1.22)

where , the volume magnetic susceptibility, is a property of the material. Since
and have the same dimensions, is dimensionless. We can combine eq.

(1.22) with eq. (1.19) to get

= 0(1 + ) = 0 = (1.23)

where

= 1 + and = 0(1 + ) (1.24)

The quantity is called relative magnetic permeability and is dimensionless,
while is called magnetic permeability and has a unit of H/m.
While eq. (1.19) is general, eqs. (1.23) and (1.24) are based on assumption

that the material is both isotropic and linear. In other words, that is pro-
portional to H and in the same direction. This assumption is never completely
true for ferromagnetic materials.
Either or may be used to characterize a material. Volume magnetic

susceptibility ranges from values close to 0, both positive and negative, to
positive values greater than 1, for di erent materials. For materials that have
very small susceptibilities, it is much more convenient to use than . For
instance for = 10 6, = 1.000001, and for = - 10 6, = 0.999999.
Magnetic susceptibility can also be expressed with respect to the unit mass

of material of density , and then

= (1.25)

where is the mass, or specific, magnetic susceptibility. Since a sample mass
is usually better known than its volume, mass magnetic susceptibility is very

commonly employed. For the same reason the mass magnetization rather
than magnetization is often used to characterize materials. The mass mag-
netization is defined as

= thus = (1.26)

1.3.3 Magnetic units

The units and symbols used in this book are those of the Système International
d’Unités, designated SI. This system, which is based on the meter, kilogram,
second, ampere, kelvin and candela, is essentially the same as the Giorgi, or
MKSA, system in the field of electromagnetism.
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Essentially all students today are taught in SI units and most scientific jour-
nals require their contributors to use SI units. Nevertheless, many papers on
magnetism - and magnetic separation is no exception - are still published in cgs
units. Occasionally, the cgs system is polluted with the emu ”unit”, which is
not really a unit to which dimensional analysis can be applied [S3]. Therefore,
even today the field of magnetism is not blessed with a lucid system of quantities
and units and numerous panel discussions and articles on the subject illustrate
the reigning chaos [C1, S4, G2]. Those authors who follow the current trend
and convert cgs units to SI units find that the task of conversion is gigantic and
that errors almost always creep in.
Table 1.3 lists the SI units in use for most important quantities, together

with their conversion factors to electromagnetic cgs units.
Conversion of magnetic induction in the cgs unit of Gauss into the SI unit of

Tesla should present no di culty, with the values in Gauss divided by 104. When
the magnetic field strength is used, Oersted multiplied by 103 4 (approximately
79.58) will give the value in the SI unit of A/m.
Magnetic susceptibility is a more complicated quantity. It is the volume mag-

netic susceptibility that enters most equations used in magnetic separation.
Although dimensionless in both systems of units, volume magnetic susceptibil-
ity di ers by a factor of 4 in the systems of units, as can be seen in Table
1.3. Experimentally, it is easier to determine the mass magnetic susceptibility
and therefore most values of magnetic susceptibility that can be found in the
literature are those of mass susceptibility, often in cgs units. Various names are
used for this unit, e.g. emu/cm, emu/g×Oe and cgs, but all of them usually
represent the same unit, namely cm3/g. Thus in SI the unit is m3/kg and con-
version factor from cgs to SI is 4 ×10 3 . The following equations summarize
relationships between volume and mass magnetic susceptibilities, in both SI and
cgs systems of units (density is expressed in g/cm3).

( ) = 4 ( ) (1.27)

( ) = ( ) and ( ) = 103 ( ) (1.28)

( ) = 4 ( ) (1.29)

( ) =
4

103
( ) (1.30)

( ) =
103

4
( ) (1.31)

1.4 Magnetic properties of materials

It has been stated at the outset that all materials display certain magnetic prop-
erties, regardless of their composition and state. According to their magnetic
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Table 1.3: Units of important magnetic quantities. The quantity is cgs units is
obtained by multiplying the quantity in SI by the conversion factor.
For instance, 1 G = 10e-4 T.

Quantity Symbol SI unit cgs unit Conversion
factor

Magnetic field
strength

H A/m Oersted (Oe) 103 4

Magnetic induc-
tion (flux den-
sity)

B Tesla (T) Gauss (G) 10 4

Magnetization M A/m Oe,
erg/Gcm3

103

Mass magneti-
zation

Am2/kg emu/g 1

Magnetic flux Wb (Weber) Mx
(Maxwell)

10 8

Polarization J Tesla (T) G 10 4

Magnetic mo-
ment

Am2 erg/G 10 3

Volume mag-
netic suscepti-
bility

dimensionless dimensionless,
emu/cm3Oe

4

Mass (spe-
cific) magnetic
susceptibility

m3/kg cm3/g 4 · 10 3

Demagnetiza-
tion factor

N dimensionless dimensionless 1/4

Energy product BH J/m3 GOe 1/40
Permeability of
vacuum

0 H/m 1 (dimen-
sionless)

4 · 10 7

Bohr magneton 9.274×10 24

Am2

Nuclear magne-
ton

5.051×10 27

Am2

Anisotropy con-
stant

K J/m3 erg/cm3 10 1
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Paramagnetic Ferromagnetic

Antiferromagnetic Ferrimagnetic

Figure 1.5: Schematic diagram of the alignment of magnetic moments.

properties, materials can be divided into five basic groups: diamagnetic, para-
magnetic, ferromagnetic, antiferromagnetic and ferrimagnetic. The last three
groups have generally higher magnetic susceptibilities than the other groups and
are frequently termed ”ferromagnetic” sensu lato (s.l.). This broad definition
must be distinguished from one of its subdivisions, ferromagnetic sensu stricto
(s.s.) [T1] as discussed below. The alignment of magnetic moments in each
type of material is shown in Fig. 1.5. The classification of magnetism in terms
of magnetic permeability is given in Table 1.4.

1.4.1 Diamagnetism

Diamagnetism has its origin in the modification of the electron orbit magnetic
moment by an external magnetic field. The currents thus induced give rise to
an extra magnetic moment. However, according to Lenz’s law, the resulting
magnetic moment is in the opposite direction to the field that has induced the
current. Therefore, approaching a source of the magnetic field, a diamagnetic
material is repelled from it. This e ect is present in all materials, independently
of temperature. Diamagnets have a very small and negative volume magnetic
susceptibility, of the order of - 10 5 (SI).
While many inorganic and almost all organic molecules are diamagnetic,

in many materials their diamagnetism is hidden by a much stronger paramag-
netic/ferromagnetic (s.l.) e ect. This is, for instance, the case of metals that
are normally associated with small negative susceptibility, often overwhelmed
by positive paramagnetic or ferromagnetic contribution. The values of selected
diamagnetic metals and non-metallic compounds are given in Table 1.5. Table
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Table 1.4: Magnetic susceptibility in various types of magnetism.

Parameter Diamagnetism Paramagnetism
Antiferromag-
netism

Ferromagnetism
Ferrimagnetism

Susceptibility 0 0 0
Relative per-
meability

1 1 1

Table 1.5: Magnetic susceptibilities of diamagnetic materials.

Material [SI] × 10
5

[m
3

kg] × 10
9

Copper -1.0 -1.1
Zinc -1.4 -1.96
Gold -3.6 -1.86
Lead -1.56 -1.38
Diamond -2.0 -5.6
Water -0.9 -9.0
Ethylalcohol -0.73 -9.3

1.6 summarizes the magnetic susceptibilities of various diamagnetic minerals.

1.4.2 Paramagnetism

In paramagnetic materials the magnetic atoms or ions have permanent intrinsic
magnetic moments and occur in low concentrations. Susceptibility arises from
the competition between the aligning e ect of the applied magnetic field and
the randomizing e ect of thermal vibrations. In zero applied magnetic field,
the moments point in random directions. When a field is applied, a small
magnetization develops, but the magnetic susceptibility is very small and is
inversely proportional to the absolute temperature.
In the presence of the external magnetic field, and under standard practical

conditions (i.e. when 1, where is the magnetic moment, is
the Boltzmann constant and T is the absolute temperature) the magnetization
of a paramagnetic material is

=
0

2

(1.32)

where is a constant and is the number of magnetic dipoles. The susceptibility
of paramagnetic materials is then given by

= 0
2

= (1.33)
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Table 1.6: Mass magnetic susceptibilities of assorted diamagnetic minerals.

Mineral Chemical formula Mass magnetic
susceptibility
[m3/kg]×10

9

Quartz SiO2 - 6.0
Calcite CaCO3 - 4.8
Sphalerite ZnS - 3.2
Galena PbS - 4.4
Baddeleyite ZrO2 - 1.4
Barite BaSO4 - 3.8
Magnesite MgCO3 - 6.4
Apatite Ca5[PO4]3(F,Cl) - 3.3
Fluorite CaF2 - 7.9
Halite NaCl - 9.0
Kaolinite Al4Si4O10(OH)8 - 20.0

where is the Curie constant.
Equation (1.33) is called the Curie law, which states that magnetic sus-

ceptibility of the paramagnetic substance is inversely proportional to the tem-
perature. The paramagnetic susceptibility is always small ( 10 5 to 10 3

(SI)), although paramagnetism can be several orders of magnitude larger than
diamagnetism.
As follows from eq. (1.32), the dependence of the magnetization of a para-

magnetic material on the field strength is expressed by a straight line. In most
cases, in standard conditions such as = 300 K and = 1 T, the above formulae
apply. In extreme conditions, such as at cryogenic temperatures and very high
magnetic field, a saturation e ect appears. Taking into account eq. (1.23), it
transpires from eq. (1.32) that for paramagnetic materials the magnetic suscep-
tibility is independent of the magnetic field. Table 1.7 summarizes the values of
magnetic susceptibility for selected paramagnetic metals and compounds, while
Table 1.8 lists susceptibilities of assorted paramagnetic minerals.
Compilations of susceptibility of minerals are numerous [A1, S1, K2, D2]

and large variations can be observed. Conflicting data can be explained by the
inherent variability in mineral composition and the presence of inclusions and
contaminants. Di erent measuring techniques tend to give di ering values of
susceptibility [M1] and the usage of di erent systems of units also contributes
to frequent inconsistency of the values of magnetic susceptibility found in the
literature.

1.4.3 Ferromagnetism

In ferromagnetic materials (s.s.) interaction between neighbouring atoms is
strong so that the magnetic moments of all atoms are aligned parallel to each
other against the randomizing force of thermal motion. The strong internal
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Table 1.7: Magnetic susceptiblities of paramagnetic materials.

Material Mass magnetic
susceptibility
[m3/kg]×109

Volume magnetic
susceptibility
[SI]×10

5

Aluminium 7.67 2.1
Chromium 42.0 30.2
Titanium 42.2 19.0
Vanadium 73.0 44.5
Platinum 12.3 26.4
Zirconium 16.7 10.8
CuSO4·5H2O 76.7 17.5
NiSO4·7H2O 201 39.8
MnO 860 445.5

Table 1.8: Magnetic susceptibilities of paramagnetic minerals.

Mineral Chemical composition Mass magnetic suscep-
tibility [m3/kg]×10

9

Hematite Fe2O3 250 - 3800
Siderite FeCO3 350 - 1500
Goethite FeOOH 250 - 400
Ilmenite FeTiO3 200 - 1500
Rutile TiO2 10 - 50
Wolframite (Mn,Fe)WO4 350 - 1200
Pyrite FeS2 3 - 200
Limonite Fe2O3·nH2O 100 - 400
Manganite MnO2·Mn(OH)2 100 - 500
Pyroxene (Mg,Fe)2Si2O6 40 - 1000
Dolomite CaMg(CO3)2 5 - 20

fields, which align the spins, are called molecular or Weiss fields. These fields
are the result of a quantum mechanical process called exchange interaction.
Weiss assumed that the molecular field is very large, its magnitude indepen-
dent of external magnetic field, and its direction not fixed, but always parallel
to the magnetization. The Weiss hypothesis predicts that a material can be
spontaneously magnetized even in the absence of an applied magnetic field at
temperatures below the Curie temperature, at which the thermal agitation over-
comes the molecular field. This tendency aids the external field in producing
saturation, i.e. complete alignment.
There is an apparent contradiction between theory, which explains that mag-

netic materials are fully magnetized even in the absence of an external field, and
practice, which generally shows that such materials exhibit no magnetization or
magnetization much smaller than saturation. In fact, theory is correct at a mi-
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Figure 1.6: Temperature behaviour of various classes of magnetic materials.

croscopic level, but at a macroscopic scale the ferromagnetic body is subdivided
into Weiss domains, each of which is spontaneously magnetized to saturation,
but not in the same direction, by virtue of a strong exchange magnetic field.
Inside a domain the magnetization is at a maximum (saturation), but as all
domains compensate each other, on macroscale the mean magnetization is nil.
The value of the saturation magnetization varies with temperature, decreas-

ing from a maximum value at = 0 K, becoming zero at the Curie temperature
. Above , the behaviour is similar to that of a paramagnetic material, with

the magnetization being proportional to the field and the susceptibility decreas-
ing with increasing temperature. However, the susceptibility does not follow
the Curie law, eq. (1.33), but varies as

= (1.34)

Equation (1.34) is called the Curie-Weiss law. The temperature behaviour
of various types of magnetism is shown in Fig. 1.6.
In contrast to diamagnetic and paramagnetic materials, magnetization of

ferromagnetic materials ( ) depends not only on the field strength, but also
on the shape and the magnetic history of the sample. For instance, a ferromag-
netic material can remain magnetized after removal of the external field. The
ferromagnetics (s.l.) are thus characterized by hysteresis as is illustrated in Fig.
1.7.
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Figure 1.7: Hysteresis loop of a ferromagnetic (s.l.) material.

It can be seen in Fig. 1.7 that two kinds of the magnetic curve (or hysteresis
loop) can be determined. The induction curve is = ( ) while the mag-
netization (or intrinsic) curve illustrates the = ( ) dependence. Since

= 0( + ), and since is much greater than in most parts of the
initial magnetization curve (curves OP and OQ, respectively, in Fig. 1.7), both
curves are comparable. The di erence occurs mainly in the saturation region
where ( ) is asymptotic to , while ( ) approaches 0( + ).
It can be seen in Fig. 1.7 that after the initial (or virgin) magnetization

reaches its saturation value or , (points P and Q, respectively), irre-
versibility, resulting from imperfections in the material, prevents the magne-
tization (or the induction) from returning to zero when the external field is
removed. Magnetization and induction at = 0 are called remanent magneti-
zation, or remanent induction, respectively.
By reversing the direction of the external field , the residual induction

and magnetization decrease to zero for particular fields and called
coercive force and intrinsic coercive force, respectively. As can be seen in Fig.
1.7, is not the same for ( ) and ( ) curves. For low- materials (soft
magnetic materials) the di erence is generally negligible, while for hard material
or permanent magnets (high ) the di erence becomes significant.
Magnetic permeability, defined as = , can vary widely at various

points on the magnetizing and demagnetizing portions of the hysteresis loop.
The initial permeability and the maximum permeability max are important
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Figure 1.8: The initial magnetization curve and permeabilities of a ferromag-
netic material.

parameters that can be determined as the slopes of the magnetization curve as
shown in Fig. 1.8. The initial permeability illustrates the behaviour of the
permeability when the external magnetic field approaches zero. With increas-
ing magnetic field the permeability of the ferromagnetics (s.l.) increases and
reaches its maximum. With further increase of the magnetic field permeability
decreases and the relative permeability asymptotically approaches unity. This
trend is shown in Fig. 1.9 which illustrates the dependence of the relative per-
meability on the external magnetic field for decarburized steel used for magnetic
yokes [B1]. In a similar way we can define magnetic susceptibility of a ferromag-
netic material, taking account relationship (1.24). Magnetic susceptibility has
a similar trend as permeability, and at a high magnetic field it asymptotically
approaches zero.

Ferromagnetism occurs in nine elements: three transition metals, iron, cobalt
and nickel, and six rare earth metals, gadolinium, terbium, dysprosium, holmium,
erbium and thulium. Most alloys consisting of the three transition metals are
ferromagnetic, and so are many of their alloys with non-magnetic elements.
Many alloys of manganese with non-magnetic elements are also ferromagnetic,
although manganese is not ferromagnetic in the pure state. On the other hand,
there is no mineral that would possess ferromagnetic properties. The values of
magnetization and of the Curie temperature for three ferromagnetic elements
( ) and other ferromagnetic materials are given in Table 1.9.
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Figure 1.9: Permeability of decarburized steel used for manufacture of magnet
yokes [B1].

Table 1.9: Magnetization and Curie temperatures of ferromagnetic materials.

Material Magnetization 0

[T] at 0 K
Curie temperature
T [0C]

Iron 2.18 770
Nickel 0.64 358
Cobalt 1.81 1120
Armco 2.11
Si-Fe 1.97
Permalloy 45 1.6
Permendur 2.45
Mumetal 0.8
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1.4.4 Antiferromagnetism

Antiferromagnetic materials were originally thought of as a class of anomalous
paramagnets, since they have small positive susceptibilities of similar magnitude
to many materials of the latter class. However, their magnetic susceptibility does
not increase steadily as the temperature decreases all the way to absolute zero.
At high temperatures they follow the relationship

=
+

(1.35)

where is the so-called Néel temperature. At this critical temperature the
susceptibility ceases to obey eq. (1.35) and below the susceptibility generally
decreases with decreasing temperature. The situation is depicted in Fig. 1.6.
In the original Néel’s theory, an antiferromagnetic substance was envisaged

as composed of two sublattices, one of whose spins tend to be antiparallel to
those of the other. Néel assumed the magnetic moments of the two sublattices
to be equal, so that the net moment of the material was zero, as is schematically
shown in Fig. 1.5. Since Néel’s original hypothesis the term antiferromagnetism
has been extended to include materials with more than two sublattices and those
with triangular, spiral and canted spin arrangements.
Antiferromagnetism occurs mostly in transition metal oxides, such as MnO,

CoO and NiO, as well as in other similar compounds such as sulphides and
selenides. Antiferromagnets have small (10 10 to 10 8 m3/kg) positive sus-
ceptibilities and hematite is one of the minerals that possess antiferromagnetic
properties.

1.4.5 Ferrimagnetism

In a ferrimagnetic material magnetic moments are ordered regularly in an an-
tiparallel sense, but the sum of the moments pointing in one direction exceeds
those pointing in the opposite direction. This situation is illustrated in Fig. 1.5.
The magnetic properties of ferromagnets and ferrimagnets are generally similar:
both exhibit saturation and their magnetization is much greater than that of
other magnetic classes. Ferrimagnetism occurs mainly in ferrites, mixed oxides
of iron and of other elements, and also in two of the oxides of iron, namely
magnetite Fe3O4 and maghemite Fe2O3.
The shapes of magnetization curves of various classes of materials are shown

in Fig. 1.10 and a summary of magnetic properties of materials is given in
Table. 1.10.

1.4.6 Demagnetization

It was previously stated that the magnetic properties of ferromagnetic ( )

particles also depend on the shape of the body. The magnetic field inside a
magnetized body is not equal to the field applied to it ( 0). The magnetization
of a ferromagnetic body of a finite size will produce a magnetic field inside the
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Table 1.10: Classification of materials according to their magnetic properties.

Class Critical tem-
perature

Magnitude
of [SI]

Temperature
variation of

Diamagnetic None Approximately
- 10 6 to
- 10 5

Constant

Paramagnetic None Approximately
+ 10 5 to
+ 10 3

=

Ferromagnetic Curie temper-
ature

Large, e.g. 1
(below )

Above =

Antiferromag-
netic

Néel tempera-
ture

As paramag-
netic

Above
=

( ± )
with

6= below
decreases,

anisotropic
Ferrimagnetic Curie temper-

ature
As ferromag-
netic

Above

( ± )
with 6=

body in a direction opposite to that of the magnetization. The induced field
is called the demagnetizing field because it always tends to oppose the
applied field 0. The situation is depicted in Fig. 1.11. The magnitude of
is proportional to that of magnetization :

= (1.36)

where is the dimensionless constant of proportionality called the demagne-
tization factor. The value of varies from zero to unity, depending upon the
shape of the material and the direction of magnetization. The resulting mag-
netic field inside the body is given by

= 0 + = 0 (1.37)

In general, the calculation of is quite complex and numerical values for
various shapes can be found e.g. in [B2, B3, D3]. With increasing aspect ratio,
with the major axis parallel to the field, the demagnetization factor decreases.
For a sphere = 1/3, while for the infinitely long cylinder whose axis coincides
with the direction of the field, = 0. For a thin disc, perpendicular to the
field, the demagnetization factor achieves its maximum value, = 1.
For a linear soft magnetic material, for which = eq. (1.37) can be

re-written

=
1

1 +
0 and = 0

1

1 +
0 (1.38)
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Figure 1.10: Shapes of the magnetization curves of various classes of materials
(not in scale).

Figure 1.11: The demagnetizing field in a short magnetic sample.



24 CHAPTER 1. PRINCIPLES OF MAGNETIC TREATMENT

In the studies of mineral magnetism it is important to distinguish extrinsic
susceptibility , which is the susceptibility that is conventionally measured by
most instruments, from intrinsic susceptibility which is the true suscepti-
bility after removal of the e ects of internal demagnetizing fields [T1]. These
susceptibilities are related by the following equation:

=
1 +

(1.39)

1.4.7 Mixtures containing ferromagnetic (s.l.) materials

In magnetic separation, many weakly magnetic materials contain ferromagnetic
( ) impurities. As a result of a high magnetic permeability of most ferro-
magnetic ( ) materials, the bulk magnetic susceptibility of a weakly magnetic
mineral will be determined by the concentration of ferromagnetic impurities.
For such a mixture the observed magnetic susceptibility is given by

=
(1 + )

(1.40)

where is the volume concentration of the ferromagnetic ( ) material. Con-
tributions of various ferromagnetic ( ) and paramagnetic minerals to the total
susceptibility of a mixture is shown in Fig. 1.12 [T1].
Since the magnetic permeability and susceptibility of a ferromagnetic ( )

material is a function of the magnetic field, the definition of magnetic susceptibil-
ity is determined by measuring techniques used to determine the susceptibility.
The most frequently quoted value is the initial susceptibility (or permeability)
as shown in Fig. 1.8. For strongly susceptible materials, such as magnetite,
= 1 , and the initial susceptibility can be written:

= (1.41)

For spherical particles = 1/3 and thus

3 (1.42)

while for ovoid particles, with the ratio of long and short axes of 10, the suscep-
tibility is [L1, T1]:

18 (1.43)

Although the magnetic susceptibility of paramagnetic material is indepen-
dent of the magnetic field, minerals displaying various forms of magnetic order
(i.e. ferromagnets ( .)), or paramagnetic minerals containing the admixtures
of the magnetically ordered materials, exhibit a field-dependent magnetic sus-
ceptibility. This phenomenon can seriously alter the predictions of the results
of magnetic separation based on the field-independent magnetic susceptibility.
The measured magnetic susceptibility, in a relatively low applied magnetic

field ( 0.6 T), can be represented by the Owen-Honda equation [O1, H1]:
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Figure 1.12: Contribution of various minerals to the total susceptibility of a
mineral mixture [T1].

= + + = + (1.44)

where and are paramagnetic and diamagnetic susceptibilities, respectively,
is the magnetic susceptibility extrapolated to the infinite magnetic field, and
is the saturation magnetization of the ferromagnetic ( ) component of the

mixture.
It has been experimentally determined ([N2, P2]) that is characteristic of

a mineral, and is nearly constant for samples of the same mineral from di erent
localities. On the other hand, saturation magnetization , which indicates the
degree of weak ferromagnetism, varies widely between samples from di ering
localities and between size fractions of the same sample.

1.5 Magnetic properties of minerals

1.5.1 The classification of minerals according to their mag-
netic properties

Although all matter responds to the presence of the external magnetic field,
the degree of this response varies widely. For practical reasons the technical
classification of materials, and particularly of minerals, di ers from physical
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categorization discussed in previous sections. For the purposes of magnetic
separation, materials can be divided into three basic groups:
Strongly magnetic materials can be recovered by a magnetic separator

with the use of a relatively weak magnetic field, up to, for example, 0.15 T, with
a modest field gradient of the order of 0.5 T/m. The magnetic susceptibility
that responds to such a low magnetic field is generally greater than 10 4 m3/kg
and ferromagnetic and ferrimagnetic materials like mild steel, iron, magnetite,
maghemite and pyrrhotite fall under this group.
Weakly magnetic materials can be recovered by a magnetic separator

that generates magnetic induction up to 1.0 T, and the field gradient in the range
from 50 to 500 T/m. This broad group of materials includes antiferromagnetic,
paramagnetic and some ferrimagnetic minerals. The group comprises iron and
manganese oxides and carbonates, ilmenite, wolframite and other materials.
Magnetic susceptibility of these materials ranges from 10 7 m3/kg to 5×10 6

m3/kg.
”Non-magnetic" materials are those materials that cannot be easily re-

covered by conventional magnetic separators. They include very weakly para-
magnetic and antiferromagnetic materials with magnetic susceptibility smaller
than, for example, 10 7m3/kg. Austenitic stainless steel, aluminium, rutile,
pyrite, garnet and red blood cells belong to this group. Diamagnetic materials,
with their negative magnetic susceptibility are also included.
This classification is only conditional as it does not take into account such an

important variable as particle size, which, as we have seen in Section 1.2.2, is as
important as magnetic susceptibility in determining the e ciency of magnetic
separation. Recent developments and innovation in magnetism extended the
range of materials that can be treated by the magnetic means to such a degree
that all classes of matter are included, down to the submicrometer or even
nanosize range.

1.5.2 Magnetite

Magnetite Fe3O4 is the most fundamental and important magnetic mineral.
It has a cubic crystalline structure in which Fe3+ and Fe2+ cations form two
distinct lattices. Each of the lattices is magnetized in opposite directions and
magnetite behaves as a ferrimagnetic mineral .
The saturation polarization of magnetite at room temperature ranges from

0.55 T to 0.61 T and the Curie temperature is 575 0C. The density of pure
Fe3O4 is 5200 kg/m3, calculated from the cell dimensions [N1].
As has been mentioned earlier, magnetic properties of magnetically ordered

mineral grains depend, among other things, on the grain size. The most impor-
tant distinction is between very small particles, each of which is a single domain,
and large grains, which are multidomain. For any material there is a maximum
size for spherical simple domain, referred to as the critical size. For magnetite
this critical size is about 0.05 m [S5], while for hematite, for instance, this
value is much higher, of the order of 200 to 300 m [N1].
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Figure 1.13: Magnetic susceptibility and coercive force of ferromagnetic parti-
cles, as a function of grain size.

The variation of the coercive force with particle diameter , in granular
magnetic materials and over a wide range of grain sizes, is well represented by
the relationship

(1.45)

The value of is usually in the range between 0.25 and 1. The e ect of
transition from single domain to multidomain structure, on magnetic properties
of a ferromagnetic grain, is illustrated in Fig. 1.13. This Figure shows that, at
the transition between multidomain and single domain arrangement, magnetic
susceptibility achieves its minimum, while the coercive force is maximum. A
simplified dependence of the coercive force and mass magnetic susceptibility on
particle diameter is shown in Fig. 1.14.
Fig. 1.15 illustrates the dependence of the mass magnetic susceptibility of

magnetite on the external magnetic field, ranging from 0 to 240 kA/m (0 to 3
kOe). The data reported in [P1] were obtained with size fraction - 74 + 53 m.

1.5.3 Titanomagnetites

Titanomagnetites Fe3 Ti O4 are one of the most common magnetic minerals.
Magnetic susceptibility, saturation magnetization and Curie temperature vary
in a regular manner with the composition parameter from = 0 (magnetite)
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Figure 1.14: Dependence of the coercive force and magnetic susceptibility of
magnetite on the particle size (after Derkach [D4]).

Figure 1.15: The field dependence of the magnetic susceptibility of magnetite
(adapted from Derkach [D4]).
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Figure 1.16: Variation of the room temperature magnetic susceptibility with
composition, for titanomagnetites (after [O1]).

to = 1 (ulvöspinel). The variation of the initial magnetic susceptibility with
composition, for three size fractions, is shown in Fig. 1.16 [O1]. Fig. 1.17
illustrates the dependence of the initial magnetic susceptibility on particle size,
for assorted compositions of titanomagnetites.

1.5.4 Ilmenohematites

Titanium-rich ilmenohematites Fe2 Ti O3 are significant magnetic minerals,
as their susceptibilities are more than two to three orders of magnitude greater
than those of paramagnetic minerals. Ilmenite FeTiO3 is antiferromagnetic
below the Néel temperature of 55 K. Above the Néel temperature ilmenite is
paramagnetic [N1] and its magnetic susceptibility (approximately 5×10 3 (SI)
or 10×10 7 m3/kg) is somewhat lower than for other members of the series [T1,
D2], and was found to be essentially independent of the magnetic field strength
in the range from 0.1 T to 9 T [D2].

Magnetic susceptibility measured below the Néel temperature (at 4.3 K) was
found to be equal to 150×10 7 m3/kg at magnetic fields smaller than 0.6 T. At
higher magnetic fields the value of the susceptibility dropped to about 100×10 7

m3/kg [D2]. Figure 1.18 illustrates the variation of the saturation magnetization
of ilmenohematite samples of particle size of 9.8 m, at room temperature, with
composition [O2]. It can be seen that ilmenite ( = 0) is one of the magnetically
weakest members with saturation polarization of approximately 0.012 T.



30 CHAPTER 1. PRINCIPLES OF MAGNETIC TREATMENT

Figure 1.17: Variation of the initial magnetic susceptibility, at room tempera-
ture, with grain size, for titanomagnetites (after [O1]).

Figure 1.18: Saturation magnetization of ilmenohematites as a function of their
composition (after [O2]).
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Figure 1.19: Magnetic susceptibility of hematite as a function of the applied
magnetic field (after [N2]).

1.5.5 Maghemite

The magnetic properties of maghemite ( -Fe2O3) are very similar to those of
magnetite (albeit slightly less pronounced). Both minerals have fundamentally
the same spinel structure, although the composition of maghemite is essentially
that of hematite. Maghemite is metastable and converts to hematite at tem-
peratures in the range from 300 0C to 350 0C. The saturation polarization at
room temperature ranges from 0.48 T to 0.51 T.

1.5.6 Hematite

Pure hematite -Fe2O3 has antiferromagnetic structure above the Néel temper-
ature of approximately 680 0C. Between the Néel temperature and the Morin
temperature = - 100 0C hematite is a canted antiferromagnet (”weak ferro-
magnet”). At room temperature, the magnetic polarization is about 0.5 % that
of magnetite, i.e. between 15×10 4 to 30×10 4 T. The weak ferromagnetism
( ) of hematite is not fully understood because of its complex and contra-
dictory behaviour. The properties vary from sample to sample and depend on
their origin. For instance, the ratio of the remanent polarization to saturation
polarization for fine hematite, ranges from close to zero to about 0.8
[A2]. The coercive force of fine hematite is very high, up to 2.5×105 A/m, in
contrast to the low values of the order of 8×102 A/m [S5, D5], observed with
crystals, which were a few millimeters in size.
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Figure 1.20: The e ect of temperature and magnetic field on the magnetic sus-
ceptibility of specularite (after [P2]).

Hematite is also strongly anisotropic, i.e. crystals can be magnetized by
magnetic fields applied along the basal plane, but are almost una ected by
fields perpendicular to this plane, unless extremely strong fields are employed
[T1]. Hematite also tends to flake parallel to its basal plane and the flakes are
often termed specularite.
The magnetic susceptibility of pure hematite is a complicated function of

particle size, magnetic field, and temperature, determined by the interplay be-
tween contributions from weak ferromagnetism and antiferromagnetism [D5].
The e ects of magnetic field strength and temperature on magnetic susceptibil-
ity are shown in Figs. 1.19 and 1.20, respectively.
A significant change in magnetic susceptibility for magnetic fields smaller

than 8×105 A/m (10 kOe) can be seen in Fig. 1.19. The field-independent
magnetic susceptibility was found to be equal to 1.43×10 3 (SI) [N2]. Pas-
trana and Hopstock [P2] investigated the e ect of temperature and magnetic
field on magnetic susceptibility in terms of eq. (1.44). They found that
increased only slightly with temperature but the e ect of temperature on was
dramatic, as illustrated by Fig. 1.20.

1.5.7 Goethite

Goethite ( FeOOH) is an antiferromagnetic mineral, which ideally should
have perfectly compensated spins, and hence no net spontaneous magnetic mo-
ment. It appears, however, that one of the sublattices is usually canted; as
a result the mineral behaves ferrimagnetically. It has a magnetization greater
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Table 1.11: Some physical properties of ferromagnetic (s.l.) minerals.

Mineral Composition Curie/Néel
temperature
[ C]

Saturation
polarization
[T]

Density
[kg/m3]

Magnetite Fe3O4 575 0.59 - 0.61 5200
Maghemite Fe2O3 350 0.48 - 0.51 4800
Hematite Fe2O3 680 10×10 4 to

30×10 4

5300

Goethite FeOOH 120 - 130 50×10 7 to
50×10 4

4300

Pyrrhotite FeS 320 0.1 4600
Chromite FeCrO4 - 84 1.9×10 5 5090

than that of hematite but weaker than that of magnetite. Goethite also has a
high coercivity, comparable to that of hematite. The mass magnetic susceptibil-
ity ranges from 2.5×10 7 m3/kg to 6×10 7 m3/kg [A1, P2]. The temperature
and the magnetic field dependence of the magnetic susceptibility of goethite, as
reported by Pastrana and Hopstock [P2] is shown in Fig. 1.21. Physical proper-
ties of selected ferromagnetic ( ) minerals, including goethite, are summarized
in Table 1.11.

1.5.8 Siderite

Siderite FeCO3 undergoes an antiferromagnetic transition at the Néel tempera-
ture of about 14 K. When heated under oxidizing conditions, it decomposes into
minerals such as maghemite, magnetite and iron hydroxide. The final decompo-
sition product is hematite [B4]. Results of extensive measurements of magnetic
susceptibility of samples of siderite (- 150 + 105 m) at room temperature [P3]
show that the susceptibility does not vary with the applied magnetic field. The
susceptibility ranges from 8×10 7 m3/kg to 11×10 7 m3/kg and similar values
were reported in [T1, M2].

1.5.9 Iron sulphides

Iron sulphides exhibit magnetic properties over a narrow range of specific com-
positions, but these are strongly a ected by impurities, grain size and similar
factors. Pyrrhotite (FeS1+ for 0.10 0.14) is the most common ferro-
magnetic ( ) iron sulphide. Most of these minerals are chemically unstable on
heating and the Curie temperature of pyrrhotite, 320 0C, is almost the same as
the temperature at which is decomposes to magnetite [T1].
As in hematite, the spin structure consists of ferromagnetic order, the mag-

netic moments of adjacent planes being coupled parallel. Unlike hematite, the
moments of the planes di er in magnitude and a strong ferrimagnetism results
[O2]. Pyrrhotite is generally more strongly magnetic than hematite and the
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Figure 1.21: Magnetic susceptibility of goethite as a function of magnetic field
strength and temperature (after [P2]).

saturation polarization, at room temperature, is about 0.12 T [O2], although
smaller values are often found in literature (e.g. [T1]). The magnetic field
dependence of the mass magnetic susceptibility is shown in Fig. 1.22 [D4].

1.5.10 Chromites

The magnetic properties of natural chromium-bearing spinels or chromites (Fe,
Mg)(Cr,Al,Fe)2O4 are highly variable, the variation being closely related to
the variation in their chemical composition. It is frequently assumed that the
magnetic susceptibility and the hysteresis behaviour of chromites is controlled
by the end-member magnetite [H2, S6]. The magnetic susceptibility is reported
to range from 6×10 7m3/kg to 30×10 7 m3/kg at 4.3 K [D2] and from 5×10 7

m3/kg to 12×10 7 m3/kg at elevated temperatures (78 and 136 K) [D2, S6].

1.6 Measurement of magnetic properties

This section briefly describes experimental techniques used for the measurement
of magnetic quantities. There are hundreds of di erent techniques and their
modifications, each having distinct merits as well as limitations. There is no
single technique which is universally applicable to all types of measurements.
There are several comprehensive sources of information [Z1, F2, B5, B6, C2]
that provide a good starting point in the pertinent literature. It is interesting
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Figure 1.22: Mass magnetic susceptibility of pyrrhotite as a function of the mag-
netic induction (after [D4]).

to note that while the measurement methods have remained virtually unchanged
for a long period, the equipment has been subjected to continuous development.
Practitioners as well as researchers who use magnetic techniques as a tool

for mineral beneficiation, material concentration or removal will be interested
primarily in the measurement of the magnetic field strength and its gradient
and of magnetic susceptibility. There is a wide range of measuring instruments
commercially available, some of them easily a ordable and suitable for field
applications.

1.6.1 Measurement of the magnetic field strength

There are several ways of measuring the magnetic field strength or magnetic
induction. The choice of the measurement method depends on several factors.
The field strength, its non-homogeneity, as well as the required accuracy all need
to be considered. Figure 1.23 shows the accuracy of absolute measurements of
magnetic field strength for a few commonly used methods.

The fluxmeter method

This method, which is based on Faraday’s induction law, is one of the oldest, and
still very accurate, techniques of the field measurement. It consists of placing
a coil in the magnetic field so that part of that field is enclosed as a magnetic
flux through the coil area. Switching o the field or removing the coil from the
field gives rise to an induction voltage across the coil terminals. The flux is
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Figure 1.23: Measurement of the magnetic field strength: accuracies and ranges
of various methods [H3].

then measured as the time integral of the voltage produced. Measurements are
performed either by using fixed coils in a dynamic magnetic field, or by moving
the coils in a static field.

The Hall E ect method

E.H. Hall discovered in 1879 that a metal strip immersed in a transverse mag-
netic field and carrying a current developed a voltage mutually at the right
angle to the current and the voltage that opposed the Lorentz force on the
electrons. The Hall-probe meters, known as gaussmeters, use very simple elec-
tronic instrumentation and provide an instant measurement. The small size
of the probe sensing area (1 mm2 and less), its static physical characteristics,
as no motion of the probe is required, and there are no moving parts, make
gaussmeters very useful instruments.
The basic premise of the Hall probe is that when a current is flowing along

one axis of a conductor or semiconductor, and when the magnetic field is
applied perpendicularly to the plane of the probe (or generator), then the Hall
voltage given by eq. (1.46) is generated perpendicular to both the current
and the magnetic field. The situation is depicted in Fig. 1.24.

=
·

(1.46)

where is the thickness of the Hall generator and is the Hall constant.
The Hall voltage is thus, in the first approximation, proportional to the
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Figure 1.24: Schematic representation of the Hall-e ect probe.

flux density. The Hall constant depends on various material parameters as well
as temperature and, to a small extent, on the flux density . The resulting
linearity error is kept as small as possible by applying an appropriate ohmic
resistor to the Hall voltage. This allows the construction of measuring devices
that are linear to within ±1 % for a flux density of about 1 T. Equally important
for accuracy is the e ect of the temperature coe cient of the Hall voltage.

The Hall probes, usually made using indium arsenide, are very fragile. The
Hall element is generally only a few hundredths of a millimeter thick and needs
mechanical support. Aluminium is usually used as a substrate.

The Hall probes can be used to measure d.c. fields, a.c. fields and pulsed
magnetic fields. The probes are available in various shapes and their use depends
on the direction of the magnetic field to be measured. The probes are either
transverse or axial. With the transverse probe, the flux density is measured
perpendicular to the probe rod, while with the axial probe the measured mag-
netic field is in the direction of the probe axis. The overall views of hand-held
and bench-scale gaussmeters are shown in Figs. 1.25 and 1.26.

In order to generate a high magnetic force on particles to be separated,
the magnetic field in magnetic separators is generally very non-uniform. The
value of the magnetic field thus changes considerably, often over a scale of several
hundreds of micrometers, particularly in high-gradient type magnetic separators
such as HGMS, or permanent magnet roll separators. In view of the finite size
of the Hall sensing element, it is the mean magnetic field over the relatively
large cross-sectional areas of the sensor, and not the maximum field, that is
being measured by the Hall probe. With common commercially available Hall
probes the measured magnetic field is usually much less than the maximum field.
For instance, magnetic induction usually measured in an NdFeB permanent
magnetic roll separator rarely exceeds 1 T, while a special Hall microprobe can
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Figure 1.25: A portable hand-held gaussmeter (courtesy of Walker LDJ Scien-
tific, Inc.).

Figure 1.26: A precision laboratory gaussmeter (courtesy of Walker LDJ Scien-
tific, Inc.).
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measure the field as high as 1.9 T. Such values agree with the field strength
obtained in computer modelling.
The above discussion indicates that it is rather di cult to measure accurately

the magnetic field gradient in a magnetic separator. Although the knowledge
of the spatial distribution of the magnetic field and its profile is important for
serious understanding of the process of magnetic separation and of the design
of magnetic separators, commercial Hall probes are usually unsuitable for this
exercise. However, commercially available gaussmeters can be used for mea-
surements of the magnetic field gradient in a low-gradient class of magnetic
separators, such as magnetic pulleys and suspended magnetic separators. Ac-
curacy of the measurement can be enhanced by devising a measuring rig [S7].

1.6.2 Measurement of magnetic susceptibility and magne-
tization

All techniques for the determination of magnetic susceptibility fall into two
principal categories. The first is based on the measurement of a force that acts
on a sample when it is placed in a non-uniform magnetic field. The other method
makes use of the electromagnetic force induced in a coil when the magnetic field
changes, or when there is a relative motion of the sample and the coil.

The force methods

The most familiar of the force techniques for measurement of magnetic suscep-
tibility is the Gouy method. The sample under investigation is packed into a
long cylindrical container, which is positioned so that one end is in a strong
uniform magnetic field 1 (near the centre of the magnet gap), while the other
is in a much weaker field 2, e.g. outside the gap. The magnetic force acting
on the sample is equal to

=
2 0

( 2

1

2

2) (1.47)

where and are volume magnetic susceptibilities of the sample and of
the surrounding medium, respectively, and is the cross-sectional area of the
sample. This force is detected as a weight di erential between the field-on and
field-o conditions. The principal merit of the Guoy method lies in its simplicity
- one needs only a balance, a sample container and the magnet [D6].
The Faraday method rests in the measurement of the force exerted on a

small sample by a non-homogeneous magnetic field. This can be achieved, for
instance, by the use of special pole pieces. In this case the force on the sample
can be written

=
0

(1.48)

where is the direction of the magnetic field gradient and is the volume of
the sample.
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Figure 1.27: Magnetic susceptibility meter KLF-4 (courtesy of Agico Instru-
ments).

Magnetic induction methods

In the simplest application of the induction principle, a sensing coil is wound
around a sample. A second winding is used to generate variable magnetic field,
which produces a magnetization. There are several instruments based on the in-
duction principle available commercially. They are essentially induction bridges
that measure magnetic susceptibility of a sample of any shape and form while the
mass of the specimens can range from a few grams to several tens of grams. Fig-
ure 1.27 illustrates such an automatic computer-controlled inductivity bridge,
which is suitable for rapid laboratory measurement of magnetic susceptibility
of rocks, soils, minerals and other materials. Sensitivity of the instrument is
1×10 6 (SI) and the measurement is conducted at the magnetic field range
from 10 A/m to 300 A/m (0.12 G to 3.8 G). A similar instrument with resolu-
tion of 2×10 6 (SI) is shown in Fig. 1.28.
An even more sensitive instrument is the KLY-3 Kappabridge shown in Fig.

1.29. It employs a fully automatic zeroing system with autoranging and auto-
matic compensation of the thermal drift and its sensitivity is specified as 2×10 8

(SI).
While the above described laboratory susceptibility meters could be of con-

siderable interest and use for practitioners and researchers in magnetic sepa-
ration, they might not be easily a ordable and su ciently portable in plant
operation. For field operation there are several types of portable susceptibil-
ity meters commercially available. Figure 1.30 shows such an easily a ordable
pocket-size susceptibility meter. The instrument weighs 0.18 kg and has the
measurement sensitivity of 1×10 7 (SI). The field data can be stored in 250
memory registers and recalled later.
The advantages of the induction bridge susceptibility meters are their high

accuracy, fast measuring rate and automated computer-controlled mode of op-
eration. High sensitivity enables one to measure the magnetic susceptibility of
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Figure 1.28: Magnetic susceptibility meter MS2 (courtesy of Bartington Instru-
ments).

Figure 1.29: Magnetic susceptibility meter Kappabridge KLY-3 (courtesy of
Agico Instruments).
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Figure 1.30: Pocket-size magnetic susceptibility meter SM-30 (courtesy of ZH
Instruments).

Table 1.12: Magnetic susceptibility of pyrrhotite measured by an induction
bridge [S8].

Magnetic field [G] Volume magnetic susceptibility ([SI]x103)
0.0256 186
0.9 233
5.36 357

materials ranging from diamagnetic to ferromagnetic.
The main drawback from the magnetic separation point of view is that these

instruments operate at very low magnetic field and do not allow measurement of
the susceptibility as a function of the magnetic field strength. The measurement
of susceptibility at a low magnetic fields is only acceptable for paramagnetic and
diamagnetic materials for which the susceptibility is field-independent. For ma-
terials with ordered structures, such as ferromagnetic ( ) materials, magnetic
permeability and magnetic susceptibility are strongly dependent on the exter-
nal magnetic field, as has been demonstrated in Figs. 1.9 and 1.15. Table 1.12
illustrates the dependence of the initial magnetic susceptibility on the magnetic
field strength, as measured by an induction bridge.
It can be seen from Figs. 1.9 and 1.15 that the initial permeability or

susceptibility is generally smaller than the e ective permeability at the magnetic
field at which magnetic separation takes place, i.e. If the external
magnetic field is su ciently high then 1 and 0, and the magnetic
force on a particle will be determined by the saturation magnetization as
follows from eq. 1.44. The value of can be high or low, depending on the
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Figure 1.31: Vibrating sample magnetometer (courtesy of LDJ, Inc.).

type of material, irrespective of what the value of the initial permeability (or
susceptibility) is. It is thus clear that evaluation of separability of ferromagnetic
( ) materials based on the measurement of the initial magnetic susceptibility
can lead to erroneous conclusions.

Vibrating sample magnetometer

A vibrating sample magnetometer (VSM), shown in Fig. 1.31, is one of the most
popular techniques in magnetometry [F3]. The sample is vibrated at small
amplitude with a known frequency and phase in a uniform applied magnetic
field. The field distortion produced by the sample varies in an a.c. manner
and is detected by a pick-up coil. Using a lock-in amplifier to filter out signals
at frequencies other than the sample vibration frequency, VSM is able to make
highly sensitive measurements. The magnitude of the signal is dependent on the
magnetic properties of the sample. The external magnetic field can be produced
by superconducting magnets, various types of electromagnets or Helmholtz coils,
providing excitation fields from a fraction of milliTesla to many Tesla.
For all magnetizable materials, the VSM test results are displayed as mag-

netization curves. For ferromagnetic ( ) materials the results are in the form
of the simple hysteresis loop, with values provided for all of the critical para-
meters, such as coercive force, remanent and saturation magnetization, applied
magnetic field and others. VSM can be used to test magnetic properties of
metal alloys, minerals, permanent magnets, thin films, magnetic fluids etc. A
typical hysteresis curve, as obtained by VSM, is shown in Fig. 1.32.
For purposes of evaluation of magnetic separability of materials, VSM is

a very useful, albeit rather expensive instrument. Since susceptibilities of dia-
magnetic and paramagnetic materials do not depend on the strength of the
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Figure 1.32: The hysteresis curve for mild steel, as obtained by VSM.

external magnetic field, information obtained using inductive bridges is su -
cient to access separability of such materials. For ferromagnetic ( ) materials,
however, the magnetic susceptibility is strongly dependent on the field strength
and separability of such materials is determined by the magnetic properties at
the operating magnetic field strength of a given magnetic separator.
Vibrating sample magnetometer allows the determination of the magnetic

susceptibility at any point on the hysteresis curve (Fig.1.32), as the tangent to
the curve. It is thus possible to determine the magnetic susceptibility at any
value of the magnetic field. This procedure is useful only in the linear part of
the magnetization curve. Once the material begins to saturate magnetically,
the susceptibility approaches zero and the magnetic force on a particles is de-
termined by the saturation magnetization. A typical field dependence of the
magnetic susceptibility as determined from the magnetization curve obtained
using VSM is shown in Fig. 1.33.
As has been stated earlier, in magnetic separation many paramagnetic and

diamagnetic materials, and minerals in particular, contain ferromagnetic ( )
admixtures. These admixtures can significantly influence the values of magnetic
susceptibility as a consequence of its dependence on magnetic field, temperature
and particle size. A correct evaluation of magnetic susceptibility in terms of eq.
(1.44), under given experimental or operational conditions, can only be e ected
with instruments such as VSM. However, VSM is only rarely accessible to a
practitioner or even researcher in magnetic separation and detailed information
about magnetic properties of minerals available in literature is limited. An
exception is the work of Dahlin and Rule [D2] who investigated the magnetic
susceptibility of numerous minerals as a function of the magnetic field strength.
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Figure 1.33: Volume magnetic susceptibility of magnetite and ferrosilicon 270D,
as a function of magnetic field, as measured by VSM [S8].

A vibrating sample magnetometer with a superconducting magnet capable of
producing a magnetic field of 7.16×106 A/m (90 kOe) was used. The results
showed that magnetic susceptibility of most minerals that were investigated
was essentially constant in magnetic fields above those needed to saturate the
ferromagnetic constituents, in agreement with eq. (1.44). Figure 1.34 illustrates
some of the results.

Hysteresisgraphs

Hysteresisgraphs are systems for testing and analyzing hysteresis properties (B-
H loop) of hard and soft magnetic materials. The commercially available units
are usually precision personal computer-controlled systems. Designers of per-
manent magnet-based magnetic separators can use such instruments to test,
analyze and quality-control hard magnetic materials such as ferrites, Alnico,
samarium-cobalt and neodymium-iron-boron alloys. Figure 1.35 illustrates such
a hysteresisgraph.

1.7 Sources of magnetic field in magnetic sep-
aration equipment

The aim of magnetic separation is to recover or remove particles with sizes rang-
ing from several tens of millimeters down to a fraction of micrometre, with a
wide spectrum of magnetic susceptibilities, from ferromagnetic to weakly para-
magnetic. Furthermore, it is frequently necessary to separate two or more ma-
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Figure 1.34: Magnetic susceptibilities of various minerals, measured by VSM, as
a function of magnetic field strength (adapted from [D2]).

Figure 1.35: Hysteresisgraph Permagraph (courtesy of Magnet Physik GmbH)
for quality control of permanent magnets.
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terial species, the magnetic susceptibilities of which do not di er very much, of
a wide range of particle sizes. The magnetic field strength needed to recover
such particles, therefore, varies substantially from one application to another
and di erent ways of generating the magnetic field are employed.
As can be seen from eq. (1.8), the magnetic force required to separate a

magnetizable particle depends not only on the physical properties of a material,
and on the magnetic field strength, but also on the value of the gradient of
the magnetic field. Therefore, to achieve a selective separation of a valuable
material from unwanted ones, a carefully selected combination of the magnetic
field strength and its gradient must be used to warrant a high recovery and
simultaneously a high grade of the concentrate. Magnetic separation can be
considered successful only if it produces the right quality of the concentrate
with the right recovery.
In some applications of magnetic separation, for instance in magnetic filtra-

tion, the ”brute force” approach is often used to ensure a high degree of removal
of magnetizable solids from suspension. Consequently an e ort is usually made
to maximize the external magnetic field or the field gradient, or both. This ap-
proach is also employed in some applications in mineral processing, for instance
in removal of magnetic contaminants from industrial minerals. Such a combi-
nation of high magnetic field and field gradient often results in a high-quality
non-magnetic product, at the expense of losses of the non-magnetic compo-
nent into the magnetic fraction. Undue emphasis on the magnetic field strength
and/or field gradient sometimes results in reduced recovery of the valuable com-
ponents and reduced selectivity. Excessively high capital and operating costs are
additional consequences of such an approach. In the majority of applications,
only a moderate magnetic field, combined with an optimized field gradient, are
required to achieve the optimum results.
The desired magnetic induction and the field gradient are thus a function

of the type of application, required metallurgical performance and economic
criteria. In the following section the basic methods of the generation of magnetic
fields and their gradients, as used in magnetic separation, will be reviewed.

1.7.1 Permanent magnets

Recent years have seen a strongly increasing industrial demand for permanent
magnet materials. Permanent magnets have become essential components in
many electric, electronic and electromechanical devices, including magnetic sep-
arators. Although the earliest permanent magnet, lodestone, was known in an-
cient times, the greatest strides in magnet development have occurred only over
the past hundred years. Each advance has been connected with the discovery of
a new class of materials, characterized by ever more desirable properties. This
evolution has been monitored generally by one figure of merit for a permanent
magnet, the maximum energy product ( )max, which provides a measure of
the field that can be produced outside a unit volume of magnet material. The
so-called theoretical maximum energy product, the largest value realizable in
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Table 1.13: Magnetic properties of Alnico alloys.

Material B [T] H [Oe] H [Oe] (BH)max

[MGOe
(kJ/m3)]

Alnico 5 1.27 640 645 5.5 (44.0)
Alnico 5-7 1.34 740 745 7.5 (60.0)
Alnico 5DG 1.33 685 690 6.5 (52.0)
Alnico 8B 0.9 1600 1640 6.75 (54.0)
Alnico 9 1.05 1500 1515 10.5 (84.0)

principle, is an intrinsic quantity defined by

( )max =
1

0

(
2

)2 (1.49)

where is the saturation polarization (in [T]).
This maximum energy product (in [J/m3]) can be achieved only if the magnet

retains in a reverse field at least as large as 2 [H4]. The maximum energy
product is thus limited, to perhaps 1.2×106 kJ/m3 (150×106 MGOe), by the
maximum saturation polarization of elements and alloys of approximately 2.5 T.
At the present time, one third of this maximum has been achieved with NdFeB
material. The chronological trend of the maximum energy product achieved in
various permanent magnet materials is shown in Fig. 1.1. It can be seen that
there are four major families of permanent magnet materials: Alnico, ferrite,
rare-earth-cobalt and rare-earth-iron.

Alnico

A major advance in permanent magnet technology began in 1932 with the dis-
covery of excellent magnetic properties of an aluminium-nickel-iron alloy, Alnico.
Numerous subsequent investigations resulted in many variations in composition
and properties. Alnico magnets are expensive when compared to ferrite mag-
nets since they contain 20% to 40 % of cobalt in addition to other components.
Alnico alloys have desirably high remanent magnetization, good thermal stabil-
ity, but comparatively low coercivities. Curie temperature is about 900 0C and
the maximum recommended operating temperature is 500 0C. Alnico magnets
are very resistant to corrosion, nearly as resistant as stainless steel. Only slight
discolouration of the surface is encountered when a magnet is heated in air to
450 0C [P4]. The physical properties of Alnico alloys are rather poor. High
coercivity is closely accompanied by extreme hardness and brittleness. Forming
is by casting or sintering as close as possible to the desired size and shape. For
close tolerance it is necessary to cut or wet-grind the magnet [P4]. Magnetic
properties of several grades of Alnico are summarized in Table 1.13.
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Table 1.14: Magnetic properties of the ferrite magnets.

Material B [T] H [Oe] H [Oe] (BH)max [MGOe (kJ/m3)]
Ferrite 5 0.395 2200 2230 3.6 (29.0)
Ferrite 7B 0.38 3250 3800 3.3 (26.0)
Ferrite 8A 0.39 2950 3000 3.5 (28.0)
Ferrite 8D 0.40 3100 3000 3.8 (30.0)
Ferrite 8C 0.43 4100 2200 4.3 (34.0)

Ferrite magnets

A new class of permanent magnetic materials was announced in 1952. The
materials were based on the crystal anisotropy of barium oxide. This class of
magnets is generally known as ferrite, but is sometimes referred to as oxide or
ceramic magnets. Today, ferrite magnets are by far the most widely used mag-
nets. The success of ferrites is due to several reasons. The raw materials are
inexpensive and non-strategic. Their high coercive force combined with reason-
ably high magnetic induction has allowed permanent magnets to be incorporated
into many types of devices. Ferrites are mechanically hard and brittle and their
magnetic properties are characterized by relatively low remanent magnetization
while the coercive force is satisfactory. The Curie temperature is 450 0C and the
recommended maximum operating temperature is 250 0C. At the same time,
surfaces of ferrite magnets are stable and are not subject to oxidation.
Ferrites are produced by powder metallurgy. Their chemical formula can

be expressed as MO·6(Fe2O3), where is Ba, Sr or Pb. Strontium ferrite
has a higher coercive force than barium ferrite and is produced on a larger scale
[P4]. Ferrite magnets are available in isotropic and anisotropic grades. Magnetic
properties of various grades of ferrites are shown in Table 1.14.

Samarium-cobalt-based rare-earth magnets

The family of rare-earth permanent magnets (REPM) has evolved in the last
35 years. The materials quickly surpassed all earlier magnets, with currently
best values of energy product and coercivity, both being 5 to 10 times those of
Alnico and ferrites. While they are rather costly for universal use, the REPM,
together with the hard magnetic ferrites, are rapidly broadening applications
of permanent magnets in general [S9]. Two major subgroups are being dis-
tinguished: rare-earth Co-based magnets (particularly Sm-Co) and rare-earth
Fe-based magnets represented by Nd-Fe-B. The latter third-generation REPM,
in rapid development since 1983, use cheaper, more plentiful raw materials than
Sm-Co and o er still higher energy density at room temperature.
Sm-Co-based rare earth magnets are of two types: the SmCo5 group and

Sm2Co17 group. These two groups constitute the first and second generation
rare-earth magnets, respectively [H5]. SmCo5 alloys are the most basic materials
that make up rare-earth magnets. More advanced Sm2Co17 alloys were devel-
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Table 1.15: Magnetic properties of Sm-Co magnets [W1].

Material B [T] H [kOe] H [kOe] (BH)max [MGOe (kJ/m3)]
SmCo5 0.90 9.0 29.0 20.2 (162.0)
Sm2O17 1.10 10.0 33.0 37.5 (300.0)

oped following the success of SmCo5, to obtain higher performance. In order
to increase its rather low coercivity, the latter alloy is now based on Sm-Co-Cu
composition. The general composition of this new class of Sm-Co magnets is
R(Co,M) , where stands for at least one rare-earth element, for a com-
bination of transition metals and/or copper and is between 6 and 8.5. These
multicomponent magnet alloys are generally termed the 2:17 systems. They
have the advantage of higher magnetization and use less Sm and Co. As a
results of their high Curie temperature of 700 0C to 800 0C, Sm-Co-based per-
manent magnets satisfy the needs for applications with operating temperatures
up to about 300 0C. Further demand for operation at even higher temperatures
has led to development of a new class of Sm-based alloys, which can operate at
temperatures as high as 550 0C [W1]. Magnetic properties of Sm-Co magnets
are listed in Table 1.15.
The samarium-cobalt materials are attractive replacements for electromag-

nets in many applications, but their use has been constrained by economic dis-
advantages. Samarium is the least abundant, and hence the most expensive, of
the light rare earths, and this unfavourable circumstance is compounded by the
fact that the price and availability of cobalt are subject to large, unpredictable
excursions. The bulk of cobalt is mined in Congo and regional political insta-
bility in Africa resulted in diminished supplies and radically increased prices.
This situation led to a continued e ort to develop alternative high performance
magnets not containing cobalt.

Neodymium-iron-boron magnets

Iron-based materials having the characteristics of Sm-Co had long been desired
and in 1983 two di erent processing routes were announced. The standard
powder metallurgy route (Sumitomo route) [S10] and the melt-spinning method
(General Motors route) [C3] were proposed for the production of Nd-Fe-B per-
manent magnets. In the ensuing years production and application of this new
type of magnet has been steadily increasing. It has been predicted that the
NdFeB permanent magnet market will grow from the 2002 value of $2 billion
to $4.8 billion in 2007 [B7].
Presently three common fabrication routes can be used to categorize NdFeB

magnets: sintering, polymer bonding and hot deformation. The most successful
procedure on the production scale is the powder metallurgical method. The
reason is that sintered NdFeB magnets have outstanding magnetic properties,
good productivity and superior energy e ciency and cost performance. On
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Figure 1.36: Progress in development of NdFeB sintered permanent magnets
(after [K4]).

the other hand, sintered NdFeB magnets have certain disadvantages in terms
of thermal and environmental stability. The theoretical value of the maximum
energy product of the magnetic Nd2Fe14B phase is 512 kJ/m3 (64 MGOe) [S11].
So far, energy products exceeding 400 kJ/m3 have been achieved, with the latest
record of 444 kJ/m3 (55.8 MGOe) [K4]. Progress in development of NdFeB
sintered magnets is depicted in Fig. 1.36.
Bonded magnets have intermediate energy products of 80 to 145 kJ/m3 (10

to 18 MGOe) and can be formed into intricate shapes. Hot deformed magnets
possess intermediate to high energy product of 120 to 370 kJ/m3 (15 to 46
MGOe), isotropic and anisotropic properties and the potential to be formed
into net shapes. Comparison of magnetic properties of several types of NdFeB
permanent magnets is shown in Table 1.16.
While NdFeB permanent magnets possess outstanding magnetic properties,

they have insu cient level of thermal and environmental stability. The Curie
temperature of the NdFeB alloys is about 310 0C. This proximity to the room
temperature limits the practical range of applications of NdFeB magnets and
causes appreciable changes in the flux density as the temperature varies. Oper-
ation of a permanent magnet at elevated temperatures can result in structural
changes, which in turn lead to irreversible losses of magnetic properties. Table
1.17 compares the loss of remanent magnetization, at 20 0C, of various mag-
net materials, after exposure to the indicated temperature. Another study [F4]
observed that after 30 minute exposure to the temperature of 220 0C NdFeB
magnets lost up to 80% of their magnetization.
The maximum operating temperature of NdFeB magnets is about 150 0C.
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Table 1.16: Magnetic properties of NdFeB permanent magnets [B7].

Magnet B [T] H [kOe] (BH)max

[MGOe
(kJ/m3)]

Sintered VCM 1.31 14 42 (336.0)
Bonded MQ1-B 0.69 9 10 (80.0)
Hot-pressed MQ2-E 0.825 17.5 15 (120.0)
Die-upset MQ3-F 1.31 16 42 (336.0)
Sintered (Sumitomo) [K4] 1.51 8.68 55.8 (445.0)

Table 1.17: Temperature-induced irreversible losses in permanent magnets [P4].

Magnet -600 C +1000 C +2000 C +3000 C
Alnico -1.45% 0.4% 0.8% 1.1%
Ferrite -27% 0 0 0
SmCo5 0 0.5% 1.7%
NdFeB 0 6.5% 65.0%

Comparison of the Curie and maximum operating temperatures for various per-
manent magnets is given in Table 1.18.
NdFeB permanent magnets are also sensitive to attack by both climatic and

corrosive environments, resulting in a deterioration of the magnetic and physical
properties. It appears that the susceptibility to corrosion is a problem that all
NdFeB magnets experience, regardless of the fabrication process [H6]. It was
found [C4] that the corrosion rate increases more with an increase in the humid-
ity level than it does with an increase in the environmental temperature. It was
also observed that nitrogen in the air retards the rate of corrosion. In practice,
surface protection by epoxy resins or by Al coating, combined with chromating is
applied. Typical coating thickness is from 10 m to 24 m for Al-chromated and
about 25 m for electrically deposited epoxy [H6]. The application of two sep-
arate coatings, shot-peened and chromated aluminium deposited by ion vapour

Table 1.18: Curie and maximum operating temperatures of various permanent
magnets.

Magnet Curie temperature [0C] Maximum operating
temperature [0C]

Ferrite 450 350
Alnico 900 500
RECo5 700 250
NdFeB 310 150
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deposition and electropaint deposited cathodically have been shown to resist a
variety of climatic and corrosive atmospheres [M3].

Permanent magnets in magnetic separation

The early history of magnetic separation is closely associated with permanent
magnets, which were used to remove strongly magnetic matter from wastes or
to recover strongly magnetic (mostly iron) minerals from ores. With the devel-
opment of powerful electromagnets the interest in permanent magnets as ap-
plied to magnetic separation temporarily diminished. In recent years, however,
we have witnessed a remarkable renaissance of interest in permanent magnets,
a phenomenon associated with the dramatic development of novel permanent
magnets materials, based on rare earths.
Although the magnetic induction that can be generated by permanent mag-

nets rarely exceeds 1 T, the value that can be easily produced by electromagnetic
coils, in a much larger volume, permanent magnets o er several advantages over
electromagnets. In small devices, permanent magnets have major advantages
over electromagnetism. Even in large systems, however, permanent magnets
are a good solution, as a result of their advantageous volume e ciency, low
operating costs and simple support facilities. And very importantly, permanent
magnets do not require a source of energy or a cooling fluid.On the other hand,
permanent magnets possess a few disadvantages, among them the fact that the
magnetic field is di cult to vary and that it cannot be switched o .
As a result of notable development of new permanent magnet materials dur-

ing the last three decades, permanent magnets are currently used in a wide range
devices for magnetic treatment of materials. In most applications, in which a
relatively short reach of the magnetic force is required, permanent magnets re-
placed electromagnets. Permanent magnetic rolls, magnetic pulleys, suspended
magnets, high-field permanent drum magnetic separators and eddy-current sep-
arators are typical examples. Even in those applications of magnetic separation
where the magnetic force must be generated in a relatively large volume, per-
manent magnets are employed. Multiple-ring high-gradient magnetic separators
are an example. In the application of magnetic techniques in biosciences per-
manent magnets are an essential part of biomagnetic separators and devices for
drug targeting and hyperthermia.

1.7.2 Iron-core electromagnets

Of the several ways of generating a magnetic field in magnetic separation, the
choice is dictated mainly by the required field magnitude, by the volume in which
a given magnetic field is to be generated and by methods used to generate the
field gradient. An e ective separation of weakly magnetic particles of a small size
often requires an increase of both the magnetic field and of its gradient beyond
the values available with permanent magnets. Furthermore, as the magnetic
field falls very rapidly from the surface of a permanent magnet, the e ective
volume in which a su ciently high magnetic force can be created is limited.
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Figure 1.37: Schematic cross-section of the U-dipole iron-core electromagnet,
with two possible positions of the magnetizing coils.

Therefore, in order to generate a su ciently high magnetic field in a large
volume that would guarantee a large throughput of a magnetic separator, an
electromagnet must be used. Of the several ways of generating a magnetic field
by an electromagnet, the choice is dictated by consideration of the required field
magnitude, the volume in which the field is to be generated and by the duty
cycle of the separation process. The relative importance of these considerations
usually determines the method with little overlapping of choice. For example,
if the separation process requires a magnetic field less than 2 T in a relatively
small volume, an iron-core electromagnet is a good choice. For the field of 2
T or less, in a large volume, a water-cooled iron-clad solenoid should be used,
although a superconducting magnet could also be a choice. Magnetic fields in
excess of 2 T will undoubtedly dictate the use of superconducting solenoids.
In iron-core electromagnets, the electric current passing through the wind-

ings magnetizes a great mass of iron, which in turn produces a field in the
working volume. Judicious location of the iron and of the windings may in-
crease considerably the e ciency of the magnet. Although the field strength
obtained in this way is limited by the saturation magnetization of iron, for most
large-scale applications of magnetic separation for the recovery of weakly mag-
netic materials, the magnetic force generated by such iron-core electromagnets
is usually su cient.
Design of iron-core electromagnets is largely a matter of practical experience,

and it is generally considered impossible to predict accurately the field which a
particular magnet will produce [I1]. The situation has improved recently, when
modern computer modelling software has been made available to magnet de-
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Figure 1.38: Schematic cross-section of the C-dipole iron-core electromagnet.

signers. The fact that the field magnitude and configuration is almost always
determined by the iron pole pieces has both advantages and disadvantages. On
the one hand, the presence of iron permits useful values of the magnetic induc-
tion (say, up to 2 T) to be reached with modest investments in magnetomotive
force (ampere-turns). Iron also confines the stray magnetic flux to the immedi-
ate vicinity of the gap of the magnet. On the other hand, numerous drawbacks
are due to the properties of iron such as nonlinearity, saturation, hysteresis and
remanent field.

Figures 1.37 and 1.38 schematically illustrate cross-sections of the U-dipole
and C-dipole electromagnets. These configurations are frequently used in the
design of magnets for magnetic separators. The U-dipole design has been em-
ployed in conventional wet high-intensity magnetic separators (WHIMS) such
as Jones (Humboldt Wedag), Eriez Magnetics or Boxmag-Rapid. On the other
hand, the C-dipole configuration is used, for instance, in induced magnetic roll
separators. A detailed description of such units will be given in Chapter 2,
while the fundamentals of the design of iron-core magnets will be discussed in
Chapter 4.

It is clear from Figs. 1.37 and 1.38 that as the working space of the magnet
becomes larger, the iron core and the coils also become larger and therefore
require increasing amount of power to generate the required magnetizing field.
There is a definite crossover point at which a greater magnetic field can be
generated for the same power in a solenoid of bore equal to the gap of the iron-
core magnet [M4]. Iron can still be used in the form of a cladding surrounding
the magnet.
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Figure 1.39: Comparison of a solenoid magnet (solid lines) and an iron-core
electromagnet (dotted lines).

1.7.3 Solenoid electromagnets

As has been already mentioned, the magnetic induction obtained with iron-core
electromagnets is limited by the saturation of the iron. To obtain still stronger
fields, at even larger volume, one has to return to the original technique of the
magnetic field generation, namely the construction of a solenoid. Instead of
making use of the magnetization of iron, the field should be obtained directly
from the current in the electrical conductor. Hence the magnet must be con-
structed in such a way that the windings are as close as possible to the field
space, and the current through them must be as high as possible. Thus we
come to a magnet consisting of a short coil, usually clad with a steel return
frame which facilitates the passage of the magnetic flux. Comparison of iron-
core electromagnet with an iron-clad solenoid both having the same width of
the working space is shown in Fig. 1.39.
The total magnetic induction in the working volume of a magnet is equal to

the sum of the contribution from the coil ( ) and of the contribution from the
magnetized iron ( )

= + (1.50)

Approximately 75% to 90% of comes from the iron in the proximity of
the working volume. Therefore, approximately the same portion of iron of the
yoke could have been eliminated without reducing [M5]. Contribution from
the coils to the field in the working gap in iron-core configurations (Figs. 1.37
and 1.38) is thus generally rather small. The coils are used mainly to magnetize
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Figure 1.40: Contribution from iron cladding and from the coil to the total mag-
netic induction in the iron-clad solenoid.

iron and to generate high . Nevertheless, if the iron-clad solenoid is used, the
contribution from the coil to the magnetic induction from the coil is much
higher than in the iron-core magnet, while remains the same. Comparison
of the magnetization curves for these two magnetic circuits is shown in Fig.
1.40. It can be seen that (iron-core magnet) u (iron-clad solenoid) and

(iron-core magnet) (iron-clad solenoid). It is thus clear that the
iron-clad solenoid uses much less material and exhibits better parameters.
The concept of iron-clad solenoids has been used successfully in the design of

magnetic separators. Design of conventional high-gradient magnetic separators
that operate in a cyclic mode, such as those used to beneficiate kaolin, is based
on an iron-clad solenoid. Several designs of continuous HGMS machines, such
as Sala-HGMS carousel separator, VMS and SLON separators also use the iron-
clad solenoid approach.

1.7.4 Superconducting magnets

Superconductivity is a remarkable phenomenon whereby certain metals and
other compounds, when cooled to very low temperatures, become perfect con-
ductors of electricity. Unlike the gradual changes in electrical resistance shown
by all metals at more familiar temperatures, the superconducting state appears
quite abruptly at a critical temperature , which is characteristic of the metal
in question. It is accepted that below this temperature the resistance of con-
ventional class II superconductors suitable for magnet manufacture is indeed
zero [H7]. Critical temperatures of these superconductors are very low, a few
Kelvin (K), and the use of liquid helium as a refrigerant is essential. In recent
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Table 1.19: Critical temperatures and magnetic induction of assorted supercon-
ductors.

Material T [K] B [T] at 0 K
Nb3Sn 18.0 28
NbTi 10.6 15
V3Ga 15.0 26
Nb3Al 16 - 20 35
Y-Ba-Cu-O 92 140 (k) 29 ( )
Hg-Ba-Ca-Cu-O 135 - 160 1150 (k), 149 ( )

years, however, remarkable progress has been achieved in developing materials
that become superconducting at temperatures as high as 160 K [M6, F5, C5].
After the discovery of superconductivity in 1911, it was recognized that

large electromagnets, capable of generating high magnetic fields and consuming
no power, could be built. However, these hopes were quickly dashed when it
was discovered that superconductors, in addition to their critical temperature,
have a critical field , above which they revert from the superconducting state
to a normal resistive state. Metals that were investigated at those times, i.e.
mercury, lead and tin, the so—called class I superconductors, exhibited very low
critical field, of the order of 0.05 T.
The era of superconducting magnets started only in 1960 after the discovery

of the high-field properties of new class II superconductors, namely Nb3Sn and
NbTi. During the following years, the search for new materials of ever higher
performance was actively carried out and a multitude of composites, such as
V3Ga and Nb3Al, were investigated. Most of these materials proved to be
di cult to prepare in the form of conductors and progressively disappeared
[D7]. The only materials available commercially at present are the two very
first Nb3Sn and NbTi. The latter is by far the most widely used because of its
excellent mechanical properties, while the former one, although di cult to work
with, is the only choice for fields exceeding 10 T [D7]. Critical temperatures
and critical magnetic induction of assorted superconducting materials are
summarized in Table 1.19.
There are three obvious areas where superconducting magnets will have con-

siderable impact. The first area covers all applications which will benefit from
a significant reduction in the consumption of electrical energy. The second area
includes those applications in which the reduction of the mass and size of the
magnet is important. The third area is the market for very high field magnets
where there is no viable alternative, or the magnets that can generate magnetic
field in a large volume. An example of a superconducting solenoid is shown in
Fig. 1.41.
As discussed above, conventional magnets make use of iron yoke or cladding

to reduce magnetic reluctance, thereby minimizing the number of ampere-turns
required. Superconducting magnets do not su er from this constraint because
additional ampere-turns are to be had relatively cheaply and do not significantly
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Figure 1.41: A superconducting solenoid for high-energy experiments (courtesy
of Ansaldo spa.).

a ect the refrigeration power load. For this reason iron core or cladding are
seldom used to augment the working field, but they are often used for shielding,
to reduce stray magnetic fields [W2].
All these three areas play a role in the application of superconductivity to

magnetic separation. With the use of a superconducting magnet in material
separation it should be possible to generate very high magnetic fields at low
input power, in large volumes. On the other hand, the need for these very high
magnetic fields in material separation has not been su ciently convincingly
demonstrated. Although it was envisaged [K1] that magnetic separation will be
the first industrial application of superconductivity, superconducting magnets
have not yet made a significant impact in material processing.
Superconductivity has found application in cyclically operating solenoid-

based high-gradient magnetic separators for beneficiation of kaolin. Further
development resulted in industrial-scale operation of continuous reciprocating-
canister HGMS. On the other hand, superconducting drum magnetic separators
and open-gradient magnetic separators have not been, so far, successfully intro-
duced into the material treatment industry.

1.7.5 Generation of the magnetic field gradient

As transpires from eq. (1.8), the magnetic force acting on a magnetizable par-
ticle in a magnetic separator is determined not only by the strength of the
magnetic field but also by its gradient. A suitable combination of these para-
meters must be determined for each application. It is thus essential to provide
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Figure 1.42: Pattern of the magnetic field around a suspended magnet.

not only a strong magnetic field but also a non-uniform field.
A large variety of designs have evolved over the years to render the magnetic

field non-uniform and to produce suitable magnetic gradients. Separators based
on these modes of the field gradient generation can be classified into three basic
categories:

• Open-gradient separators

• Closed-gradient separators

• Matrix (polygradient) separators

In open-gradient separators the field gradient is generated in several
ways:
a. As a result of the natural non-homogeneity of the field caused by the

dependence of the field on the distance from its source. Typical examples are
overband, suspended, plate and grate magnets. The pattern of the magnetic
field around a suspended magnet as shown in Fig. 1.42 illustrates the formation
of the field gradient in the separation zone below the magnet.
b. By special arrangements of permanent magnets or of the windings of elec-

tromagnets so that the patterns of alternate polarity are generated. Magnetic
rolls, pulleys and drum separators use this type of the field gradient. Multipolar
windings of conventional or superconducting coils with alternating polarity are
employed in open-gradient magnetic separators (OGMS). Fig. 1.43 illustrates
the open-gradient magnetic system of a drum magnetic separator while Fig.
1.44 shows the 3D pattern of the field around a permanent magnet roll. The
magnitude of the gradient and the reach of the magnetic force are determined,
among other things, by the dimensions of the permanent magnet elements or
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Figure 1.43: Pattern of the magnetic field around a magnetic drum [U1].

electromagnetic winding relative to the dimensions of the spacers (either air or
steel) between these magnetic elements. A schematic view of a linear multipole
OGMS system is shown in Fig. 1.45.

In closed-gradient separators a high field gradient is usually achieved by
a suitable shaping of the pole pieces of the opposing magnetic poles. Magnetic
field is thus focused on the working element of the separator and a high field
gradient is created. Assorted geometrical arrangements of poles and counter-
poles is shown in Fig. 1.46.

These di erent geometries, such as a hyperbolic pole facing a flat pole (case
A), or a grooved pole (case B), triangular pole and multi-tooth arrangement
generate various patterns of the magnetic field and its gradient [D4, S12]. The
gradient of the field and the reach of the magnetic force are the function of the
curvature of the poles and the counter-poles, by the pitch of the teeth and by
the width of the separation gap. Induced magnetic roll and wet high-intensity
magnetic roll separators employ this type of closed-gradient arrangement. Fer-
rohydrostatic separators with magnetic fluids also generate a closed gradient by
a suitable shaping of the pole tips [R1].

Multipolar windings or multipolar arrangements of permanent magnets also
generate closed gradient of the magnetic field. A quadrupole geometry was used
to build a magnetic separator for biomedical applications [Z2, H8]. A sextupole
arrangement is employed in Magstream separator with magnetic fluids [W9],
while quadrupole magnets, either resistive [A3] or superconducting [C6] were
also tested in magnetic separation. Figure 1.47 shows a schematic diagram
of a pure quadrupole while the coil and pole arrangement in a conventional
quadrupole magnet for physical experiments are illustrated in Fig. 1.48.
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Figure 1.44: Pattern of the magnetic field on the surface of a permanent mag-
netic roll.

Figure 1.45: A multipole open-gradient magnetic system.
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Figure 1.46: Shapes of poles and counter-poles in magnetic separators with
closed gradient.

N poleS pole

N pole S pole

B

B

B

B

F

FF

F

Figure 1.47: Magnetic field and forces inside a quadrupole magnet. Particles
are entering the paper.
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Figure 1.48: A quadrupole resistive magnet for high-energy physics experiments
(courtesy of Danfysik A/S).

Figure 1.49: Magnetization curves for bulk steel and steel wool (after [K5]).
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Table 1.20: Typical values of the gradient of the magnetic field in magnetic
separators.

Separator Gradient of the magnetic field
T/m kG/cm

Suspended magnet 0.8 0.08
Nd magnetic roll 200 20
Nd drum separator 80 8
Davis tube 10 1
Frantz isodynamic 20 2
Belt separator 1 - 10 0.1 - 1
Steel wool (HGMS) 2.5×104 2.5×103

Steel balls (WHIMS) 1×103 100
Expanded metal 4×103 400
Grooved plates 2×103 200
Split pair OGMS 40 - 100 4 - 10
FHS 2 0.2
Magstream 30 3

In matrix (polygradient) magnetic separators, the gradient of the
magnetic field is generated by means of induced magnetic moment in the ferro-
magnetic bodies (called the matrix) and placed in the external magnetic field.
Strong magnetic field gradient is generated in the close vicinity of these bodies
and its magnitude depends on the size and the shape of the matrix elements.
Ferromagnetic bodies of various shapes have been used in high-intensity mag-
netic separators (such as balls, grooved plates, mesh, expanded metal, steel wool,
rods etc.) and a proper choice of the matrix is one of the crucial prerequisites
for successful separation.
Since the field gradient is inversely proportional to radius of the matrix

element, i.e. , the magnetic force acting on the magnetizable particles
is maximized by using as fine a matrix as possible. On the other hand, the
dimensions of the matrix elements must be selected taking into account particle
size of the material to avoid straining and to ensure the selectivity of separation.
At the same time, the dimensions of the matrix bodies must be chosen in such
a way that the magnetic force is su ciently strong to recover the magnetic
fraction. On the other hand, the magnetic force must not be too strong to
cause the matrix blockage and retention of the ”non-magnetic” component.
In order to magnetize a fine matrix, su ciently strong external magnetic

field is required. This is because the filling factor of the matrix is often low
and the matrix does not conduct magnetic flux very well. Typically, the filling
factor ranges from 0.04 (4%) for steel wool matrix to about 0.20 (20%) for
expanded metal. The exception is the ball matrix where the filling factor can
be as high 0.50, and grooved plates with the filling factor up to 0.80. Figure
1.49 illustrates that a background magnetic induction of at least 0.7 T is needed
to saturate the steel wool matrix, compared to about 0.2 T that is necessary to
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Figure 1.50: The magnetic field lines around a cross-section of a magnetized
steel sphere or steel wire.

saturate the bulk material. The large background induction needed to saturate
steel wool is a result of demagnetization e ects. A large proportion of filaments
in the randomly orientated steel wool is arranged along the di cult axis of
magnetization and exhibits thus a large demagnetization factor. The pattern
of the magnetic field around a magnetized steel wire or steel sphere is shown in
Fig. 1.50. Typical values of the gradient of the magnetic field for various types
of magnetic separators are given in Table 1.20.



Chapter 2

Review of Magnetic
Separation Equipment and
Techniques

In reviewing magnetic separators, it is necessary to examine hundreds of patents
and papers and it is not possible to give adequate coverage to all of these. More-
over, there appear to be more models and modifications of magnetic separators
than there are applications. Since each embodiment of a magnetic separation
technique possesses distinct merits as well as limitations, no single technique is
universally applicable to all types of magnetic separation.
Various classification schemes exist by which magnetic separator can be sub-

divided into categories. These schemes are based upon the dominant physical
or technological feature. Magnetic separators can thus be grouped as follows:
a) Based upon the medium carrying the ore:

• dry

• wet

b) Based upon the requirement of the system:

• removal of iron and similar materials for the protection of machinery sub-
jected to damage or wear

• extraction of valuable magnetic constituents

• removal of deleterious magnetic impurities

• separation of materials based on properties other than magnetic (e.g. den-
sity, conductivity)

• material handling

67
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c) Based upon the way the magnetic field is generated:

• permanent magnets

• electromagnets with iron yoke

• resistive solenoids

• superconducting magnets

d) Based upon the magnitude of the magnetic field and its gradient:

• low-intensity magnetic separators

• high-intensity magnetic separators

• high-gradient magnetic separators.

Low-intensity separators are primarily used for the manipulation of ferro-
magnetic materials or paramagnetic materials of high magnetic susceptibility,
and/or of su ciently large particle size. These separators can operate either in
dry or wet modes.
High-intensity separators are used for treatment of weakly magnetic mate-

rials, coarse or fine, in wet or dry modes.
Very fine, feebly magnetic materials can be treated in high-gradient magnetic

separators.
From the practical point of view, classification according to the requirement

of the system is the most illustrative. For example, the application of magnetic
separation to iron removal is usually dictated by the material handling system
involved. The most commonly used magnetic separators include:

• Magnetic pulleys, applied in belt conveyor systems as head pulleys

• Suspended magnets, applied over belt conveyor chutes or feeders

• Magnetic drums

• Plate magnets, applied in chutes

• Grate magnets, applied in product streams.

For concentration or removal of magnetizable particles, a wide spectrum of
magnetic separators is used. These include:

• Magnetic pulleys

• Magnetic low-intensity or high-intensity drums

• Induced magnetic rolls

• Permanent magnet roll separators (IMR)
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• Cross-belt and disk magnetic separators

• Magnetic filters

• Wet high-intensity magnetic separators (WHIMS)

• High-gradient magnetic separators (HGMS)

For magnetic material handling, the magnetic systems usually applied are:

• Magnetic conveyors

• Magnetic rolls

• Lifting magnets

Magnets are also used in numerous special applications:

• Separators with magnetic fluids, in which material is separated mainly on
the basis of its density (FHS, MHS)

• Eddy-current separators for separation of non-ferrous metals (ECS)

• Dense-medium separators, in which a magnet is used to control magnetic
heavy medium

• Demagnetizing coils

• Magnetic flocculators.

2.1 Dry low-intensity magnetic separators

Dry low-intensity magnetic separators are usually used to remove tramp iron, to
concentrate coarse strongly magnetic iron ores, and to recover iron values from
blast furnace and steel mill slag. Removal of strongly magnetic impurities from
a variety of materials is also accomplished with dry low-intensity separators.
Tramp iron magnetic separators are used to protect handling and processing

equipment such as crushers and pulverizers. These separators are usually used
on dry material or on material which contains only surface moisture.
Tramp iron comes in many shapes and sizes. By conventional definition,

tramp iron means that a particle has a significant size, which is su cient to cause
damage. Iron of abrasion, or particles smaller than 3 mm in diameter, usually
do not cause equipment damage although they can discolour or contaminate the
product [D7]. As far as the top size is concerned, large pieces as long as 2 m can
be successfully removed. The size and shape of the tramp iron, together with
the material handling system used must be considered in selecting the protective
magnet.
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Figure 2.1: Magnetic pulley (courtesy of Steinert GmbH).

2.1.1 Magnetic pulleys

An easy and simple way to remove tramp iron from material on a conveyor
belt is by means of a magnetic head pulley. These are available both in perma-
nent magnet and electromagnetic construction. They are relatively inexpensive
and easy to install, and accomplish continuous tramp iron removal. The mag-
netic pulley, shown in Figure 2.1, usually replaces the head pulley or the tail
pulley of a belt conveyor, converting the conveyor into a magnetic separator.
Material carried on the conveyor passes over the magnetic pulley which holds
the magnetic particles until they leave the region of the magnetic field while the
non-magnetic material is discharged over the pulley. A typical installation is
shown in Fig. 2.2, while Fig. 2.3 illustrates an actual process of separation by
the pulley.
The permanent magnetic pulleys can be manufactured with axial poles in

which the polarity alternates along the circumference, or radial poles, in which
the polarity changes across the width the of the belt. For large particles and
elongated shapes, the radial pole design is more suitable. For finely divided
material, the uniformity of the field across the belt width makes the axial pole
design more advantageous. Strontium ferrite magnets are usually used. Elec-
tromagnetic pulleys are used where control of the magnetic field is required.
The magnetic pulleys are manufactured in a range of diameters, from 500

mm to 1250 mm. The width of the magnetic pulley should be selected to match
the belt width. The throughput of magnetic pulleys of di erent dimensions
is shown in Figure 2.4. Standard belt speeds for which the throughputs were
calculated are shown in Table 2.1. Inclined belts provide additional areas of
contact with the magnetic field of the pulley and can tolerate higher capacities.
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Figure 2.2: Principle of operation of a magnetic pulley.

Figure 2.3: Operation of a magnetic pulley (courtesy of Steinert GmbH).
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Table 2.1: Standard belt speed for magnetic pulley operation.

Pulley diameter [mm] Belt speed [m/s]
500 1.1
630 1.45
800 1.7
1000 2.0
1250 2.2

Table 2.2: Recommended diameters of magnetic pulleys.

Feed size [mm] Pulley diameter [mm] Throughput [t/h/m]
50 - 100 750 - 900 250 - 400
25 - 50 450 - 600 165 - 250
6 - 25 300 - 450 75 -135

Magnetic pulleys of special design are used in the concentration of magnetite
and other ferromagnetic minerals. For the best results, the feed should be
screened into sized fractions and each fraction treated on a separate pulley.
Typical feed sizes would be - 100 mm + 50 mm, - 50 mm + 25 mm and -
25 mm + 6 mm. The magnetic pulley is not suited for the treatment of - 6
mm material. Pulley diameters recommended for various feed sizes are given in
Table 2.2 [M7].

2.1.2 Plate magnets

Where the amount of tramp iron contained in a product is reasonably small
and where automatic removal is not required, plate and grate magnets can be
incorporated in chutes and ducts to remove both tramp iron and iron of abrasion.
Such a plate magnet is shown in Fig. 2.5.
The plate consists of a series of alternating poles, uniform across the chute

width and alternating along the chute length. As the material passes over the
magnet face, tramp iron is trapped on the magnet face while the remaining non-
magnetic material proceeds down the chute. The plate magnets must be cleaned
and inspected daily since they are not e ective if the accumulated tramp iron
is allowed to remain on the face.
The magnetized plates are usually of permanent magnet type, either ferrite

or rare earth. The e ective depth of the magnetic field can be as high as 200 mm,
depending on the type of the magnetic material and on the shape of particles
to be removed. A chute angle not exceeding 450 is recommended [M7].

2.1.3 Grate magnets

The grate magnet shown in Figs. 2.6 and 2.7, consists of a series of magnetic
tubes, which have poles alternating between one another and along their length.
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Figure 2.4: Throughput of magnetic pulleys of various diameters, for di erent
widths of the conveyor belt. Standard belt speeds were assumed
(after [M7]).

These units are used for granular free-flowing materials finer than 12 mm and
are typically mounted at the discharge of a hopper. A number of rows of tubes
provide several passes of finely divided material and can remove essentially all
the magnetic particles. The permanent magnets used in the grate magnets
are either ferrites, which are suitable for temperatures up to 150 0C, or Nd-
FeB magnets, with operating temperature up to 90 0C. For higher temperature
applications, up to 350 0C, the Alnico magnetic grates are also manufactured.

2.1.4 Suspended magnets

Suspended magnetic separators have been used over many decades to improve
material purity and to protect processing machinery. Particularly when the belt
speed is high and/or if large tramp iron objects are to be removed, suspended
magnets are recommended. Suspended magnets are available in both circular
and rectangular construction. The rectangular magnet is most commonly used
and permits installation of self-cleaning construction. Units based on perma-
nent magnets or electromagnets are manufactured, with the permanent magnet
design being restricted to lighter burdens. Simple suspended magnets, designed
to remove small amounts or occasional pieces of tramp iron, employ the manual
cleaning mechanism. They must be periodically turned o in order to remove
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Figure 2.5: Plate magnet.

Figure 2.6: Grate magnet.
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Figure 2.7: Grate magnet.

Figure 2.8: Principle of operation of an in-line suspended magnet.
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Figure 2.9: Installation of a cross-belt suspended magnet (courtesy of Boxmag-
Rapid Ltd.).

iron accumulated on the face of the magnet. Where a large amount of tramp
iron is expected, or where access to the magnet for cleaning is di cult, self-
cleaning magnets should be used. A belt driven across the magnet face allows
continuous automatic removal of tramp iron.

Suspended magnets can be installed at many points in a material handling
system: at any point along a conveyor belt, at the discharge end of feeders or
screens and above chutes or launders. The preferred location for a suspended
magnet is at an angle over the conveyor belt as shown in Fig. 2.8. In this
orientation the tramp iron is moving into the face of the suspended magnet and
the load is breaking open, allowing easier tramp iron removal. Self-cleaning
magnets can be operated across the belt, as shown in Fig. 2.9, and as in-
line units as illustrated in Fig. 2.10. In the cross-belt mode of operation, the
magnet belt moves perpendicularly to the conveyor belt. Because the tramp
iron must be attracted and turned by 900 from the movement of the conveyor
belt, a cross-belt magnet is usually larger and stronger than an in-line magnet.
Typical values of the magnetic field as a function of suspension distance for
oil-cooled suspended electromagnets, for di erent lengths of the magnet, are
shown in Fig. 2.11 [M7]. The selection process for suspended magnets will be
discussed in Chapter 5.
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Figure 2.10: Installation of an in-line suspended magnet (courtesy of Steinert
GmbH).

Figure 2.11: Magnetic field as a function of the suspension distance for oil-cooled
suspended electromagnets of di erent lengths.
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Figure 2.12: Pole configurations in drum magnetic separators [M8].

2.1.5 Drum magnetic separators

Drum magnetic separators are probably the most widely used type of magnetic
separation equipment. The design of drum separators is predominantly based
upon permanent magnet technology, although electromagnetic drums can also
be occasionally found in industrial practice. Drum separators are applied to
the treatment of particle sizes, which range from several centimeters down to
several micrometers, and operate either in a dry or wet mode. While ferrite
magnets are used in conventional low-intensity drum separators, recent progress
in availability and a ordability of rare-earth permanent magnets has resulted
in the construction of powerful high-intensity drum separators.
The basic design of all drum magnetic separators is essentially the same.

Blocks of permanent magnets are arranged in a stationary position inside a
non-magnetic rotating drum, as shown in Fig. 2.12.
Drums are made in several configurations depending on the application.

The magnet assembly, consisting of three to nine magnetic blocks of alternating
polarity, covers an angle usually ranging from 900 to 1200. As can be seen in Fig.
2.12, in the radial arrangement of the magnets, the polarity alternates across
the width of the drum, and is the same along the drum circumference. Such an
arrangement is suitable for the removal of elongated tramp iron or concentration
of coarse particles when high recovery is required.
In the axial arrangement, the polarity alternates along the circumference

of the drum and is uniform across the width of the drum. This arrangement
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Figure 2.13: A pattern of the magnetic flux around a magnetic drum.

provides an agitating action enabling the release of entrained non-magnetic par-
ticles. The axial arrangement is used when a high quality magnetic concentrate
is required, although sometimes at the cost of reduced recovery.
The development of improved permanent magnet materials resulted in in-

creased magnetic induction available on the drum surface and at a suitable
operating distance from the drum. Conventional ferrite-based drums generate
up to about 0.22 T on the drum surface and 0.10 T at 50 mm. In NdFeB-based
drums a magnetic induction as high as 1 T can be reached on the drum surface.
A pattern of the magnetic flux around a magnetic drum is shown in Fig. 2.13.
Drums are manufactured with di erent diameters and widths. While di-

ameters of ferrite drums range from 600 mm to 1500 mm, rare-earth drum are
generally smaller, with diameters from 380 mm to 1000 mm. The most common
width of the low-intensity drums is 1500 mm, although units 3000 mm wide are
also manufactured.
Dry low-intensity drum magnetic separators are used mainly for tramp iron

removal where magnetic pulleys and suspended magnets are not feasible. With
rare-earth magnets, the drums are also able to separate stainless steel and iron-
bearing minerals. These separators can operate with top feed and bottom feed,
as shown in Figs. 2.14 and 2.15. The material to be separated is fed at the top
of the rotating drum surface, as shown in Fig. 2.16; the non-magnetic fraction
leaves the drum, while the magnetic fraction is retained by the magnetic force at
the drum surface until carried outside the e ective magnetic field. In bottom-
feed drums, the magnetic component of the feed is picked up by the magnet
while the non-magnetic fraction leaves the system una ected. Drums with top
feed produce the highest magnetic removal and are suitable for materials that
contain relatively small amount of magnetic particles. However, the drum with
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Figure 2.14: Dry drum magnetic separator with top feed [M8].

Figure 2.15: Dry drum magnetic separator with bottom feed [M8].
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Figure 2.16: Operation of a dry drum magnetic separator (courtesy of Steinert
GmbH).

bottom feed produces a clean magnetic concentrate with little non-magnetic
carry-over and should be used to treat materials containing a high percentage
of magnetic particles.

2.2 Wet low-intensity drummagnetic separators

Wet drum magnetic separators are used to recover ferromagnetic solids from
a slurry feed. The major areas for their use are in media recovery in dense
medium separation plants and in beneficiation of magnetite ore. Figure 2.17
shows the recovery of the magnetic particles by a wet drum magnetic separator.
Physical construction of wet drum separators is slightly di erent for the two
applications, with the ore concentrator being more rugged in construction and
subject to more detailed specifications than the media recovery units.
The drum is partially submerged in a tank of water and carries the material

to be treated across the face of the magnetic system and the magnetic concen-
trate out of the tank. The size of the feed treated in these separators rarely
exceeds 6 mm while the bottom size of the feed can be as small as 20 m
The design of the tanks for the drum separator is very important and is

determined by the objectives of the separation process. There are three basic
tank designs, based on the slurry flow:

• concurrent

• counter-current
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Figure 2.17: A wet drum magnetic separator.

• counter-rotation.

2.2.1 Concurrent tank

The concurrent tank design is shown schematically in Fig. 2.18. The feed
is introduced at one end of the separator through the feed box and flows in
the direction of drum rotation. Magnetic material is picked up by the magnet
and the non-magnetic material is discharged at the bottom through the tailings
discharge opening. Magnetic particles continue to adhere to the surface of the
drum and pass through an opening between the drum shell and the tank wall.
The magnetic fraction is then discharged down the discharge lip.
The concurrent design of the tank is used mainly for treating coarser material

in the size range 5 mm and below. High throughput and high quality of the
magnetic concentrate are characteristic features of this design.

2.2.2 Counter-rotation tank

In the counter-rotation design of the tank (Fig. 2.19), the feed is introduced
through a special feed box to the drum, which rotates in the opposite direction
to the slurry flow. Magnetic material is picked up by the drum and discharged
almost immediately. Since the tailings flow along the entire magnetic arc of the
drum before being discharged, losses are minimum. This tank design is used
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Figure 2.18: The concurrent tank.

Figure 2.19: The counter-rotation tank.
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Figure 2.20: The counter-current (Ste enson) tank.

primarily where surges in throughput are experienced, possibly involving high
content of the magnetic material. Very high recoveries can thus be achieved
with this design, while the grade of the concentrate is of secondary importance
only. The particle size can be up to 4 mm, but is preferably smaller than 0.5
mm.

2.2.3 Counter-current tank

The counter-current tank (Fig. 2.20) is used mostly for finishing where very
thorough cleaning is required. The term ”counter-current” refers to the fact
that the tailings must flow counter to the rotation of the drum when leaving
the separator. Feed is introduced near the bottom of the drum and agitated
through wash-water jets. Tailings flow out from the opposite end of the tank
through a tailings discharge overflow, which also acts as the slurry level control.
This ensures a high recovery of magnetic material and a high quality of the
concentrate. These tanks are most suited to finely ground material of 100 m
and less.

2.2.4 Design of the drum

The separating drum consists of two main parts: a stationary magnetic circuit
and a shell, usually made of stainless steel and often protected by an anti-wear
cover. The shell rotates freely around the magnets that cover an angle up to
1500. The choice of the permanent magnet material and design of the magnetic
circuit are the same as those for dry drum magnetic separators as discussed
in Section 2.1.5. The drums are available in 760 mm (30”) to 1200 mm (48”)
diameter; 900 mm (36”) drum diameters being the most frequently used. The
drum width ranges from 610 mm to 3050 mm, usually in increments of 300 mm.
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Figure 2.21: Throughput of a drum magnetic separator, as a function of the
drum diameter (after [K6], [S13]).

With increasing diameter of the drum, the throughput also increases. This
is illustrated, for di erent types of tank design, in Fig. 2.21. It appears, how-
ever, that the 1200 mm diameter is the optimum size, as a further increase in
diameter has not apparently resulted in the corresponding increase in processing
capacity [S13]. The increased throughput with increasing drum diameter can
be expected as the residence time of particles in the magnetic field increases as
the length of the magnetic arc increases.

This increase in residence time results either in improved recovery of the
magnetic particles (possibly with a reduced grade of the concentrate due to
increased entrainment of non-magnetic particles) or, at constant recovery, in
increased throughput. Large diameter drums usually incorporate a larger pitch
of the magnetic poles [S13]. Such a modification of the magnetic design then
results in a deeper magnetic field around the drum and in the ability to treat
higher volumes of material. However, a larger pitch of the poles reduces the
field gradient and thus the magnetic force acting on the magnetizable particles.
This could result in a reduced recovery.

Figure 2.22 illustrates the operation of wet-intensity drum separators in an
iron-ore beneficiation plant. A more detailed discussion of practical aspects of
operation and selection of wet drum magnetic separators is given in Chapter 5.
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Figure 2.22: Wet drum magnetic separators in an iron-ore beneficiation plant.

2.3 Dry high-intensity magnetic separators

Weakly magnetic minerals can only be removed from a material stream in mag-
netic fields much greater than those available in low-intensity magnetic sep-
arators. Dry high-intensity magnetic separation has been used commercially
since the beginning of the last century, while wet high-intensity high-gradient
magnetic separators were developed only relatively recently.
Five types of dry high-intensity magnetic separators are in use:

• cross-belt separators

• induced magnetic roll separators

• permanent magnetic roll separators

• magnetic filters

• rare-earth drum magnetic separators.

2.3.1 Cross-belt magnetic separator

The cross-belt magnetic separator is one of the oldest types of separators used
to concentrate moderately magnetic ores. The operating principle is shown
in Fig. 2.23. Dry material is fed in a monolayer onto a conveyor belt and is
carried between the poles of the magnetic system. The belt, with its load, passes
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Figure 2.23: Cross-belt magnetic separator.

between the poles of two or more electromagnets. The lower pole-pieces are flat
and immovable, while the corresponding upper pole-pieces are shaped and may
be raised or lowered as required for the material undergoing treatment. An
endless cross-belt runs around a series of pulleys and across each upper pole-
face surface at right angles to the conveyor belt. As the material passes, the
magnetic particles are attracted to the cross-belt, carried with it towards the
discharge side and fall into a bin.

The material may be passed successively between several pairs of magnet
poles when it is desired to make several products in one pass. Non-magnetic
tailings discharge as the conveyor belt passes over its end pulley. Machines
with two to eight pairs of poles are available and each pair can be adjusted
independently by regulating the position of the upper poles and by altering the
current through the coils. The height of the upper pole-pieces above the belt
should be set at least 2.5 times the size of the largest particle in the feed.

The conveyor belt width ranges from 100 mm to 600 mm and particles rang-
ing from 4 mm to 75 m may be treated, preferably sized into several fractions.
Depending on the gap between the poles and on the current setting, the oper-
ating magnetic induction ranges from 0.2 T to 2.0 T. The main advantage of
the cross-belt separator is that several types of magnetic products can be re-
covered in one pass. However, low throughput is a major drawback. A five-pole
cross-belt separator is shown in Fig. 2.24.
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Figure 2.24: A cross-belt separator (courtesy of Roche Mining).

2.3.2 Induced magnetic roll separator

The induced magnetic roll (IMR) separator shown in Figs. 2.25 and 2.26 consists
of a revolving laminated roll formed of alternate magnetizable and non-magnetic
discs. The roll is placed between shaped pole-pieces of an electromagnet. The
electromagnet induces a magnetic field in the magnetic lamination of the roll
and generates regions of high magnetic field gradient.
Material to be treated is fed in a controlled thin stream by a vibratory feeder

to the top of the roll. As the roll revolves, the material passes through a narrow
gap between the pole of the magnet and the roll. Non-magnetic particles are
discharged from the roll while the magnetic particles are attracted to the roll
and report into a separate chute when they enter a region outside the sphere
of influence of the magnet. Ferromagnetic material should be removed with a
separate magnetic scalper before feeding to IMR, to prevent plugging the gap.
The gap between the feed pole and the roll is adjustable and also the setting

of the splitter is of great importance. Depending on the width of the separation
gap and the current in the magnetizing coils, the magnetic induction in the gap
can approach 2 T. The material to be treated must be dry, free-flowing and for
best results it should be in the size range - 2 mm + 100 m. The gap should
be set to at least 2.5 times the average grain size. The throughput can range
from 1 to 3 t/h per meter length of the roll.
IMR separators have been extensively used for the beneficiation of beach

sands and for the removal of weakly magnetic impurities from glass sand, an-
dalusite, feldspar, wollastonite, magnezite and other industrial minerals. IMRs
can also be used for concentration of materials such as chromite, monazite and
wolframite.
IMRs possess several limitations, namely relatively low throughput, limited

particle size range and large mass. In recent years, much simpler and easier to
operate permanent magnetic roll separators have replaced IMRs in numerous
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Figure 2.25: Schematic diagram of an induced magnetic roll separator (courtesy
of Roche Mining).

applications.
An induced magnetic roll with bottom feed was developed by Carpco, Inc.

It is o ered as a laboratory or pilot-scale separator for treatment of particles
up to 1 mm in size, in throughputs up to 50 kg/h. The separator, shown in
Fig. 2.27, achieves highly selective separation by magnetically lifting weakly
magnetic particles against gravity. As no entrapment of unwanted material
takes place, the separator is suitable in those applications where the grade of
the magnetic concentrate or the recovery of the non-magnetic concentrate are
of prime importance.

2.3.3 Permanent magnetic roll separator

Although the idea of a permanent magnetic roll separator, consisting of perma-
nent magnet disks or rings interleaved with mild steel disks, as shown in Fig.
2.28, dates back to 1968 [A4], it was only the advent of rare-earth permanent
magnet materials that spurred the rapid development of these machines. A
patent by E.L. Bateman Ltd. [Y1] became a starting point for a productive
period of competitive development of a wide array of roll separators. Initially
Sm-Co permanent magnets were used but they were quickly replaced by NdFeB
magnets when they became commercially available.
The active part of this separator is a roll consisting of disks or rings of

permanent magnets, sandwiched between mild steel rings. The adjacent per-
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Figure 2.26: Reading induced magnetic roll separator (courtesy of Roche Min-
ing).

Figure 2.27: An induced magnetic roll separator with bottom feed (courtesy of
Outokumpu Technology, Carpco Division).
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 Permanent magnet ring Steel ring

Figure 2.28: Details of a permanent magnet roll.

Table 2.3: Typical values of magnetic induction on the roll surface, as deter-
mined from modelling and by measuring using a conventional Hall-
E ect probe.

Magnet B [T] - modelled B [T] -measured
Nd-Fe-B 1.9 1.0
Sm-Co 1.5 8.0
Ferrite 0.5 0.3

manent rings are arranged with the same polarity facing one another. Very
high magnetic fields and field gradients are generated on the surface of the roll.
As discussed in Section 1.6.1, it is di cult to measure the real magnitude of
the field using conventional measuring equipment because the field varies over a
scale of several hundreds of micrometers. Electromagnetic modelling software,
however, allows determination the pattern of the field around a roll as shown
in Fig. 2.29. Typical values of the magnetic field are shown in Table 2.3. The
values of the magnetic field strength measured using a conventional Hall-E ect
probe are also shown.
The values of the magnetic field strength and its gradient on the roll surface

and around the roll are strongly dependent on the configuration of the magnet
and steel rings. Thin magnet and steel rings generally produce a very high
field, the field gradient and the magnetic force at the surface of the roll, while a
long reach of the magnetic force can be achieved using thicker steel rings. The
relative thicknesses of the magnet and steel rings generate a widely di ering
pattern of the magnetic fields around the roll. While the most common ratio
of the widths of the magnet to the steel is 4:1, the correct choice of the roll
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Figure 2.29: Pattern of the magnetic flux lines around a magnetic roll.

Figure 2.30: Operation of a permanent magnetic roll separator.
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Figure 2.31: Permanent magnetic roll separator Permroll c° (courtesy of E.L.
Bateman Ltd.).

configuration is determined mainly by the magnetic properties and particle size
distribution of the material to be treated.
Operation of permanent magnetic roll separators is schematically shown in

Fig. 2.30. For easy removal of magnetic particles, the roll is covered by a belt,
which can be as thin as 0.12 mm, to allow the feed material to be as close to the
magnet as possible. The belt is supported by an idler roll. Below the conveyor
is a hopper which collects the discharging material, while adjustable splitters
divert the di erent fractions into collection bins placed beneath the hopper.
The most common diameter of the roll used to be 72 mm or 76 mm, while

rolls 100 mm and 300 mm in diameter have now become commonly available
from several manufacturers. The latter design is based on magnet segments
rather than rings. With increasing roll diameter, the residence time of particles
in the magnetic field, the field depth and the e ciency of separation increase.
Alternatively, by increasing the speed of rotation, to maintain the same residence
time as with a smaller roll, a higher throughput could be achieved with the roll
of a larger diameter.
For production-scale applications, the width of the magnetic zone of the roll

is either 1000 mm or 1500 mm, although for smaller scale applications 250 mm
and 500 mm wide rolls are available. Throughput of roll separators is a ected
by many factors, which include particle size, particle density, proportion of the
magnetic component in the feed and the desired quality of the final product.
As a guideline, a throughput of 2 to 6 t/h/m can be achieved with material
smaller than 2 mm, while larger material can be processed at a throughput up
to 15 t/h/m. A modular design enables a number of passes to be arranged into
a compact unit.



94 CHAPTER 2. REVIEW OF MAGNETIC SEPARATORS

Figure 2.32: Installation of multistage Inprosys roll magnetic separators (cour-
tesy of Outokumpu Technology Inc.).

A photograph of a two-stage production-size unit is shown in Fig. 2.31, while
Fig. 2.32 illustrates the installation of multistage machines.
One of the most important issues that a ects operational flexibility, ease of

maintenance and cost e ciency is the belt tracking. Tracking, tensioning and
changing the belts can be extremely time-consuming, in addition to a high cost
of replacement of damaged belts. Several proprietary tracking and tensioning
systems and roll support structure are available and it is claimed that it is
possible to replace a belt in less 5 minutes [D8].
The magnetic force generated by the permanent magnetic roll is of the same

order of magnitude as that in induced magnetic rolls. A spectrum of minerals
that can be successfully treated by either magnetic separator is practically iden-
tical. Permanent roll separators, however, possess numerous advantages such
as low energy consumption, and smaller mass and floor space. The absence of
an air gap allows treatment of particles as large as 25 mm. A few drawbacks
include belt wear and inability to control the magnetic field strength. While
permanent roll separators are predominantly dry machines, wet units are being
used, for instance, for the concentration of diamonds [R2].

2.3.4 High-intensity drum separators

Recent progress in the availability and a ordability of rare-earth permanent
magnets has resulted in design and construction of powerful high-intensity drum
magnetic separators (REDS). Eriez Magnetics were probably the first to replace
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Figure 2.33: Operation of a dry NdFeB drum magnetic separator (courtesy of
Outokumpu Technology Inc.).

standard ferrite magnets with NdFeB permanent magnets and nearly all current
suppliers of REDS adhere to this conventional design philosophy [A13]. Figure
2.33 illustrates the operation of a rare-earth dry drum magnetic separator.
A somewhat di erent approach [M13, W6, U1] to the design of the high-

intensity drum separator was based on a plurality of small magnet blocks whose
direction of magnetization changed in small increments, as can be seen in Fig.
2.34. This system which was claimed to require less magnetic material in com-
parison to a conventional system [W6] to achieve the magnetic induction of 0.7
T on the drum surface, was incorporated into the Permos separator of KHD
Humboldt Wedag AG.
The density of the magnetic force (or the force index) of a rare-earth

drum magnetic separator is much smaller than the force index generated by
most roll separators, usually not exceeding 20% of for an NdFeB roll (see
Table 1.1). The main reason is that the magnetic field gradient in REDS is
much lower than that in a roll separator, as a result of the geometry of the
magnetic system. On the other hand, the reach of the magnetic force can be
extended to greater depths, allowing e ective treatment of coarse particles. The
current consensus is that roll magnetic separators are not only more powerful
than drum magnetic separators, but they also seem to o er greater selectivity
and flexibility [A13].
Generation of eddy currents in the rotating shell of the drum separator can

be a serious problem because of limited temperature tolerance of NdFeB perma-
nent magnets. The level of these currents depends on the magnetic induction,
the number of magnetic poles, the speed of rotation, the shell thickness and the
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Figure 2.34: The magnet structure of the Permos separator [U1].

conductivity of the shell material. Heat will develop in proportion to the drive
power that is required for the shell to overcome the braking e ect of the eddy
currents [A13]. The heat generation, sometimes aggravated by high tempera-
ture of the feed material represents, therefore, a problem for standard NdFeB
materials, for which a maximum operating temperature of 800 is recommended.
In such situations, more advanced magnet materials with a higher temperature
tolerance must be used.

2.4 Wet high-intensity magnetic separators

2.4.1 Dry separation versus wet separation

Although dry high-intensity magnetic separators have been successfully applied
to the beneficiation of a large spectrum of minerals, several basic disadvantages
exist, which prohibit a wider use of a dry process. For dry magnetic separation to
be successful, the ore must be completely dry and it almost invariably requires
the ore to be sized into several fractions, each of which must be spread in a
monolayer over the separators.
With dry methods, care must also be taken to ensure control of a possi-

ble dust hazard, an expensive precaution both in capital and operating costs.
Furthermore, dry separators have considerably lower throughputs than wet ma-
chines. While dry separators frequently yield an excellent separation on material
coarser than 75 m, on unsized material containing a large portion of fines, the
wet process is the only acceptable one. Considerable advantages must, therefore,
be o ered by dry separation to justify its use in preference to wet separation.
In order to extend the process of magnetic separation to fine weakly mag-

netic minerals, wet magnetic separators generating su ciently high magnetic
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Figure 2.35: The principle of operation of a continuous wet high-intensity mag-
netic separator.

force in the working space must be used. A major development was achieved
in this direction in 1955 by Jones [J1], who combined a high magnetic field
strength with Frantz’s idea of a magnetized matrix [F1]. By this approach, the
magnetic force acting on magnetizable particles was increased by several orders
of magnitude compared to dry magnetic separators. As shown in Table 1.1, a
typical value of the product for an Nd-Fe-B roll separator is 300 T2/m,
while with the magnetized steel wool matrix, this value is as high as 5×104.
Jones’s wet high-intensity magnetic separator (WHIMS) became the starting

point of a remarkable progress in this field and resulted in the development of
a wide array of high-intensity high-gradient magnetic separators. This new
type of separators extended the application of magnetic separation to classes of
materials otherwise considered untreatable by magnetic means.
A schematic diagram of operation of a continuous wet high-intensity mag-

netic separator is shown in Fig. 2.35.

2.4.2 Iron core-based wet high-intensity separators

Jones high-intensity magnetic separator

The production-size Jones wet high-intensity separator is shown in Fig. 2.36
The magnetic field in the working gap is generated by a conventional iron-
core electromagnet and the field gradient is enhanced by a matrix consisting of
grooved plates of salient pole or of triangular groove plates, placed in the air
gap. The plates, shown in Fig. 2.37, are vertically arranged in plate boxes that
are placed around the periphery of the rotors.
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Figure 2.36: Perspective view of a Jones continuous wet high-intensity magnetic
separator (courtesy of Humboldt Wedag AG).

Figure 2.37: Grooved plates of Jones WHIMS.
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Figure 2.38: Flush device for the magnetic fraction in the Jones WHIMS.

The slurry is gravity-fed onto the matrix where the magnetic particles are
captured onto the plates, while the non-magnetic fraction passes through and is
collected in a trough below the magnet. The feed points are at the leading edges
of the magnetic field. Feeding is continuous due to the rotation of the plate boxes
in the rotors. Each rotor has two symmetrically disposed feed points. Before a
plate box with captured particles leaves the magnetic field, any entrained non-
magnetic particles are washed out by low-pressure water and these middlings
are collected in a separate launder under the rotor.
When the plate boxes reach the demagnetized zone half-way between the

two magnetic poles, where the magnetic induction changes its polarity, and the
magnetic field is essentially zero, the adhering magnetic particles are washed
out with high-pressure water sprays. A flush device is shown in Fig. 2.38.
The particles in the slurry feed should be smaller than 1 mm and this de-

termines the gap between the grooved plates. As a rule of thumb, the gap
width, measured between two grooved plate tips, should be 1.5 to 2 times the
maximum particle size [B8]. Particle size distribution also a ects selection of
the pitch of the grooves. Salient pole plates are used when a high grade of the
magnetic concentrate is required, while triangular groove plates are used when
high recovery into the magnetic fraction is important. The height of the plates
is 190 mm and the filling factor of the plate box can range from 50% to 80 %,
depending on the type of plates and the gap between them.
The maximum magnetic induction in the empty separation space does not

exceed 1 T, although values up to 2 T are often stated. Such values can be
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Table 2.4: Various models of Jones WHIMS.

Type Capacity [t/h] Mass [t] Rotor diameter [m]
DP 335 180 114 3.35
DP 317 120 98 3.17
DP 250 75 70 2.50
DP 140 25 30 1.4
DP 90 10 16 0.9

Figure 2.39: Jones WHIMS DP 317 (courtesy of Humboldt Wedag AG).

achieved with the matrix installed in the plate box. The Jones separators are
available in several sizes, some of them are summarized in Table 2.4. A photo-
graph of a DP 317 separator is shown in Fig. 2.39.

The Jones magnetic separators have been widely used in the mining industry
to beneficiate a wide spectrum of minerals. Although these separators have been
used to upgrade industrial minerals such as glass sand, feldspar and bauxite,
the main area of application has been the concentration of weakly magnetic
iron ores. The success of Jones separators has been based on sound mechanical
design and reasonably e cient performance. However, the grooved plates have
proved to be an obstacle to long-term trouble free operation. As a result of
the high filling factor of the matrix, several problems have been experienced.
The frequently blocked matrix has to be removed from the plate boxes and the
hard sediment must be laboriously removed. Also the e ort to flush the matrix,
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Figure 2.40: Schematic diagram of the three-stage 6-ERM-35/135 magnetic sep-
arator [U2].

which represents up to 80 % of the volume of the plate boxes, with high-pressure
water, sometimes results in uncontrolled spillage.

6-ERM-35/135 high-intensity magnetic separator

The 6-ERM-35/135 WHIMS was developed in the former USSR in order to
meet the increasingly demanding requirements for beneficiation of complex ox-
idized iron ores. It was observed [U2] that Jones separators could not ensure
the e cient separation of ores with complicated mineral composition and fine
dissemination, such as the deposits of Krivoy Rog and Kursk Magnetic Anom-
aly. While the design of the ERM separator is based on the Jones concepts,
improved design of the matrix and of the feed mode, and incorporation of sev-
eral stages of separation in one unit resulted in a greater resistance to matrix
blockage, higher recovery and better selectivity of separation [U2, U3, T2].
A schematic diagram of the 6-ERM-35/135 separator is shown in Fig. 2.40.

The three-rotor separator has two electromagnetic systems 1, each consisting
of a magnetic circuit 2, two blocks of coils 3 and an additional upper pole 4.
The rotor blocks 5, shown in Fig. 2.41, are positioned between the poles of
the magnetic system. The upper rotor operates as a scalping stage to remove
magnetite at a magnetic induction of 0.3 T. The lower rotors recover feebly
magnetic particles at increasing magnetic induction, the lowest stage operating
at a magnetic induction of 1.3 T. The throughput is specified as 100 t/h [U2].
The ERM separators are manufactured in the Ukraine by Magnis Co., Lugansk.
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Figure 2.41: A rotor of the 6-ERM-35 magnetic separator.

Eriez high-intensity magnetic separator

Various designs of the magnetic circuits, di ering from that of the Jones sep-
arators, were employed by other manufacturers of magnetic separators. For
example, in the Eriez WHIMS, the carousel containing the matrix rotates be-
tween two poles of the electromagnet, as shown in Fig. 2.42. The background
magnetic induction of up to 1.2 T in the air gap is generated by oil-cooled coils.
Matrix types commonly used include expanded metal and steel balls. Commer-
cial models range in capacity from 1 t/h to 120 t/h while the required input
power ranges from 3 kW to 360 kW.
A similar design was used by Boxmag-Rapid in their HIW separators. The

matrix in these separators was trapezoidal wire bars placed at an angle in
the carousel. For treatment of particles smaller than 30 m, the wedge wire
was placed horizontally to increase the residence time. Figure 2.43 illustrates a
single-head unit, while a photograph of two single rotor Boxmag-Rapid WHIMS
operating in an ilmenite recovery plant is shown in Fig. 2.44..

Reading wet high-intensity separators

The Reading wet high-intensity magnetic separators are based on yet another
concept of the magnetic circuit design. The magnetic poles of the electromag-
netic system, shown in Fig. 2.45 are arranged along the circumference of the
carousel with polarity illustrated in Fig. 2.46. The iron cores are magnetized
by oil-cooled coils. Each two poles with opposite polarity form a unit in which
a high magnetic field is generated and in which separation is taking place. The



2.4. WET HIGH-INTENSITY MAGNETIC SEPARATORS 103

Figure 2.42: Two-head Eriez CF-600 WHIMS, with capacity up to 60 t/h (cour-
tesy of Eriez Magnetics, Inc.).

Figure 2.43: A single-head Boxmag-Rapid WHIMS (courtesy of Boxmag-Rapid,
Ltd.).
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Figure 2.44: Two Boxmag-Rapid WHIMS machines installed in an ilmenite re-
covery plant.

Figure 2.45: A detailed view of the magnet poles in the separation zones of the
Reading WHIMS.
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Figure 2.46: Schematic diagram of operation of the Reading wet high-intensity
magnetic separator (courtesy of Roche Mining).

feed points are located close to the regions of the high magnetic field. While
the non-magnetic fraction passes through the matrix una ected, the magnetic
fraction is flushed from the matrix at the zero field points that occur between
the poles of like polarity.

Grooved plates of the salient type are used as the matrix, with an air gap of
2.5 mm. The radial length of the matrix is 68 mm although a wider version with
120 mm radial length is also available. The throughput of these two versions is
2 t/h to 3 t/h per feed point for the narrower version and 4 t/h to 5 t/h per
feed point for the wider model. The Reading WHIMS, shown in Fig. 2.47, are
manufactured in several models, namely 4 pole (2 feed points), 8 pole (4 feed
points) and 16 pole (8 feed points).

The Reading wet high-intensity magnetic separators were developed by Read-
ing of Lismore (Pty.) Ltd., Australia. They are well established in beach sand
operations. Concentration of ilmenite, chromite and monazite are typical appli-
cations. The units are also applied to the beneficiation of fine weakly magnetic
iron ores and to purification of various industrial minerals such as glass sand.
Figure 2.48 illustrates the assembly of Reading WHIMS for application in the
beach sand industry. The Reading product range was acquired by Roche Mining
MT (formerly MD Mineral Technologies) in 2000.



106 CHAPTER 2. REVIEW OF MAGNETIC SEPARATORS

Figure 2.47: The Reading 16-pole WHIMS (courtesy of Roche Mining).

Figure 2.48: Assembly of banks of Reading WHIMS.
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Figure 2.49: Schematic diagram of the Ferrous Wheel magnetic separator, oper-
ating in rougher/cleaner mode (courtesy of Eriez Magnetics, Inc.).

Ferrous Wheel magnetic separator

A Ferrous Wheel separator combines the basic concept of a high-gradient mag-
netic separator with the low-cost permanent magnet circuit. The principles of
design and operation can be seen in Fig. 2.49. The vertical separating ring con-
sists of two discs with the matrix situated in pockets between them, as shown in
Fig. 2.50. The rings are assembled into a horizontal drum, the length of which is
5.5 m and outer diameter 2.4 m. Rotational speed of the drum is approximately
2 rpm.
The length of the matrix, fabricated from screen cloth, is 150 mm. The

choice of the mesh size of the screen cloth is determined by the size distribution
of the feed ore. The separating ring is open in the middle to allow the removal
of the separated products. Barium ferrite permanent magnets are mounted on
each side of the separating rings, as is shown in Fig. 2.51. Each of the two
magnetic heads covers an arc of 600 and the magnetic induction generated in
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Figure 2.50: The Ferrous Wheel separating ring with 125 mm wide matrix (cour-
tesy of Eriez Magnetics, Inc.).

the gap is 0.1 T.
The Ferrous Wheel separator allows a two-stage separation. The separator

can be configured as either rougher/scavenger or rougher/cleaner, the latter
mode being illustrated in Fig. 2.49. The feed enters the matrix in the magnetic
zone located at the top of the ring. The non-magnetic particles pass through
the matrix and are channeled out of the separator. This fraction represents the
rougher tailings. The magnetic particles, collected onto the matrix, are flushed
from the matrix outside the magnetic field and then introduced, from inside the
separating ring, into the second magnetic head, to remove the entrained gangue
material. An assembly of Ferrous Wheel separators is shown in Fig. 2.52.

Roll-type wet high-intensity magnetic separator

A useful wet alternative to dry induced roll high-intensity magnetic separators
was developed in the nineteen sixties in the former USSR [D4, K2]. These
separators, suitable for treatment of weakly magnetic, relatively coarse materials
(up to 10 mm), consist of profiled rolls that rotate against profiled stationary
poles. The poles and the rolls are magnetized by electromagnetic coils wound
around the iron yoke. Various profiles of the rolls and of the pole pieces, as shown
in Fig. 1.46, have been employed, their selection depending upon the required
magnetic force and the application. Triangular teeth facing grooved poles with
cuts were found to be the most e cient profile [D4]. Magnetic induction as
high as 1.6 T can be achieved in the working zone of the separator. A schematic
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Figure 2.51: Magnetic system of the Ferrous Wheel magnetic separator. Per-
manent magnets are located on each side of the vertical separating
ring (courtesy of Eriez Magnetics, Inc.).

Figure 2.52: Ferrous Wheel separators under construction at Eriez Magnetics
(USA) (courtesy of Eriez Magnetics, Inc.).
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Figure 2.53: Schematic diagram of a four-roll wet high-intensity magnetic sepa-
rator.

Table 2.5: Specification of wet high-intensity roll magnetic separators.

Parameter 5SVK ERM3 2MSM5
Throughput [t/h] 2 to 6 5 3 to 6
Roll diameter [mm] 300 300 270
Roll length [mm] 2000 2000 2000
Number of rolls 2 4 2
Magnetic field [T] 1.2 1.6 1.2
Mass of separator [t] 4.7 10.9 4.9
Water consumption [m3/h] 8 to 10 8 to 10 10
Input power [kW] 6 4

diagram of the four-roll separator is shown in Fig. 2.53 while an isometric view
of the four-roll separator ERM-3 is shown in Fig. 2.54. A detailed view of the
profiled roll can be seen in Fig. 2.55.
The lower pole tip contains slots through which the non-magnetic fraction

leaves the separator. Magnetic particles from the feed are attracted to the teeth
of the roll and are discharged when the roll leaves the sphere of influence of the
magnetic field.
Typical specifications of various models of wet high-intensity roll magnetic

separators are summarized in Table 2.5. A photograph of a 2-MSM-5 separator
is shown in Fig. 2.56.
These separators were successfully applied to the beneficiation of coarse (- 5

mm) manganese ore, iron ores such as siderite and limonite, and to the removal
of serpentine from magnezite. While these separators cannot treat e ciently
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Figure 2.54: A four-roll wet high-intensity roll magnetic separator ERM-3.

Figure 2.55: A detailed view of the profiled roll of a wet high-intensity roll mag-
netic separator.
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Figure 2.56: 2-MSM-5 wet high-intensity roll magnetic separator (courtesy of
ŽB, Czechoslovakia).

very feebly magnetic and very fine particles, their main advantage, compared to
WHIMS, is the ability to treat coarse particles and the absence of the matrix
blockage. The range of applicability is similar to that of the rare-earth drum
magnetic separators, although the field generated by these separators is some-
what higher than that by the drum separators, with similar magnitude of the
field gradient. Further advantage of wet induced roll separators is that it is pos-
sible to control the magnetic field strength. They can be e ciently applied to
materials that fall between low-intensity magnetic separation and high-intensity
high-gradient separation.

2.4.3 Solenoid-based magnetic separators

All wet high-intensity magnetic separators already discussed have produced the
magnetic field by means of an electromagnet with iron yoke. For small work-
ing volumes and for moderately large magnetic induction, this constitutes an
e cient and relatively cheap design, although the machines tend to be massive.
The input power needed to saturate the iron poles is modest and reasonably
high magnetic induction, of the order of 1 T, can be generated in the air gaps,
which guarantees su ciently high throughputs (tens of tonnes per hour) of fine
weakly magnetic material. However, it follows from the discussion in Section
1.7.3 that this design su ers two serious drawbacks:
a. The maximum magnetic induction that is obtainable in the working vol-

ume is limited by the saturation polarization of iron (approximately 2 T). Since
such an induction can be generated only in a narrow gap, much lower inductions
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Figure 2.57: Frantz Ferrofilter magnetic separator.

are usually created in units designed for practical large-scale applications.
b. Scale-up is very di cult. In order to increase the throughput, the gap

between the poles must be increased. This results either in a dramatic drop in
the magnetic induction in the working volume, or in a substantial increase in
the number of ampere-turns in order to maintain the same magnetic induction.
The machine becomes extremely massive in relation to its capacity, magnetic
induction becomes increasingly limited by the width of the gap, and the cooling
of coils also becomes a problem.
To generate su ciently large magnetic induction at large volumes, it is nec-

essary to use an iron-clad solenoid, as has been analyzed in Section 1.7.3.

Frantz Ferrofilter

The first magnetic separator that used the iron-clad solenoid was the so-called
Frantz Ferrofilter, introduced by S.G. Frantz in 1937 [F1]. This separator, shown
in Fig. 2.57, became the conceptual basis of cyclic high-gradient magnetic sep-
arators. It consists of an iron-bound solenoid magnet generating a magnetic
field of about 0.15 T, while the matrix is formed by screens fashioned from thin
sharp ribbons of magnetic stainless steel, as shown in Fig. 2.58.
The device operates intermittently; the flow is interrupted, the magnetic

field is reduced to zero and the magnetic particles are backwashed. Then the
field is switched on again and the entire cycle is repeated.
Because of the low demagnetizing factor of the ribbon elements that are
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Figure 2.58: A ribbon matrix used in a Frantz Ferrofilter.

oriented parallel with the direction of the magnetic field, the magnitude of
the background magnetic induction was su cient for the recovery of fine fer-
romagnetic particles. However, in order to magnetize the randomly oriented
filamentary matrix with very high aspect ratio, a much higher magnetic field is
needed. As a means of achieving a high degree of retention of quasicolloidal, fee-
bly magnetic impurities from kaolin, Frantz’s concept was extended so that more
powerful iron-clad solenoids were used in conjunction with randomly oriented
steel wool. The early developments of cyclic high-gradient magnetic separators
are described in detail in references [O3, K5, K7, I2, I3].

Modern cyclic high-gradient magnetic separators

The first industrial high-gradient magnetic separator, which grew from Frantz’s
concept and from investigations into the removal of weakly magnetic discolour-
ing agents from clays was built in 1969 [O4]. Figure 2.59 shows schematically
the essential elements of operation of such a separator. The system comprises
a canister filled with a matrix formed of compressed mats of magnetic stain-
less steel wool, although other types of matrices can be used. The canister is
placed in an iron-clad solenoid which generates a magnetic induction up to 2 T.
The matrix creates a high degree of non-homogeneity of the magnetic field and
produces a large magnetic force acting on the magnetizable particles.
The slurry is fed to the canister either vertically downwards or upwards

through the matrix with the magnetic field switched on. The magnetic particles
from the slurry are trapped into the surface of the magnetized matrix, while
the non-magnetic particles pass through the canister. When the matrix has
been loaded with the magnetic particles, the flow is halted, the magnetic field
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Figure 2.59: Schematic diagram of operation of a cyclic HGMS.

Figure 2.60: An automated small capacity cyclic Sala-HGMS
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Figure 2.61: High-gradient magnetic filter for e uent control in the steel indus-
try (courtesy of Metso Minerals, Ltd.).

is reduced to zero and the magnetic fraction is flushed from the matrix.
Such cyclic devices are useful in applications where a slurry to be processed

contains a small fraction of magnetic particles. These machines have found a
widespread application in the kaolin industry and in waste water treatment.
A range of cyclic high-gradient magnetic separators is manufactured by sev-

eral companies. The solenoid diameter ranges from 1 m to 3 m, input power
from 100 to 500 kVA and throughput as high as 200 t/h is claimed. Figure 2.60
shows a small-scale cyclic HGMS while Fig. 2.61 presents a Metso Minerals
cyclic HGMS for waste water filtration. A production-scale Eriez Magnetics
HGMS for purification of kaolin is shown in Fig. 2.62.

Dry Allis-Sala HGMS Dry matrix high-gradient magnetic separation was
developed by Allis Sala [J7] in order to extend applicability of dry separation
to such a fine particle range that cannot be easily beneficiated by roll or drum
dry separators. Schematic diagram of the separator is shown in Fig. 2.63.
The magnetic field is generated by an iron-clad water-cooled solenoid and the
matrix is placed in the bore of the coil. Particle transport through the matrix
is accomplished by a compressed air-driven vacuum pump. The pump sucks the
air through the heater into the separation circuit. The air inlet is positioned at
the feed point, where the pre-heated air and particles are mixed before entering
the matrix.
The economic expansion of high-gradient magnetic separation to numerous

mineral processing applications requires the utilization of fully continuous mag-
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Figure 2.62: Eriez Magnetics cyclic HGMS for kaolin beneficiation (courtesy of
Eriez Magnetic, Inc.).

FeedAir heater

Air Filter bed with matrix

     Vacuum pump

                 
Solenoid 

Figure 2.63: Schematic diagram of dry Sala HGMS.
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Figure 2.64: Continuous Sala high-gradient magnetic separator.

netic separation. Cyclic devices are limited in their use to separations in which
the magnetic fraction is a small portion of the feed and to the feeds that must
be passed through the device at controlled slow feedrates. Continuous solenoid
high-gradient magnetic separators have eliminated the limitations of the cyclic
machines and several advanced devices have been built.

Sala-HGMS carousel separator

The Sala-HGMS carousel separator was developed from the cyclic separator to
meet the need for a continuous industrial machine capable of processing ores
containing a high proportion of magnetics [O5, M9, A5]. As can be seen in
Fig. 2.64, a double-saddle iron-clad coil surrounds the carousel ring. Seals
mounted on the ring allow independent control of feed and flush velocity to
enhance the separation and to increase the flushing e ciency of the magnetics.
The operational sequence is similar to that used in conventional continuous
iron-core-type high-intensity separators as is evident in Fig. 2.65.
Further advantage of such a magnetic separator is that it can be scaled up

to treat high volumes of material. Magnetic field is parallel to the slurry flow.
When increased throughput is required, the width of the magnet is increased,
while its height remains constant. The surface area of the matrix can, therefore,
be enlarged without increasing the width of the air gap and thus the number of
ampere-turns to generate the required magnetic field.
The iron return frame reduces the magnetic flux leakage to places outside the

magnetic head. In high-intensity magnetic separators with iron yokes, the stray
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Figure 2.65: The operational sequence in a continuous Sala HGMS [A5].

magnetic field is so high despite a reversal of polarity of two adjacent magnetic
heads that the magnetic induction in the flush station area usually amounts to
about 20 mT. This is su ciently high to hamper the e cient flushing of the
matrix. With iron-clad solenoids, the magnetic induction outside the magnet is
as low as 2 mT, depending on the matrix used.
Sala HGMS are manufactured under the Metso Minerals label in various

models. The number of magnetic heads ranges from one to four and magnetic
induction varies from 0.5 T to 2 T. Throughput of 200 t/h per magnet head
is specified for the largest model 480 ABCD. The matrix is, typically, a com-
partmented stack of expanded metal screens. A photograph of a single-head
Sala-HGMS unit, with nominal throughput of 15 t/h is shown in Fig. 2.66. The
largest model that is presently being o ered by Metso Minerals is the HGMS
350 shown in Fig. 2.67. This unit can be fitted with up to three magnetic heads
and can reach a throughput up to 300 t/h.

VMS magnetic separator

A novel concept for replacement of a horizontal rotor or carousel by a vertical
wheel was incorporated in the VMS magnetic separator. The VMS magnetic
separator, the isometric view of which is shown in Fig. 2.68, was developed in
the Ore Research Institute in Prague, in former Czechoslovakia [H9, H10, C7].
A magnetic field is generated by the horizontally oriented solenoid wound

with a water-cooled hollow conductor. The coil is enclosed in steel cladding,
the upper and lower pole-pieces of which are perforated to allow passage of the
slurry. The slurry is fed into the separator via a feed box and it then enters
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Figure 2.66: MK III Sala-HGMS carousel unit.

Figure 2.67: A three-head HGMS 350 carousel machine (courtesy of Metso Min-
erals, Ltd.).
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Figure 2.68: An isometric view of VMS.

a rotating drum, which carries separation chambers filled with matrix. The
non-magnetic and the middling fractions are collected in launders underneath
the magnet. Magnetizable particles are attracted to the matrix, placed in com-
partments along the periphery of the vertical wheel. When the matrix leaves
the region of the magnetic field during the rotation of the wheel, the captured
particles are flushed from the matrix. The magnetic product is thus washed o
from the matrix at the flush station in a direction opposite to that of the feed
and is collected in the trough at the bottom of the separator.
The maximum background magnetic induction generated by the magnet is

1.7 T, while stray magnetic induction outside the magnet is less than 5 mT.
Mild steel rods of 3 mm and 5 mm in diameter, with spacing of between 1.5
mm and 2.5 mm, are used as a matrix. Woven wire mesh has also been used in
some applications.
In order to increase the capacity of a magnetic separator, the width of the

working space must be increased. The VMS concept allows this very simply by
increasing the width of the wheel. Taking into account that the magnetic field in
the VMS separator is oriented vertically, perpendicularly to the increase of the
wheel width, the basic characteristics of the magnetic circuit remain unchanged,
i.e. the vertical length of the air gap, which determines the magnetomotive
force, or the number of ampere-turns needed to achieve the required magnetic
induction, is the same for any width of the wheel. Because of the increase in
the length of the conductor, energy consumption increases only linearly with
the wheel width. A throughput of up to 150 t/h was specified for the largest
separators VMS 100.
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Figure 2.69: A vertical ring of the VMS HGMS, with matrix compartments
(courtesy of ŽB Spišská Nová Ves, Slovakia).

Figure 2.70: VMS high-gradient magnetic separator (courtesy of Ore Research
Institute, Czech Republic).
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Figure 2.71: VMS-100 separators in a manganese ore beneficiation plant in the
Ukraine (courtesy of Ore Research Institute, Czech Republic).

By replacing the conventional horizontal rotor by a vertically rotating wheel,
Fig. 2.69, the VMS separator also addressed the problem of matrix clogging, an
onerous problem for most carousel WHIMS or HGMS machines. The reverse
flush and very low stray magnetic field in the flush section are additional features
of this separator.

The VMS magnetic separator, shown in Fig. 2.70, was manufactured in sev-
eral models and sizes by ŽB Co. in the former Czechoslovakia. These separa-
tors were earmarked for incorporation into the Krivoy Rog and Kursk Magnetic
Anomaly iron ore beneficiation plants in the Ukraine. The proposed capacity
of the plants was 30 Mt/a and it was envisaged that at least forty VMS sep-
arators, each with capacity of 100 t/h, would be required. At the same time,
several units, Fig. 2.71, were installed in manganese ore beneficiation plants in
the Ukraine.

In many demanding applications, particularly when feebly magnetic admix-
tures from industrial minerals are to be removed, it is necessary to control the
residence time of the slurry in the separating zone and thus the flow velocity
through the matrix. To cater for such applications, the VMS separator was mod-
ified in such a way that the magnetic system was situated below the rotation
axis of the rotor. This VMKS separator, shown in Figure 2.72 and schematically
in Figure 2.73, generates a magnetic induction of 2 T and has a rotor diameter
of 3 m, width of 1.4 m and throughput of 10 t/h. It was successfully applied
to purification of kaolin [Z3].
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Figure 2.72: Continuous magnetic separator VMSK for purification of kaolin
(courtesy of Ore Research Institute, Czech Republic).
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Figure 2.73: Sectional view of the VMKS separator for kaolin purification (Ore
Research Institute, Czech Republic).

SLON magnetic separator

It became obvious in the late eighties, that the use of an iron-clad solenoid and
application of the reverse flush of the matrix enhances the e ciency, scalability
and availability of continuous high-gradient magnetic separators. The techni-
cal success of VMS separators prompted further innovative e ort. The SLON
HGMS, developed in 1988 by Ganzhou Non-ferrous Metallurgy Research Insti-
tute, Ganzhou, China [X1], and shown in Figure 2.74, is based on the VMKS
concept. However, in order to improve the e ciency of separation even further,
the pulsation of the slurry within the matrix was incorporated into the SLON
separator.
The pulse generator induces vertical pulses in the slurry within the matrix.

The particles are thus exposed to the pulsation force, which is much greater
than the force of gravity and acts in both directions [Y2]. By the pulsation
action, the mechanically entrained non-magnetic particles are removed from the
matrix, which results in improvement of the quality of the magnetic concentrate.
At the same time, the pulsation allows the magnetic particles in the slurry to
be exposed to the entire depth of the matrix, which increases the recovery of
the magnetic component.
The SLON separators are manufactured in several models, specifications of

three of which are listed in Table 2.6.
The separator is used, on a large scale, to beneficiate feebly magnetic iron and

ilmenite ores and appears to enjoy considerable commercial success in China.
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Figure 2.74: SLON-2000 pulsating high-gradient magnetic separator (courtesy
Ganzhou Non-Ferrous Metallurgy Research Institute, China).

Table 2.6: Parameters of SLON magnetic separators.

Parameter SLON-1000 SLON-1500 SLON-2000
Ring diameter [mm] 1000 1500 2000
Maximum magnetic in-
duction [T]

1 1 1

Input power [kW] 26 38 82
Pulsating stroke [mm] 0 to 30 0 to 30 0 to 30
Feed size [mm] -1 -1 -2
Feed solid density (%) 10 to 45 10 to 45 10 to 45
Throughput [t/h] 4 to 7 20 to 35 50 to 80
Mass of the machine [t] 6 20 50
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Figure 2.75: SLON-1500 magnetic separators operating in Pang Zhi Hua il-
menite processing plant in China (courtesy of Ganzhou Non-ferrous
Metallurgy Research Institute, China).

It is set to make inroads into international markets. Figure 2.75 illustrates the
operation of a bank of SLON-1500 separators in the Pang Zhi Hua ilmenite
processing plant (China).

Other innovative designs of solenoid-based magnetic separators

Matrix blockage and insu cient throughput was the main limitation to recovery
of uranium and gold from Witwatersrand ores and cyanidation residues by wet
high-intensity magnetic separation [C8]. In order to satisfy all the requirements
for a cost-e ective and reliable machine that would be able to operate for a
su ciently long period in industrial conditions, the Council for Mineral Tech-
nology (Mintek), Randburg, South Africa, designed and constructed a prototype
separator [S14] shown in Figure 2.76.
The design of the Mintek linear magnetic separator was based on a split-coil

magnet that consisted of two parallel short race-track coils, internally water-
cooled, separated by a gap through which the matrix could pass. This pair
of coils was enclosed in a steel cladding. The matrix consisted of woven mesh
screens held vertically on a flexible belt. The belt moved linearly in a horizontal
direction and inverted back on itself by means of pulleys. As the belt moved
round the pulleys, the matrix elements flared out, thus facilitating the removal
of ferromagnetic material and wood chips. The residual mechanically entrained
particles were then removed by a reverse flush on the lower side of the separator.
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Figure 2.76: The Mintek linear high-gradient magnetic separator.

Scale-up of the machine could be accomplished by increasing the width of the
belt and by the installation of two to four magnetic heads in a single machine
along the belt. Although the separator performed well on pilot-plant scale,
non-technical issues prevented the industrial application of the machine.
An innovative approach to the concept of the VMS separator was employed

by Magnetic Technology Consultants (MTC) (South Africa) who designed and
built a high-gradient separator (Figure 2.77) designed to treat weakly magnetic
materials [A6]. Figure 2.78 illustrates the MTC separator operating in a glass
sand plant. The feed material containing 0.08 % Fe2O3 was upgraded to 0.022%
Fe2O3 in the first pass and to 0.011% Fe2O3 in the second pass.
Although the separator was designed primarily for wet applications, it was

successfully tested in a dry mode. A vacuum system with vacuum seals was used
to propel the pyroxenite ore through the matrix and high velocity of the ore and
thus high throughput were achieved.

2.5 Superconducting magnetic separators

Although high-intensity and high-gradient magnetic separators that use resis-
tive magnets meet, in most instances, the technological requirements of the
mining and materials industries, their cost-e ectiveness is impaired by high en-
ergy consumption, the need to cool the windings, limited working volume and
considerable mass owing to the massive iron yokes or cladding. These disad-
vantages can, however, be overcome by using superconducting magnets, which
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Figure 2.77: The MTC continuous HGMS separator (South Africa).

Figure 2.78: MTC HGMS separator at the glass sand plant. The feed into the
separator is on the right-hand side while the non-magnetic product
in the first pass is shown on the left.
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o er a number of advantages:

a) Superconducting magnets can produce high magnetic induction in large
volumes at low energy consumption. The power is required mainly for cooling
rather than to compensate for ohmic losses in the coil of the magnet. Moreover,
the cost of cooling is independent of the magnetic field generated, unlike resistive
magnets where the cost of cooling is proportional to the square of the field
intensity. The economic e ciency of the superconducting magnets thus increases
with increasing field strength. In some applications the increased magnetic field
allows the flow rate of the slurry to increase and thus the throughput of the
separator increases.

b) Since iron cladding is generally not needed, the machine can be made
physically smaller.

c) The superconducting coils can be arranged in such a way that a su -
ciently large field gradient can be generated without using a matrix, while still
maintaining high magnetic force.

Two types of magnetic separators that use superconducting coils have been
introduced into industrial practice, namely the matrix separators and open-
gradient magnetic separators (OGMS). The matrix separators fall into two dis-
tinct design categories, namely cyclic vertical flow units operating with liquid
nitrogen and helium liquefier, and reciprocating HGMS.

As a simple extension of the matrix-based high-gradient magnetic separators,
the conventional resistive solenoid magnet was replaced by a superconducting
coil. These separators operating in the cyclic mode in the switch on/o regime
are based on short, large diameter, coils, processing at slow slurry velocities
with fairly infrequent flushing.

In order to minimize the energy consumption and the running costs of su-
perconducting magnet systems, the magnet should be as passive as possible.
The persistent mode option allows the magnet to remain energized with no ad-
ditional power input. Elimination of the switch on/o regime would also result
in a longer duty cycle and thus in higher throughput of the separator.

These issues of a passive magnet were addressed by the reciprocating concept
[S15, W4, R3]. In this operation, one canister with the matrix processes the
slurry while the second canister is cleaned in a region of zero magnetic field.
This technology, first proposed by English China Clays, was not viable until the
magnet technology caught up with the operational requirements in the early
nineties [R4].

The second type of superconducting magnetic separators, namely OGMS, is
based upon deflection of magnetizable particles in a non-homogeneous magnetic
field, according to their magnetic susceptibility and size. Instead of employing
a matrix to generate a magnetic field gradient, the geometry of the magnet
winding is used to create the field gradients and magnetic force that deflects
the magnetizable particles. These open-gradient magnetic separators include a
linear multipole separator and a drum magnetic separator.
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Figure 2.79: Schematic diagram of a cyclic superconducting HGMS.

2.5.1 Cyclic superconducting HGMS

The cyclic resistive high-gradient magnetic separators were exclusively designed
for purification of kaolin. A resistive magnet of diameter of 2100 mm (84”)
generated the field of 1.8 T at a power input of up to 400 kW. Bigger units
with a solenoid diameter of 3000 mm and weighing up to 625 tonnes consumed
600 kW. In order to reduce the energy consumption, the Huber Corporation
(USA) decided to replace the resistive solenoid by the superconducting coil.
A schematic diagram of a cyclic superconducting HGMS is shown in Fig.

2.79. The first such unit, designed and built by Eriez Magnetics and shown in
Fig. 2.80, was installed at Huber Corp. in May 1986 [S16]. The filling factor
of the steel wool matrix is about 6% and the matrix is 500 mm deep. The clay
slurry is pumped from holding tanks into the distributor header; it flows upward
through the matrix to the return header. A typical flowrate is between 1 and 2
m3/min, and typical retention time ranges from 50 to 90 seconds [W5].
After a period of time, the matrix accumulates enough magnetic material

so that the e ciency of separation drops o . At this point the slurry feed
is stopped, the magnet is de-energized, and the steel wool is washed in both
directions with clean water. The magnet is then re-energized and the feed
slurry is re-started. A typical duty cycle is 26 minutes separation, 1 minute of
de-energizing, 2 minutes of flushing and rinsing, and 1 minute of re-energizing
[W5].
This process means that two dead time periods occur during the ramp up

and down of the magnetic field, along with a dead time while the flush of
the magnetics is carried out. In order to reduce this dead time, fast ramp
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Figure 2.80: A cyclic superconducting Eriez Magnetics HGMS for kaolin bene-
ficiation (courtesy of Eriez Magnetics, Inc.).

superconducting magnets are used. The coil and power supply are subjected
to rapid current cycles in order to apply and remove the magnetic field. This
results in increased heating of the coil by eddy currents and larger and more
expensive cooling power is required. A more robust power supply to drive the
current quickly is also required. This results in significant cyclic stresses within
the magnet itself [R4].

2.5.2 Reciprocating superconducting HGMS

Superconducting magnets can take advantage of a higher magnetic field com-
pared to resistive magnets, and can increase the processing velocity. However,
as the slurry velocity increases, the duty cycle decreases and the economics of
separation is a ected. Also, for the optimum operation of a superconducting
magnet, taking into account coil stresses, field uniformity and power require-
ments, it is preferable to operate the superconducting HGMS in persistent mode.
The issues of long duty cycles of separation and of optimum magnet operation
are addressed by a reciprocating technology. In order to achieve economic op-
eration, the captured particles must be flushed from the matrix, with the field
on, and the capture zone must, therefore, be removed from the magnetic field.
The train of canisters, as shown in Figure 2.81, is moved by means of a ram

that operates on a magnetically balanced canister, which houses a multi-section
separation region. As one matrix canister is engaged in separation, the second
is undergoing flushing and rinsing. Reciprocation can be accomplished in 10
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Figure 2.81: Schematic diagram of a reciprocating canister HGMS.

seconds [S17].

While economic design of resistive solenoids is based on short, large diameter
coils, for superconducting coils it is far simpler to provide a coil whose length
is greater than the diameter. Such a geometrical arrangement, used in Out-
okumpu/Carpco separators, allows the use of a radial slurry flow rather than an
axial flow. As can be seen in Figure 2.82, the radial flow allows the feed area,
and thus the throughput, to be increased.

The first industrial superconducting magnetic separator was designed by
the Institute for Refrigeration Engineering in Prague, Czech Republic [F6, K8].
This 5 T unit, shown in Figure 2.83 was a reciprocating canister machine for
the beneficiation of kaolin. Although, initially, the performance of the separator
was encouraging, subsequent deterioration in e ciency and drop in throughput
as a result of matrix blockage were given as the main reasons for closure of the
separator [A7]. It was suspected that insu cient velocity of flush water and
a strong stray magnetic field in the flush station were the main sources of the
problems.

In order for a superconducting magnet to operate, it has to be cooled below
its critical temperature. The most common way of cooling such a magnet is
to immerse it in a bath of liquid helium at 4.2 K within a vacuum-insulated
cryostat. The period between liquid helium additions can be further extended
by using thermal insulation and liquid nitrogen. Mechanical coolers, based on
the Gi ord-McMahon refrigeration cycle, can extend the period between helium
refills ever further. In this technique, a small volume of high-purity helium gas
recirculates through a closed loop, generating a cooling e ect at the point of



134 CHAPTER 2. REVIEW OF MAGNETIC SEPARATORS

Figure 2.82: Diagram of an active matrix canister in reciprocating supercon-
ducting HGMS (Outokumpu Technology, Carpco Division).

Figure 2.83: The Czechoslovak reciprocating-canister superconducting magnetic
separation for beneficiation of kaolin.
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Table 2.7: Cryofilter HGMS models [S18].

Cryofilter Model Application Throughput
5T/200 Pilot 400 kg/h
5T/360 Industrial up to 15 t/h
5T/460 Industrial up to 50 t/h
5T/1000 Industrial up to 150 t/h

Figure 2.84: Superconducting Cryofilter HGMS (courtesy of Outokumpu Tech-
nology, Carpco Division).

forced gas expansion. Carpco Cryofilter systems are using this concept of a
combination of a liquid helium bath and mechanical cooling, which ensures a
refill period of 1 year in normal processing operations [K9].

Further developments in the Oxford Instruments Cryofree
R°
technology now

allow superconducting magnet systems to be totally cooled by mechanical means,
removing the requirement for helium completely [K9, A8].
Outokumpu Technology, Carpco Division, produce a range of the Cryofil-

ter HGMS employed mainly in kaolin purification. Figure 2.84 illustrates the
Outokumpu/Carpco Cryofilter HGMS, while Table 2.7 lists Cryofilter models.
While the Cryofilter supply package depends on the application, the primary

items and options include [S18]:

• Basic Cryofilter with integral iron sheet, reciprocating canister and stan-
dard control package.
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Table 2.8: Comparison of resistive and superconducting cyclic magnetic systems
for HGMS, with reciprocating superconducting separators [K9].

Magnet type Magnetic
field [T]

Mass [t] Power
[kW]

Capacity

2100 mm resistive
electromagnet

1.8 270 270 to 400 C

3000 mm resistive
electromagnet

1.8 625 300 to 400 2C

2100 mm super-
conducting mag-
net

2.5 270 25 1.25C

3000 mm super-
conducting mag-
net

2.5 625 25 2.5C

5T360 Cryofilter 5 12 10 0.4C
5T/460 Cryofilter 5 24 10 1.3C
5T/1000 Cryofil-
ter

5 120 12 4C

• Slurry handling system.

• Advanced process control panel and SCADA monitoring system.

• Detergent matrix wash system.

Table 2.8 compares various types of matrix-based superconducting magnetic
separators used for kaolin beneficiation [K9].

2.5.3 Open-gradient superconducting magnetic separators

The presence of a ferromagnetic matrix in high-gradient magnetic separators
brings about a problem associated with keeping the matrix clean and passable
under industrial conditions. One possible approach to eliminate the problems in-
herent in matrix machines is to employ a system in which magnetic particles are
continuously deflected in a non-uniform magnetic field, according to their mag-
netic properties and size. These open-gradient magnetic separators, designed
for the treatment of fine feebly magnetic materials, must be equipped with su-
perconducting coils in order to provide su ciently strong magnetic force. The
field gradients generated by a suitable combination of the conductor filaments or
by coils of varying polarity are much weaker compared to the gradients created
by a matrix. Magnetic induction exceeding 2 T is thus required to achieve ad-
equate magnetic force. Figure 2.85 illustrates two di erent modes of operation
of an open-gradient magnetic separator.
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Figure 2.85: Di erent systems of open-gradient magnetic separators: linear
multipole system [(a) and (b)] and drum separator (c).

Linear multipole OGMS

The design of the linear multipole system, as shown in Figure 2.85 (a) and (b),
is based on the concept of the ancient Edison’s deflection separator [T3]. It
consists of an array of vertically positioned coaxial superconducting coils that
are energized in opposite directions [S19]. In its simplest form, Figure 2.85(a),
the dry ore is permitted to fall vertically as a curtain around the circumference of
the magnet. The magnetic force directed radially inwards diverts the magnetic
particles inwards while the non-magnetic particles fall vertically, una ected by
the magnetic force. The method failed to meet expectations mainly because the
separation was taking place away from the region of the highest magnetic force.
As a result of low depth of the magnetic field, its gradient and interparticle
collisions, the metallurgical results were unsatisfactory even at low feedrates.
An improvement was achieved by bringing the feed point close to the magnet

and introducing a ramp, as is shown in Figure 2.85(b). The performance of
the system was su ciently encouraging for Cryogenic Consultants Ltd. (CCL)
to design and build a production-scale Cryofos OGMS unit for beneficiation
of the pyroxenite ore in South Africa [G3]. In order to circumvent scale-up
problems of magnets of cylindrical geometry used up to that time for OGMS,
Good [G3] abandoned the cylindrical geometry in favour of a linear geometry.
The split pair was replaced by a linear dipole of rectangular cross section, each
side having a separation length of 3 m. The separator could be utilized along
almost its entire length on both sides of its axis. Unfortunately, the magnet and
the cryogenic system proved to be di cult to manufacture and the separator
never reached operational status [S1].
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Figure 2.86: Superconducting drum magnetic separator Descos (Humboldt
Wedag AG).

Further development at CCL and at Carpco Inc. addressed the issues of
the optimized feeding close to the region of the strongest magnetic force and
of the removal of the magnetic particles from the walls of the separator. The
concept of a flat-faced magnet inclined at an angle with respect to the feeder

evolved into the Cryostream
R°
series of OGMS units marketed by Outokumpu

Technology, Carpco Division [K9, S17]. In spite of considerable design progress,
the concept of Cryostream has not yet enjoyed commercial success.

Descos OGMS

The drum magnetic separator developed by KHD Humboldt Wedag AG em-
ployed a multipole magnet and combined the advantages of a superconducting
magnet with those of a conventional drum separator. As can be seen in Fig.
2.86, eight poles of the magnet system were arranged along one third of the
circumference of the drum. Four race-track coils were placed in a liquid helium
tank and generated 3.2 T on the surface. The drum of the separator was made
of carbon-fibre reinforced plastic. The diameter of the drum was 1200 mm and
its length 1500 mm. Commercialization of the product proved to be di cult
as a result of its high cost, in spite of its reportedly satisfactory metallurgical
performance.

2.6 Laboratory magnetic separators

A rule that applies to magnetic separation as much as to most physical separa-
tion techniques, is that the quickest and surest way of finding out how a material
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will behave in a separator is to run it through the machine. Theoretical models
of the process, which would help to predict the e ciency of low-intensity mag-
netic separation are scarce and mostly too simplified to be of practical value. A
wealth of theoretical descriptions of high-intensity and high-gradient magnetic
separation applies mainly to idealized situations, with limited significance for
practical problems. The information obtained from these models can sometimes
even be misleading and this, combined with the fact that magnetic and some
physical and chemical properties of the ores and other materials are di cult
to ascertain, indicates that laboratory tests should be carried out before con-
clusions can be drawn about the e ciency of material treatment by magnetic
means.
A wide spectrum of laboratory devices and bench-scale magnetic separators

have been built to simulate a particular process in a particular production-scale
machine. Generally, the usefulness of these small-scale machines is limited. For
instance, in magnetic separators based on permanent magnets, such as magnetic
pulleys, overband magnets and drum magnetic separators, the magnetic field
generated is a function of the volume of the permanent magnets used in the
manufacture of the separator. A small-scale separator will thus generate a
lower magnetic field, often of di erent pattern, compared to a production-scale
machine.
Moreover, physical dimensions of the separators, such as the diameter of a

pulley or a drum, determine the residence time of material in the magnetic field
and thus the e ciency of separation. Also, a small width of a magnetic roll or a
drum introduces significant end e ects into the results. In laboratory-scale tests
of high-gradient magnetic separation, it is essential to keep the matrix depth
and flow velocity of the slurry through the matrix the same as in the industrial
conditions. Quite often it is not possible. Overall, tests on laboratory-scale
units can thus be misleading and practical experience in evaluating the results
of small-scale tests, on small, not necessarily representative samples, is essential.
Commercially available laboratory-scale magnetic separators, such as Davis

Tube and Frantz isodynamic separator can, however, be used for a reliable
analysis of the separability of materials.

2.6.1 Davis Tube

A Davis Tube (DT), shown in Figure 2.87, is a laboratory instrument designed
to separate small samples of strongly magnetic ores into strongly magnetic and
weakly magnetic fractions. It has become a standard laboratory equipment used
for the assessment of the separability of magnetic ores by low-intensity magnetic
separators [S20, S1]. It was developed in 1921 and no significant changes have
been made in its design since then. The separator consists of an inclined tube
25 mm in diameter, placed between pole-tips of an electromagnet. Material to
be separated is passed through the tube; the strongly magnetic fraction is held
by the magnetic field while the weakly magnetic material is washed down the
tube.
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Figure 2.87: Davis Tube magnetic separator.

Figure 2.88: The 3D model of the Davis Tube electromagnet [M24, M10].



2.6. LABORATORY MAGNETIC SEPARATORS 141

Figure 2.89: Frantz isodynamic separator.

Schultz [S20] suggested that a magnetic induction of 0.4 T or greater be-
tween the magnet poles should be used. However, Steinert and Boehm [S21]
claimed that the current practice was to conduct the Davis Tube tests at a
magnetic induction equal to that on the surface of the drum of the magnetic
separator. Since it is the magnetic force or the force index, and not the magnetic
field strength, that are decisive in the operation, it is unlikely that this practice
would yield correct information.
Computer modelling of the pattern of the magnetic force generated by drum

magnetic separators and a Davis Tube (shown in Fig. 2.88) was carried out
by Murariu and Svoboda [M10]. It was found that in the case of conventional
ferrite drum separators, with a standard gap of 25 mm between the drum and
the tank, Davis Tube tests should be conducted at the magnetic induction of
0.1 T. On the other hand, correct assessment of performance of a rare-earth
drum can be obtained by operating a Davis Tube at about 0.3 T or higher,
depending on the design of the magnetic systems of the drum.

2.6.2 Frantz isodynamic separator

The Frantz isodynamic separator is a magnetic device that allows fractionation
of materials based on their magnetic properties. This separator, shown in Fig.
2.89 consists of an electromagnet having two long pole pieces with a long narrow
air gap between them. The pole design is such that the magnetic field profile is
isodynamic, so that the magnetic force density across the width of the air gap
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Figure 2.90: Forces acting on a particle in a Frantz isodynamic separator.

is constant, i.e.
= (2.1)

Material to be separated enters the magnetic field at point A, as is illustrated in
Fig. 2.90. If the force of gravity and the magnetic force on a particle are
balanced in such a way that the particle moves along the central line of the air
gap, this particle has a 50 % chance of reporting to a magnetic or non-magnetic
fraction. The balance of forces can be expressed as:

sin =
0

(2.2)

where and are the mass and the volume of the particle, respectively,
is the gravitational constant and is the transverse slope of the air gap. By
re-arrangement we obtain:

= 0 sin (2.3)

It can be seen that, because of the isodynamic pattern of the field, the
action of the separator on a particle is determined solely by its mass magnetic
susceptibility, and is independent of the size and the mass of the particle.
The magnitude of the term is determined by the electric current in

the electromagnet so that

=
sin

(2.4)

where and are constants [M11]. With an electric current of 1.8 A, the mag-
netic induction at the narrowest part of the gap is approximately 2 T. In order
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Table 2.9: Chemical compounds used for calibration of magnetic susceptibility
instruments.

Compound Formula [107·m3/kg]
Mohr’s salt Fe(NH4)2(SO4)2·6H2O 4.1
Nickel sulphate NiSO4·7H2O 2.0
Copper sulphate CuSO4·5H2O 0.74
Cobalt sulphate CoSO4·7H2O 4.6
Ferrous sulphate FeSO4·7H2O 5.2
Manganese chloride MnCl2 15.4
Manganese pyrophosphate Mn2P2O7 12.9

to determine the exact values of these constants, each Frantz separator must be
calibrated with compounds having well defined values of magnetic susceptibil-
ities. Chemical compounds usually used for calibration are listed in Table 2.9,
together with their mass magnetic susceptibilities.
Mass magnetic susceptibility can thus be obtained from eqs. (2.3) or (2.4)

by plotting the cumulative per cent recovery of the material into the magnetic
fraction, versus the current. Typical magnetic profiles, or partition curves, are
shown in Fig. 2.91. The mean magnetic susceptibility of a sample can be defined
as the value of for which 50 % of the sample reports into the magnetic fraction.
While the sample represented by curve 1 in Fig. 2.91 has a narrow distribution
of magnetic susceptibility, the sample described by curve 2 contains a wider
spectrum of the values of magnetic susceptibility.

The Frantz magnetic barrier separator

While the Frantz isodynamic magnetic separator employs the isodynamic pat-
tern of the magnetic force density, expressed by eq. (2.1), the operation of the
barrier separator is based on the presence of the anadynamic and katadynamic
force patterns [F7]. In the katadynamic region, the magnetic force increases with
the increasing field strength, while in the anadynamic region the force decreases
with the increasing magnetic field:

0 (katadynamic), 0 (anadynamic) (2.5)

As can be seen in Fig. 2.92, the magnetic force density between the pole
tips of the separator is bell-shaped and creates a barrier in the isodynamic
plane, between the katadynamic and anadynamic regions [J2]. Depending upon
whether paramagnetic or diamagnetic susceptibility is to be exploited, a mixture
of particles is fed into the anadynamic or katadynamic region. As the mixture
moves under gravity towards the isodynamic plane, the magnetic force slows
the particles of the susceptibility to be exploited and accelerates the particles
having susceptibility of the opposite sign. In the vicinity of the barrier, where
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Figure 2.91: Magnetic profiles, or magnetic partition curves, of two types of
materials, as obtained by Frantz isodynamic separator.

Figure 2.92: Superimposed graphs of the magnetic induction and magnetic force
density in the barrier separator, showing katadynamic (k) and ana-
dynamic (a) regions.



2.6. LABORATORY MAGNETIC SEPARATORS 145

Figure 2.93: Rotating disk isodynamic magnetic separator.

the magnetic force has the maximum value, particles having susceptibility such
that the magnetic force equals or exceeds the opposing force of gravity, are
deflected in the direction parallel to the isodynamic plane. Particles having
susceptibilities lower, or of the opposite sign, pass through the barrier. The
barrier separator thus allows selective separation and fractionation of materials
based on small di erences in magnetic susceptibility [R5].

Disk isodynamic magnetic separator

Frantz isodynamic separator is a selective device that allows separation of mix-
tures based on di erences in magnetic properties. This is in contrast to most
other magnetic separators (such as roll, drum and matrix separators) which use
the katadynamic field pattern and are thus non-selective from first principles.
In these machines the separation is based on di erences in magnetic properties
as well as on particle size.
Frantz separator is a laboratory unit that does not lend itself to scale-up. In

order to overcome limitations of the Frantz separator and, at the same time to
retain its high selectivity, Gerhold et al. [G29, G30, G31] designed and built a
rotating disk isodynamic magnetic separator shown in Fig. 2.93. The separator
consists of a horizontally rotating disk and magnetic system with pole-pieces
that generate an isodynamic magnetic field in the separation gap. The magnetic
force created by the magnetic system acts radially inwards while the competing
force is the centrifugal force. This force can be adjusted to the values ranging
from five to ten times the force of gravity.
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Figure 2.94: Schematic diagrams of operation of a dry rotating disk isodynamic
separator, with two di erent profiles of the magnetic field (adapted
from Gerhold [G30]).

Particles fed onto the disk assume the rotational velocity of the disk. The
weakly magnetic particles are deflected outwards and are collected in a non-
magnetic bin. More strongly magnetic particles are deflected inwards in a form
of a rotating ring and are removed before they each the feed region. The opera-
tion of the separator, with two di erent profiles of the magnetic field, is shown
schematically in Fig. 2.94.
A pilot-scale separator with a throughput of 2 t/h, maximum magnetic in-

duction of 2 T and field gradient of 10 T/m, was built [G29] and selective sepa-
ration of ferrimagnetic and strongly paramagnetic materials in the size ranging
from 3 mm to 50 m was obtained [G30].

2.6.3 Separators with a rotating magnetic field

Particle separation in rotating or alternating magnetic fields was proposed in
the early years of development of magnetic separation technology [T3, D1]. It
appears that this idea has not made its mark on the mineral processing industry.
However, in many magnetic separators, the particle rotation is present as a side-
e ect rather then a deliberate attempt to rotate the particles. For instance,
magnetic clusters in low-intensity magnetic separators are rotated slowly as they
are carried past successive magnetic poles of opposing polarity. In doing so, the
flocs release mechanically or magnetically entrained ”non-magnetic” particles,
improving thus the grade of the magnetic concentrate.
In some applications it is possible to use particle rotation alone to achieve

separations not possible using conventional attraction-based magnetic separa-
tion, as has been shown by Allen [A9, A10, A11]. For instance, particles
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Figure 2.95: Generation of particle rotation.

having similar magnetic susceptibilities, but considerably di erent magnetic
anisotropies, can be separated from each other by their selective rotation. As
a result of magnetic anisotropy the external magnetic field exerts a torque on
the particle in order to align its axis of easy magnetization with the direction of
the external field. If the magnetic field generated, for example, by permanent
magnets with alternating polarity, is moving, then the particles will rotate as is
shown in Fig. 2.95.
The concept of a rotating magnetic field has been employed in rotating

magnetic field (RMF) laboratory separators developed and manufactured by
Ka (Pty.) Ltd., Australia. Figure 2.96 shows an RMF lift separator that can be
employed for separation by rotating weakly ferromagnetic or even paramagnetic
particles with magnetic anisotropy. Figure 2.97 illustrates an RMF separator
for separation of paramagnetic minerals.
In these separators, the rotating magnetic field is generated by a rotating

magnet rotor fitted with magnetic poles of alternating polarity around its cir-
cumference. The rotor in Fig. 2.96, rotating in a clockwise direction, produces
a field that appears (to a particle on the outer drum surface) to be rotating
in an anticlockwise direction. Therefore, a magnetically anisotropic particle
dropped onto the drum will respond by rotating in an anticlockwise direction.
Non-rotating particles will be carried by the drum and its belt in a clockwise
direction.
RMF rotation separation is basically a separation of ferromagnetic (s.l.)

particles from paramagnetic particles because of a large di erence in magnetic
anisotropies and thus rotabilities of these two classes of materials.

2.7 Eddy-current separators

Although the first patent for an eddy-current separator (ECS) was granted to
T.A. Edison as early as 1889, a large-scale application of eddy-current separa-
tion started only recently, particularly in connection with the recycling of wastes
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Figure 2.96: RMF lift separator (courtesy of Ka (Pty.), Ltd.).

Figure 2.97: RMF separator for separation of paramagnetic particles (courtesy
of Ka (Pty.), Ltd.).



2.7. EDDY-CURRENT SEPARATORS 149

Figure 2.98: Eddy-current separator (courtesy of Steinert GmbH).

containing non-ferrous metals. The first industrial ECSs were based on an elec-
tromagnetic field induced either by single coils or by linear motor technique. As
a result of the dramatic development of rare-earth magnets, the currently man-
ufactured ECSs employ exclusively permanent magnets. Figure 2.98 illustrates
such an eddy-current separator.
The eddy-current technique is based on the fact that if conductive particles

are exposed to an alternating magnetic field, or move through a steady magnetic
field, eddy currents are generated within the particles. These eddy currents are
generated in such a way that the magnetic field they produce opposes the exter-
nal magnetic field, according to Lenz’s law. The opposite field then produces a
repulsive force (Lorentz force) on the particle. Particles are thus deflected from
the stream of material, as is shown in Fig. 2.99, depending on their conductivity,
size, shape, and the field strength and the rate of change of the field.
The industrial eddy-current separators consist of two drums carrying a belt,

the belt usually being driven by the rear steel drum. The front non-metallic
drum contains a rapidly rotating magnetic system. The permanent magnets
are arranged, with alternating polarity, along the circumference of the magnetic
system. The separators usually have 6 to 18 poles which rotate at frequencies
up to 3000 rpm. Depending on pole arrangement and the system speed, the
frequencies of magnetic field change up to 1 kHz are achieved [N3, H11].
Two main designs of eddy-current separators, each with two di erent magnet

configurations, are illustrated in Fig. 2.100, while Table 2.10 reviews the designs
used by various manufacturers.
Type 2 design, which employs an eccentric magnetic system, is reported to

have several advantages [N3, H11]. In concentric systems, strongly magnetic
particles tend to accumulate between the belt and the magnetic drum and ulti-
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Figure 2.99: Material separation in eddy-current separator (courtesy of Steinert
GmbH).
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Figure 2.100: Two designs of drum eddy-current separators (after [N3]).
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Table 2.10: Manufacturers of eddy-current separators [N3].

Manufacturer Type Configuration
Steinert (D) 2 A
Lindemann (D) 1+2 A
Eriez Magnetics (USA) 1 A
Huron Valley (USA) 1 A or B
Andrin (F) 1 A
Bakker Magnetics (NL) 1 A
Raoul Lenoir (F) 1 A
Newell Industries (USA) 1 A
Rutherford Light Metals 1 B

mately to damage the drum. In eccentric design, the ferromagnetic material is
removed automatically from the region of the magnetic field generated by the
rotating drum.
The repulsive force acting by eddy currents on a small particle [S22, Z4] is

proportional to:
2 (2.6)

where and are the mass and diameter of the particle, respectively, is
the magnetic induction and the frequency of its change, and and are
the electrical conductivity and density, respectively, of the particle. It can be
seen that the e ciency of separation is determined, amongst other factors, by
the ratio of material conductivity and density. The larger the di erence in the
values of this ratio for the materials to be separated, the more selective the
separation will be. Table 2.11 lists this ratio for materials of interest in eddy-
current separation. It is evident that aluminium and magnesium can be rather
e ciently separated from semi- and non-conductors, while lead and stainless
steel will not respond to eddy currents.
Selection of di erent models of eddy-current separators is usually dictated

by particle size distribution of the feed material and the required throughput.
The width of the belt ranges from 500 mm to 2000 mm and nominal throughput
is of the order of 10 m3/h/m. Magnetic induction on the surface of the shell
ranges from 0.25 T to 0.38 T. Particles in the size range - 100 + 5 mm are
usually treated in standard ECSs.

Separation of fine particles Although separation of particles smaller than
5 mm poses a problem [Z5, R6], several innovative designs have successfully
reduced the minimum particle size to 0.1 mm. The Steinert model 6119 [H11]
and Raoul Lenoir model Eddybox, are claimed to be able to separate e ciently
particles as small as 1 mm. The Eddybox separator is based on free-fall of
metallic particles through a magnetic structure, has no moving parts and is
claimed to achieve a throughput as high as 1 t/h.
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Table 2.11: The material parameter for eddy-current separation [N3, S22].

Material [103×s×kg 1×m2]
Aluminium 13.0
Magnesium 12.2
Copper 6.3
Silver 6.0
Zinc and Zamac 2.4
Gold 2.1
Brass 1.3 to 1.8
Tin 1.2
Lead 0.45
Stainless steel 0.18
Glass 0
Plastics 0

Figure 2.101: Eddy-current separator Fourmi for separation of fine particles
(Raoul Lenoir).
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Figure 2.102: Schematic diagram of an eddy-current separator based on rotation
of fine particles (courtesy of N. Allen).

The design of Fourmi
R°
eddy-current separator (Raoul Lenoir), shown in

Fig. 2.101, is based on a horizontally rotating polar disc with radially mounted
NdFeB permanent magnets. An alternating magnetic field generates eddy cur-
rents in metallic particles that are fed on a stationary separation disc placed
above the polar disk. The conductive particles, being acted upon by repulsive
forces, become fluidized and are removed by air jets. Particles as small as 0.1
mm are claimed to be e ciently separated.
It will be shown in Section 3.9.3 that with decreasing particle size the torque

on a particle becomes an important force. Particles in ECS then respond to the
field changes by rotation rather than by repulsion. Allen [A21, A22] proposed
the use of particle rotation as the separating mechanism of fine metal particles.
A schematic diagram of such an ECS based on particle rotation is shown in Fig.
2.102.

2.8 Separators with magnetic fluids

2.8.1 Basic concept

Separation in magnetic fluids is a sink-and-float technique, which exploits di er-
ences in the densities of materials to be separated. In this technique, a magnetic
fluid, placed in a non-homogeneous magnetic field, exhibits an apparent den-
sity di erent from its natural density [R7, R8]. This density can be controlled
through a wide range of values, exceeding densities of all known elements and
materials. While the scope of the conventional sink-and-float technique is re-
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stricted by a limited range of densities of the separation medium, the upper limit
of ferrosilicon medium being approximately 3500 kg/m3, and that of Clerici so-
lution about 4200 kg/m3 at room temperature, magnetic fluids allow densities
as high as 20 000 kg/m3 or even higher to be achieved.
The apparent density of a magnetic fluid placed in a non-homogeneous

magnetic field can be written (in SI units) as:

= 0 +
0

(2.7)

where 0 is the physical (true) density and is the volume magnetic suscepti-
bility of the fluid.
The apparent density of a magnetic fluid is thus dependent on the magnetic

properties of the fluid, and the magnetic field strength and its gradient. A
magnetic fluid, placed in a non-homogeneous magnetic field, is attracted to the
regions of the highest magnetic field. This magnetic force produces an opposite
force within the fluid that tends to expel an immersed non-magnetic body. This
results in additional, magnetically generated, levitation, which causes particles
to float.
In the early days, solutions of paramagnetic salts (such as MnCl2) were used

as a magnetic fluid [A12, A1]. As a result of their low magnetic susceptibility (of
the order of 6×10 7 m3/kg) very high magnetic fields and high gradient were
required to achieve densities greater than those obtained using heavy liquids.
For instance, in order to achieve an apparent density of the paramagnetic liquid
equal to 3500 kg/m3, the second term on the right-hand side of eq. (2.7) must
be equal to 5×104 T2/m. For a magnetic induction of 2 T, a gradient as high
as 2.5×104 T/m is required. These are unrealistically high values, particularly
for meaningful production-scale applications of this technique.
In the late sixties of the last century methods of preparation of stable sus-

pensions of nano-sized magnetite particles in hydrocarbon carrier fluids were
developed [P5, R10]. These ferromagnetic fluids (ferrofluids) are considerably
more magnetic than the paramagnetic liquid and become magnetically saturated
at moderate magnetic fields. Equation (2.7) can then be re-written as:

= 0 + (2.8)

where is the magnetization of the fluid (in [A/m]). If magnetic polarization
, (in [T]) is used, then eq. (2.8) is expressed in the form

= 0 +
0

(2.9)

In units eq. (2.8) can be re-written as

= 0 +
4

(2.10)

where and are given in [G].
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Figure 2.103: Schematic diagram of a separator with magnetic fluids.

Figure 2.104: Laboratory ferrohydrostatic separator FGS-40 (courtesy of
GMUO, the Ukraine).
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Table 2.12: FHS separators manufactured by GMUO [G4].

Model Feed size [mm] Throughput
[kg/h]

Density range
[kg/m3]

FGS-1A - 50 + 0.2 60 1200 - 11 000
FGS-70 - 25 + 2.5 200 6500 - 10 000
FGS-40 - 10 + 0.2 5 4000 - 9000
FGS-40/3 - 5 + 0.2 2 2500 - 3500
FGS-200 - 100 + 10 4000 3000 - 6000

It can be seen from eqs. (2.8) to (2.10) that in order to achieve a constant
apparent density of separation, in a magnetically saturated ferrofluid, the gradi-
ent of the magnetic field must be constant. This is achieved by suitably shaping
the pole tips of the magnetic system. A ferrohydrostatic separator (FHS), which
uses a ferrofluid as a working medium, thus produces two fractions, namely a
float and a sinks products. Figure 2.103 illustrates the concept of a separator
with magnetic fluids.
The e ciency of ferrohydrostatic separation decreases with decreasing size

of particles. In order to overcome this ine cient separation of fine particles in
gravity-based FHS, a rotation-based separation Magstream process was devel-
oped [W7].

2.8.2 Ferrohydrostatic separators

AVCO Corporation and NASA (USA) pioneered the FHS technique in 1973
by employing a kerosene-based ferrofluid to separate automobile scrap [M12].
Considerable e ort to develop this technology was subsequently expended in
Japan and the USA. Hitachi [N4], Nittetsu Mining Co. [S51], Tohoku University
[S50] and US Bureau of Mines [R9] further confirmed the unique features of the
FHS technology. Numerous pilot-plant-scale separators were designed and built,
with throughputs up to 500 kg/h. Although extensive tests confirmed viability
of this technique, particularly when applied to the recovery of non-ferrous metals
from automobile scrap, production-scale application did not take place in the
Western World at that time [F8]. Comprehensive review of the history of FHS
in Japan and the USA was given by Fujita [F8].
Ferrohydrostatic separation was also researched and used, in approximately

the same time period, on a production scale in the former Soviet Union. The
Gipromashugleobogashcheniye Institute (GMUO) in Lugansk, the Ukraine, de-
veloped a comprehensive range of models of ferrohydrostatic separators for dif-
ferent applications and throughputs. These separators were used in such diverse
applications as densimetric analysis of coal, recovery of gold from gravity con-
centrates, diamond concentration and separation of non-ferrous scrap. Table
2.12 summarizes various models of FHS units manufactured by GMUO [G4].
Figure 2.104 illustrates the versatile FGS-40 separator suitable for laboratory-
scale separation of various minerals in the density range from 4000 kg/m3 to
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Figure 2.105: Production-scale ferrohydrostatic separator FGS-70 for separation
of non-ferrous metals (courtesy of GMUO, the Ukraine).
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Figure 2.106: Ferrohydrostatic separator Shlikh-1 with permanent magnets for
recovery of alluvial gold (Too Geos Co.).

9000 kg/m3. The FHS unit designed to separate non-ferrous metals in the den-
sity range between 6500 kg/m3 and 10 000 kg/m3, with particle size up to 25
mm, is shown in Figure 2.105.
As a result of geopolitical changes in the nineties of the last century, most

markets for GMUO ferrohydrostatic separators in the former Soviet Union disap-
peared and the separators have not been innovated to meet the current standard
of technology.
Ferrohydrostatic separators based on permanent magnets are produced by

Too Geos Co. (Russia). These small-scale low-throughput machines have been
designed for the recovery of alluvial gold from gravity concentrates. Throughput
of the Shlikh-2 model is approximately 50 kg/h, while a laboratory model Shlikh-
1, shown in Fig. 2.106 can treat about 10 kg/h.
All models of the Shlikh FHS separator are supplied together with a vibrating

screen and disk and roll magnetic separators, as shown in Fig. 2.107. These
units allow the classification of the material and the removal of strongly and
medium magnetic materials from the feed into the FHS unit.
Since FHS is a unique technique for material manipulation in areas such as

diamond-processing industry, De Beers Consolidated Mines (Pty.) Ltd. (South
Africa) developed a range of selective FHS separators. These fully automated
computer-controlled, hands-o units are capable of treating particles in the size
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Figure 2.107: Shlikh-1 system comprising a vibrating screen, disk and roll mag-
netic separators and a ferrohydrostatic separator (Too Geos Co.).

range - 25 + 0.3 mm and can distinguish a density di erence of at least 20
kg/m3 (0.02 g/cm3). Units with a throughput exceeding 1 t/h, depending on
the feed density and size, have been built [S23]. Figure 2.108 shows a two-
stage automated and secure ferrohydrostatic separator built by De Beers for

the recovery of diamonds. The ferrohydrostatic separator Rhomag
R°
, shown in

Figure 2.109, is used for separating fine fractions of exploration samples.

2.8.3 Magstream separator

The main limitation of ferrohydrostatic separation, in which the important com-
peting force is the force of gravity, is ine cient separation of fine particles. Ef-
forts were made by Revnetsev [R11] and Andres et al. [A14] to replace the force
of gravity by the centrifugal force. This proposal resulted in a rotation-based
separation process Magstream [W7] developed by Intermagnetics General Corp.
The essential features of the Magstream separation process are shown in

Fig. 2.110. Particles to be separated are combined with a ferrofluid and passed
downward through a long, vertically oriented annular duct where they rotate
with the flow guide and duct about the duct axis. The duct is surrounded by a
multipole magnet that produces a non-homogeneous magnetic field. A radially
inward displacement force, which results from the radially outward attraction
of the magnetic fluid, is felt by all particles. This force is opposed (or aided)
by a radially outward (or inward) magnetic force acting on paramagnetic (or
diamagnetic) particles, and by the centrifugal force.
At a given speed of rotation, the inward displacement forces are greater on

light particles, which then move radially inwards. Heavier particles experiencing
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Figure 2.108: An automated hands-o two-stage ferrohydrostatic separator
(courtesy of De Beers Consolidated Mines (Pty.) Ltd.).

Figure 2.109: Ferrohydrostatic separator Rhomag
R°
for separation of fine par-

ticles (courtesy of De Beers Consolidated Mines (Pty.) Ltd.).
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Figure 2.110: Schematic diagram of the Magstream separator.

Figure 2.111: Magstream 200 separator.
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higher centrifugal and magnetic forces, at the same speed of rotation, overcome
displacement forces to move radially outwards. The separation density is then
given by:

= 0 +
2

(2.11)

where is the angular velocity. It can be seen that the additional degree of
freedom, namely the speed of rotation, can be used to control the separating
force acting on the particles.
The Magstream separators were available in several models, ranging from

laboratory-scale portable units for batch separation of samples up to 300 g, to
large continuous separators with a throughput up to 250 kg/h. Figure 2.111
shows the 200 Magstream model. Magstream separators can separate particles
over a range of densities from 1300 kg/m3 to beyond 21 000 kg/m3. The accu-
racy of separation is claimed to be 100 kg/m3 (0.1 g/cm3). For the most e cient
separation, the sample should be sized between 60 m and 1 mm. Separation
of samples up to 4 mm is possible with special accessories.



Chapter 3

Theory of Processes of
Magnetic Separation of
Materials

In view of the diversity of magnetic separation techniques the theoretical de-
scriptions of the magnetic separation process are of limited general applicability.
So many factors may a ect the behaviour of a system of particles that many
problems appear at first sight to be of bewildering complexity. In general, the
particle motion in a non-homogeneous magnetic field is so involved as to pre-
vent reasonable theoretical approach. On the other hand, however, a particular
problem can often be simplified considerably and a realistic appraisal of the
equations describing the motion of the particles is possible.
As has been mentioned in Chapter 1, a particle in a magnetic separator is

acted upon by a wide array of forces of various magnitudes and ranges. The
necessary (but not su cient) condition for successful separation of more strongly
magnetic particles from less strongly magnetic particles is expressed by eq. (1.1).
In real situations, however, such a condition is di cult to evaluate. The general
expression for the magnetic force (eq. (1.8)) acquires specific forms in di erent
types of magnetic separators, depending on the pattern of the magnetic field
and its gradient. Also, the importance of various competing forces acting on
particles in a magnetic separator depends on the type of magnetic separator, on
the properties of the particles, such as size, shape, magnetic properties, density,
and on the type of fluid in which the particles to be separated are suspended.
Workable models of material separation must, therefore, be developed sepa-

rately for individual types of magnetic separators. The situation is complicated
by the fact that many branches of magnetic separation, such as separation by
suspended magnets, magnetic pulleys or wet low-intensity drum magnetic sep-
arators still constitute highly empirical technology. Hesitant steps have been
taken to develop theoretical models of dry separation in roll and drum magnetic
separators. On the other hand, open-gradient magnetic separation, magnetic
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flocculation of weakly magnetic particles and wet high-gradient magnetic sep-
aration have received considerable theoretical attention. A notable number of
papers dealing with the problem of particle capture in HGMS led to an under-
standing of the interaction between a particle and a matrix element. However,
completely general treatment of the magnetostatic and hydrodynamic behav-
iour of an assembly of the ore particles in a system of matrix elements, in the
presence of a strong magnetic field, is a theoretical problem of considerable
complexity.
A brief survey of the current theoretical descriptions of separation of ma-

terials in various types of magnetic separation equipment will be given in the
following sections.

3.1 The forces and the equations of particle mo-
tion

The equations of particle motion are relations between accelerations, velocities
and coordinates of the particles. They are second-order di erential equations
for the function ( ) where is the radius vector and is the time. Their
integration makes possible, in principle, the determination of this function and
so of the path of the particles.
The equation of particle motion in a magnetic separator can be written in a

vector form as

= (3.1)

where is the inertial force, is the mass of the particle and its
acceleration. are all the forces that may be present in a magnetic separator,
such as the magnetic force, force of gravity, hydrodynamic drag, centrifugal
force, the friction force, surface forces, magnetic dipolar forces and electrostatic
forces among the particles and others. In order to be able to solve eq. (3.1), it
is necessary to evaluate the components of all its terms in suitable coordinates.
To obtain the components of the inertial force in polar coordinates that are

convenient for most types of magnetic separators, let us consider two mutually
perpendicular unit vectors ˆ and ˆ We shall assume that these vectors have
directions of increasing and and their directions change with time. Since
the derivative of a unit vector is perpendicular to the vector, the time rates of
ˆ and ˆ can be expressed as [G1]

ˆ
= ˆ (3.2)

ˆ
= ˆ (3.3)

Now, the position of the particle, in polar coordinates, is given by = .̂
Di erentiating this equation and using eqs. (3.2) and (3.3), the components of
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the particle velocity are found to be

= (3.4)

= (3.5)

The subscripts and indicate the radial and azimuthal components, respec-
tively. By further di erentiation, the components of the particle acceleration
are obtained and hence the components of the inertial force are [G1]

=

"
2

2

µ ¶2
#

(3.6)

=

·
2

2
+ 2

¸
(3.7)

In Cartesian coordinates these equations can be written as

=
2

2
(3.8)

=
2

2
(3.9)

Complete equations of motion are obtained by combining eq. (3.1) with eqs.
(3.6) and (3.7) or (3.8) and (3.9).
While it is fairly straightforward to express components of most of the com-

peting forces, such as the force of gravity and the hydrodynamic drag, the
magnetic force is more complicated. The general form of the components of the
magnetic force, in polar coordinates are given by:

=
0

( + ) (3.10)

=
0

1
( + ) (3.11)

In the Cartesian system the components of the magnetic force can be ex-
pressed as:

=
0

( + ) (3.12)

=
0

( + ) (3.13)

where is the volume magnetic susceptibility.
It can be seen that in order to use the above equations, we must be able to

specify the components of the magnetic induction and its gradient. Each type
of a magnetic separator generates its specific pattern of the magnetic field and
the problem of particle motion has to be solved separately for each type of a
magnetic separator.
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Figure 3.1: Arrangement of magnetic poles in a drum magnetic separator.

3.2 Particle motion in drum and roll separators

Drum and roll magnetic separators are characterized by periodic arrays of mag-
netic poles. Laurila [L2] made a fundamental investigation of the periodic mag-
netic field of the cylindrical array of magnets with radial and axial poles used
in drum and roll separators. The general expressions for the components of
the magnetic force derived in [L2] can then be simplified in specific geometrical
arrangements of the magnetic poles.
Hopstock [H12] derived, based on mathematical and empirical analysis, ap-

proximate expressions for the radial and azimuthal components of the magnetic
field around a magnetic drum with axial arrangement of the magnetic poles, as
shown in Fig. 3.1.

Magnetic force in a drum separator

The approximate expressions for the radial and azimuthal components of the
magnetic induction, derived by Hopstock [H12] are :

= 0 cos(
0

) exp

·
( )

0

¸
(3.14)

= 0 sin(
0

) exp

·
( )

0

¸
(3.15)

These equations were found to give a good fit to experimental data in a num-
ber of di erent magnet configurations [H12]. The magnetic induction around a
drum, shown in Fig. 3.1, is then given by:

= 0 exp

·
( )

0

¸
(3.16)
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Figure 3.2: Forces acting on a particle placed on a magnetic drum or roll.

where 0 is the magnetic induction on the surface of the drum. It can be seen
that in this approximation is independent of angle . The approximation is
most accurate when the following condition is met

=
0 (3.17)

The term on the right-hand side of eq. (3.16) expresses the depth of the field,
defined as a distance from the surface at which the field is reduced to 1/ of its
surface value.
Equations (3.14) and (3.15) allow calculation of the magnetic field gradi-

ent and thus the magnitude of the magnetic force. As a first approximation,
Hopstock found that the radial component of the magnetic force, acting on a
magnetite particle in a drum magnetic separator is given by

=
3 2

0

0 0

(3.18)

Under Hopstock’s approximations, the azimuthal component of the magnetic
force is equal to zero, which is incorrect. In a more rigorous treatment by Birss
et al. [B9], accurate expressions for the components of the magnetic field and
force were derived in the form of a Fourier series.
Whether or not a particle is held on the drum and carried to the magnetic

fraction depends on the relative magnitudes of the magnetic force and the grav-
itational and centrifugal forces. The forces acting on a particle situated on the
surface of a drum or a roll are shown in Fig. 3.2. For a given angle of rotation
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Figure 3.3: Arrangement of magnetic poles in a roll magnetic separator.

, the radial force acting of a particle can be expressed as:

=
0

+ cos 2 (3.19)

where is the angular velocity of the particle on a roll or drum of radius . For
a specific case of a high-speed drum, when the force of gravity can be neglected,
the centrifugal force equals the magnetic force acting on a magnetite particle
when the drum is rotating at the critical angular velocity (in rad/s) given by
[H12]:

=

·
3 2

0

0 0
2

¸1 2

(3.20)

Expressions for the components of the magnetic induction for a roll magnetic
separator, shown in Fig 3.3, can be written, in cylindrical coordinates, in a more
rigorous form [M14]:

= 0 sin(
2

) exp

·
2

( )

¸
(3.21)

= 0 cos(
2

) exp

·
2

( )

¸
(3.22)

where 0 is the magnetic induction on the surface of the roll, is the radius of
the roll and is the periodicity of the magnetic system. The above equations
can be re-written in a more general form as [M14]:

= 0 sin( 1 ) exp [ 2( )] (3.23)

= 0 cos( 1 ) exp [ 2( )] (3.24)

where 1 and 2 are constants that describe the pattern of the magnetic field
as a function of and . These constants can be determined, for instance, from
the electromagnetic modelling of a specific roll separator.
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Figure 3.4: The forces acting on a particle in a drum magnetic separator
(adapted from [C9] and [S24]).

Magnetic force acting on a spherical particle of radius and volume magnetic
susceptibility , on the magnetic roll or drum, can then be written as:

= 0

2

0

2

3
{exp [ 2 2( )] exp [ 2 2( + )]} (3.25)

3.2.1 Motion of a particle on the drum or roll surface

The motion of a particle of radius situated on the surface of a drum separator
of radius , can be divided into three phases [C9], as shown in Fig. 3.4. In
the first phase, the particle is accelerating under the influence of the force of
friction and the tangential component of the force of gravity , given by
the following equation:

= ( + ) (3.26)

= sin (3.27)

where is the coe cient of dynamic friction and the angle is defined in Fig.
3.2. The end condition of phase 1 was defined by Cakir et al. [C9] as the point
when the particle reaches rotor speed , i.e. = .
Once the particle acquires the speed of the drum, a static friction coe cient
, replaces the dynamic friction coe cient in eq. (3.26). The particle then

moves with the constant angular velocity equal to the speed of the drum. When
the tangential component of the force of gravity (Fig. 3.2) becomes greater
than the force of friction , or when the particle leaves the drum, the motion
of the particle enters the third phase. At the end of the second phase

= ( + ) = (3.28)
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In the third phase the particle begins to accelerate as it slips on the drum
surface. The radial component of the force of gravity decreases in this region
until the centrifugal force exceeds the radial force and the particle leaves the
drum:

= 2( + ) = + (3.29)

Equations of motion of a particle on a magnetic drum in these three phases were
developed by Murariu [M14]. The equation of particle motion in the first phase
can be written

2

2
=

+
sin +

·
+

cos ( )2 +
( + )

¸
(3.30)

In the second phase the equation of motion is:

2

2
= 0 and thus = (3.31)

In phase three the equation of motion becomes:

2

2
=

+
sin

·
+

cos ( )2 +
( + )

¸
(3.32)

with initial conditions:
= 01 (3.33)

= (3.34)

where 01 is the angle of the slip point at the end of phase 2. At a certain value
of the angle , denoted by 02, the particle leaves the drum. At that moment
[M14]:

( + )( )2 = cos + (3.35)

It should be mentioned that in the case of the roll, the first phase is absent
since a particle is deposited on the roll at the speed of the roll.

3.2.2 Motion of the particle after it leaves the roll

When the particle leaves the roll or the drum, it is being acted upon by the
force of gravity and by the magnetic force. Schematic diagram of this situation
is shown in Fig. 3.5. The equations of motion, in Cartesian coordinates, are
[M14]:

2

2
=

( 2 + 2)1 2
(3.36)

2

2
=

( 2 + 2)1 2
(3.37)
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Figure 3.5: Forces acting on a particle when it has left the drum.

where the magnetic force is given by:

= 0

2

0

2

3

½
exp

£
2 2((

2 + 2)1 2)
¤

exp
£

2 2((
2 + 2)1 2) +

¤ ¾
(3.38)

Di erential equations (3.36) and (3.37) obey the following initial conditions

( = 0) = ( + ) sin 02 (3.39)

( = 0) = ( + ) cos 02

( = 0) = 0( + ) cos 02

( = 0) = 0( + ) sin 02

In equations (3.39) the term 0( + ) represents the initial velocity of
the particle at the moment when it leaves the drum, while 0 is the angular
velocity of the particle at that moment. By solving the equations of motion
(3.36) and (3.37), trajectories of particles can be obtained as a function of their
magnetic susceptibility, size, density and of the coe cient of friction, magnetic
field strength on the surface of the roll, the spatial distribution of the magnetic
field and the angular velocity of the roll. An example of a family of particle
trajectories is shown in Fig. 3.6.
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Figure 3.6: Particle trajectories in a roll magnetic separator. Roll diameter:
76 mm, speed of rotation: 200 rpm, particle size: 2 mm and par-
ticle mass magnetic susceptibilities (from right to left): 2.5×10 7

2.5×10 6 and 5×10 6 m3/kg.

3.3 Separation of particles by a suspended mag-
net

Suspended (or overband) magnetic separators have been used over many decades
to improve material purity and to protect processing machinery by removing un-
wanted iron and steel objects from conveyed bulk material. Although the design
procedures of such magnetic systems, that use either electromagnets or perma-
nent magnets are well established, the understanding of fundamental principles
for extraction of metal is inadequate and standards for selecting suitable sepa-
rators are inconsistent and often incorrect.

The common practice [A15, H13] is to base the evaluation of a magnetic
separator on the so-called ”force index”, which is essentially the magnetic force
density acting on a ferromagnetic body to be removed from a stream of material.
Such an approach requires that, for the extraction to occur, the product of the
magnetic induction and its gradient assumes a certain minimum value

Although such a concept is valid for certain special shapes of bodies, it does
not, in general, describe correctly the behaviour of ferromagnetic particles in a
magnetic field and can lead to erroneous design of a magnetic circuit.
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3.3.1 Magnetic force in a suspended magnet

A starting point in the evaluation of the e ciency of a suspended magnet is the
requirement that the magnetic force acting on a particle must be greater
than the sum of the competing forces, e.g. the force of gravity , the drag of
the environment , the force of friction and others. The magnetic force on
a ferromagnetic particle can be conveniently written as

= ( · ) 0 (3.40)

where is the e ective magnetic dipole moment of the particle and 0 is the
external magnetic induction.
When both the particle and the external medium are homogeneous and

isotropic, and the body has an ellipsoidal shape, the e ective dipole moment is
[L3]

= 0
+ ( )

(3.41)

where 0 is the external magnetic field strength, and are the relative
magnetic permeabilities of the particle and the external medium, respectively,
is the demagnetization factor appropriate for the axis of the ellipsoid along

which 0 is directed.
Using eqs. (3.40) and (3.41) we get for the magnetic force [S25]:

=
+ ( )

( 0 · ) 0 (3.42)

For a ferromagnetic body in a non-magnetic or weakly magnetic medium we
have 1 and = 1, so that eq. (3.42) becomes:

=
1

0

£
1 + ( 1)

¤( 0 · ) 0 (3.43)

The relative magnetic permeability of the particle is the function of the
magnetic field inside the particle, = ( ), where [L3]

=
0

+ ( )
=

0

0

£
1 + ( 1)

¤ (3.44)

for = 1

is the demagnetization factor appropriate for the axis of the easiest mag-
netization (i.e. the axis of the smallest ), as the particle is assumed to be
oriented so that its axis is parallel to the external field 0

The expression (3.43) for the magnetic force is a product of two factors: the
first factor reflects the physical properties of particles to be removed, while the
second factor, the magnetic force density

= ( 2

0) (3.45)
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Table 3.1: Static force indices (FI) and their ratios for selected shapes [S25] (l -
length, d-diameter).

Object d Force index [10 6 T2m 1] Ratio FI/FI
Rod 1.0 29 889 7.4

4.0 9 515 2.4
10.0 4 037 1.0

Sphere 31 811 7.9
Plate
13×50×50 20 300 5.0
13×200×200 11 130 2.8
25×200×200 15 300 3.8

describes the properties of the magnetic system. It is this magnetic force density
that many designers call ”force index” and use to evaluate magnetic separators.
Let us assume that a particle to be extracted by a suspended magnet rests

on a stationary conveyor and that no burden of bulk material is present. In
equilibrium = , where

= ( ) (3.46)

and is the density of the medium. Assuming that , and combining
eqs. (3.43), (3.45) and (3.46) Svoboda obtained [S25]:

=

£
1 + ( 1)

¤
1 0 (3.47)

Equation (3.47) determines the minimum force density (or force index) required
to lift a stationary ferromagnetic body of relative magnetic permeability ,
density and demagnetization factor , from its position on a belt, in the
absence of a burden of bulk material.
It can be seen that this minimum magnetic force density is independent

of particle size and depends solely on its shape (through the demagnetization
factor), its magnetic properties (through the relative magnetic permeability)
and its density. Equation (3.47) also shows that the ratio of force indices for
various shapes is in the ratio of their demagnetization factors (provided that

( 1) 1, which is satisfied for all shapes but very long rods or thin
plates, for which 1). Table 3.1 gives several examples of ratios of force
index
The minimum static force index (or magnetic force density) as a function

of the demagnetization factor, for a given material characterized by and ,
in the absence of the burden has, therefore, general validity for any size of the
object to be lifted. Figure 3.7 shows such a dependence for steel ( = 7800
kg/m3, = 1000). It can be seen that, for instance, for a steel sphere ( =
0.33) = 0.03 T2/m (80.8×103 G2 inch).
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Figure 3.7: Magnetic force density (or force index), for steel, as a function of
demagnetization factor (adapted from [S25]).

For majority of objects that are encountered in practice, the assumption that
the external magnetic field is directed along the axis of easy magnetization of
the body is invalid. Objects such as plates, rods or bolts usually rest on a con-
veyor belt with their axes of easy magnetization perpendicular to the direction
of the external magnetic field. Demagnetization factors appropriate for such
orientations are high and large force densities (or force indices) are required to
lift the body towards the magnet.

3.3.2 Torque on a magnetizable body

Under the above mentioned circumstances, the role of the magnet should be
first to re-orient the ferromagnetic body in such way that its long axis (the axis
of easy magnetization) is parallel with the direction of the external magnetic
field. This is accomplished by exerting a torque on the body by the externally
applied magnetic field.
The magnetic torque is given [L3, L4] by:

= × 0 (3.48)

Since = where is the magnetization of the particle, eq. (3.48)
can be rewritten:

= × 0 (3.49)

Assuming a body of spheroidal shape, the torque is perpendicular to the
plane passing through the axis of symmetry of the body and the direction of
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Figure 3.8: A ferromagnetic bar in a transverse external magnetic field.

0. The magnitude of the torque is given [L5] (by analogy with the torque on
a dielectric spheroid in an electric field)[S25]:

=
( )2 | 1 3 | 0 0 sin 2

2
£
( + ( )

¤ £
+ ( )

¤ (3.50)

and for = 1

=
( 1)2 | 1 3 | 2

0 sin 2

2 0

£
1 + ( 1)

¤ £
1 + ( 1)

¤ (3.51)

Here is the angle between the direction of 0 and the axis of symmetry of
the spheroid. It can be seen that the maximum torque occurs at = 450. The
torque is directed in such a way that it tends to turn the axis of symmetry of
a prolate (i.e. 0.33) or oblate ( 0.33) spheroid parallel or perpendic-
ular to 0, respectively. Therefore, the torque tends to align the axis of easy
magnetization of the body along 0.
In equilibrium, the magnetic torque is balanced by the torque exerted by

the weight of the particle and by the weight of the burden . We can thus
write for a particle having a shape of a bar:

=
1

2
( + ) (3.52)

where and and dimensions of the bar, as shown in Fig. 3.8, is the height
of the burden of the material and is its bulk density.
Combining eqs. (3.51) and (3.52) we obtain, in equilibrium, [S25]:

2

0 sin 2 = ( + ) 0

(
1

1
+ )(

+ 1

1
)

| 1 3 |
(3.53)
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Figure 3.9: Minimum values of the magnetic induction, required to orient steel
rods of selected sizes, as a function of the depth of the burden
(adapted from Svoboda [S25]).

For 1 we then have:

2

0 sin 2 = 0( + )
(1 )

| 1 3 |
(3.54)

It can be seen that if the magnetic system generates the field that is per-
pendicular to the plane of the rod, the rod will not orient itself since = 900

and thus = 0. It also transpires from eq. (3.48) that the gradient of the
magnetic field does not contribute, in the first approximation, to the torque.
Therefore, only the magnitude of the field determines whether the reorientation
of the body takes place or not.
It is clear that in contrast to the conventional description of separation by

a suspended magnet, which requires that the magnetic system is designed in
such a way that the force index achieves a certain minimum value, the
physical picture based on the magnetic torque approach requires a minimum
value of the magnetic field only. The physical content of such a description can
have important implications for the design of the magnetic system.
It follows from the previous analysis that in a suspended magnet the im-

portant parameter is the magnetic field strength. If the field strength is high
enough so that it can orientate the body along the axis of easy magnetization,
the magnitude of the force index is required to be high enough to lift the parti-
cle in the direction of its axis of easy magnetization, only. Therefore, the force
index is not the only parameter needed to evaluate a suspended magnet.
For instance, the force index may be just large enough to lift an
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Figure 3.10: Minimum values of the magnetic induction needed to orient steel
plates of selected sizes, as a function of the depth of the burden
(adapted from Svoboda [S25]).

object in the direction of its axis of easy magnetization, but the magnitude of
the magnetic field itself may still be too low for the condition of eq. (3.53) to
be met. The object then will not re-orientate itself appropriately and will not
be lifted.
When designing the magnetic system of a suspended magnet two conditions

thus must be met: the magnitude and the direction of the magnetic field must
satisfy eq. (3.54) and, at the same time, the force index must fulfill condition
given by eq. (3.47).
Typical dependence of the minimum magnetic field on the depth of the

burden, for selected sizes of steel rods and plates, is shown in Figs. 3.9 and
3.10. Similar diagrams can be constructed for other shapes and sizes using eq.
(3.53), provided the demagnetization factors are known.
A comparison between theoretical values of the minimum magnetic induction

min required to orient a body along its axis of easy magnetization, calculated
using eq. (3.53), and experimental values is given in Table 3.2. It can be seen
that the agreement is satisfactory.

3.3.3 Demagnetization factors

Calculation of the demagnetization factor for objects of shapes di erent from
that of an ellipsoid is complex and the values found in literature, e.g. for ellip-
soids and infinite cylinders, are often of limited practical use. Brown [B3] gives
tables for circular cylinders of finite length, magnetized longitudinally, and for
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Table 3.2: Comparison of theoretical and experimental values of the minimum
magnetic induction required to orient steel objects, as a function of
the depth of the burden [S25].

Object Bmin [T]
Burden depth [mm] Exp. Theor.

Rod 3×30 mm 0 0.0124 0.0113
10 0.016 0.0132

Plate 0.1×22×43 mm 0 0.0033 0.0034
10 0.0131 0.0114

Table 3.3: Demagnetization factors of ferromagnetic objects [S25]. Cylinders
and plates are magnetized longitudinally(l - length, d - diameter).

Object Size ( ) N
Sphere 0.33
Finite cylinder 0 1.0

0.4 0.528
1.0 0.3116
4.0 0.098
10.0 0.041
40.0 0.011
100.0 0.004
1000.0 0.0004

Plate 13×50×50 mm 0.19
13×200×200 0.06
25×200×200 0.11

rectangular rods magnetized transversely. These geometries, together with an
ellipsoid, should be su cient for analysis since other shapes usually encountered
in the separation practice (plates, hexagons) can be, in the first approximation,
converted into geometries for which the demagnetization factors are available.
Values of demagnetization factors for selected shapes and sizes are given in Table
3.3.

3.3.4 The e ect of the burden

It transpires from the above analysis that a ferromagnetic object to be lifted by
the suspended magnet must be first re-orientated by the action of the magnetic
field, in such a way that its long axis (i.e. the axis of easy magnetization) is
parallel with the direction of the magnetic field. Once this is achieved, the
magnetic force is needed to overcome the weight of the object. The object will
then be lifted provided the force index acting on a particle is greater than the
minimum force index given by eq. (3.47).
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Figure 3.11: The static force index as a function of the depth of the burden,
for various sizes of a ferromagnetic sphere ( = 1000 = 7800
kg/m3, = 800 kg/m3) (adapted from [S25]).

In practice, however, a ferromagnetic particle is usually buried in a layer
of loosely packed material, e.g. coal. With the body at rest, the minimum
magnetic force required to move the object is determined by its weight and by
the force of pressure on the upper hemisphere of the body:

= (3.55)

where is the volume of the burden above the body. In equilibrium

= + (3.56)

From eq. (3.56), taking into account that a modified version of
eq. (3.47) can be written [S25]:

= 0

£
1 + ( 1)

¤
1

( + ) (3.57)

It can be seen from eq. (3.57) that the static magnetic force density (or force
index in the presence of the burden depends not only on the shape of the object,
but also, in contrast to the situation when the burden is absent (eq. (3.47)),
on the size of the object. A typical dependence of the static force index on the
depth of the burden, for various sizes of a ferromagnetic sphere, is shown in Fig.
3.11.
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Similar diagrams can be constructed, using eq. (3.57), for other shapes. It
can be seen that the static force index increases steeply with increasing depth of
the burden for small particles, while for larger objects the dependence is mild.

3.4 High-gradient magnetic separation

During the last three decades, high-gradient magnetic separation (HGMS) has
attracted considerable attention, both experimentally and theoretically. It has
established itself as a powerful technique for the manipulation of fine weakly
magnetic particles. HGMS has also become a beloved subject of theoretical
modelling and a notable number of publications dealing with the problem of
particle capture led to an understanding of the interaction between a magneti-
zable particle and a matrix element.
The problem of particle capture in a matrix of a high-gradient magnetic

separator can be looked upon from both the macroscopic and microscopic points
of view. The macroscopic studies are aimed at the phenomenological description
of the separation process and the prediction of its dynamic behaviour. The
microscopic theories are intended to provide insight into the mechanisms of
particle capture by the matrix. The complex problems facing the microscopic
theories were considerably simplified by considering, in the first instance, the
interaction between a single particle and a single matrix element. The theory of
multi-particle and multi-collector magnetic separation was then developed as a
direct extension of the single element model. Validity of such an approach has
been questioned and theoretical analysis and experimental data confirm only
limited applicability of such an extension to real-life multi-element scenario.
A detailed description of the theoretical models of high-gradient magnetic

separation is given in a book by Gerber and Birss [G1] and other publications
[B10, S1]. A brief survey of the theory of HGMS is given in the following section.

3.4.1 Theory of particle capture by a single-collector

The main emphasis in the early models of high-gradient magnetic separation
was on the analysis of particle trajectories in the vicinity of a single magne-
tized matrix collector, usually a wire [W8, W9, L6, C10]. These studies were
inspired by the early analysis by Zabel [Z6] who studied the mechanisms of
dielectrophoretic capture on fiber matrix.
Watson [W8] considered a ferromagnetic wire of radius placed along the

-axis in a diamagnetic fluid, as shown in Fig. 3.12. A uniform magnetic field
0, strong enough to saturate the wire, is applied in the direction. Spherical

paramagnetic particles of radius are carried by a fluid of viscosity that flows
with uniform velocity 0 in the negative -direction.
This orientation is one of the three possible arrangements between the di-

rections of the magnetic field and particle flow velocity with respect to the
ferromagnetic wire. It is always assumed that the wire is orthogonal to the
external magnetic field; the fluid flow can be either parallel (longitudinal - L-



182 CHAPTER 3. THEORY OF MAGNETIC SEPARATION

Y

H0

v0

Z

a

b

X

Figure 3.12: A ferromagnetic wire and a paramagnetic particle in a magnetic
field.

Figure 3.13: Graphic representation of three geometrical configurations in
HGMS and of the profiles of the particle build-up on the ferro-
magnetic wire.
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Figure 3.14: The configuration of particle capture in a single-wire approxima-
tion.

orientation) or perpendicular (transverse - T - orientation) to the direction of
magnetic field. The third configuration, when the initial fluid flow is parallel
to the wire, is known as the axial (A) configuration. These three geometrical
configurations are illustrated in Fig. 3.13.
In order to describe the motion of a small paramagnetic particle travelling in

a fluid stream in the presence of a magnetized wire, one assumes that the particle
experiences magnetic, hydrodynamic and gravitational forces. The balance of
forces which describes the particle motion is given by eq. (3.1), or in a more
explicit form by eq. (3.58):

= + + (3.58)

where is the inertial force.
The general configuration of the particle motion problem in a single-wire

approximation is shown in Fig. 3.14.
In order to obtain the magnetic force acting on a small paramagnetic particle

in the vicinity of a magnetized wire, the magnetic field, external to and generated
by the magnetized wire must be expressed as a function of the wire radius. The
components of the magnetic field outside the wire, in polar coordinates, as
defined in Figure 3.14, can be written [G1, S1] as:

= 0(1 +
2

2
) cos (3.59)

= 0(1
2

2
) sin (3.60)
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where

=
2 0

(3.61)

For 0 = 1 while for 0 = 2 0. and are
the saturation magnetic field strength and saturation magnetization of the wire
material, respectively.

The magnetic force

By inserting eqs. (3.59) and (3.60) into eq. (1.8), components of the magnetic
traction force on a magnetizable particle are obtained:

= 0
2

3
(

2

2
+ 0 cos 2 ) (3.62)

= 0
2

0

3
sin 2 (3.63)

= 0 (3.64)

If the net volume magnetic susceptibility = is positive, then the
radial component of the magnetic traction force between the particle and the
wire is attractive provided that

2

2
+ 0 cos 2 0 (3.65)

The component becomes repulsive for in two symmetrical regions,
the boundaries of which are determined by a critical angle [B10]

= arctan(
1 +

2

2

1
2

2

) (3.66)

As shown in Fig. 3.15, the angle determines sections of the wire surface
that are attractive or repulsive to paramagnetic or diamagnetic particles. It
is apparent from eq. (3.65) that paramagnetic particles will be collected at
angles smaller than and repelled at angles greater than On the other
hand, diamagnetic particles, with negative susceptibilities, will be attracted to
the wire collector at angles and repelled in regions where
The situation is summarized in Fig. 3.16, which shows the contours of the

magnetic force around a magnetized cylindrical wire. The hyperbolae indicate
the lines of zero radial force. It can be seen from eq. (3.66) that the angle
decreases with increasing magnetic field strength. Therefore, the area on the
matrix collector, available for the capture of paramagnetic particles decreases
with increasing field strength.
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Figure 3.15: Attractive and repulsive regions around a wire collector (r = )

Figure 3.16: Pattern of the magnetic force around a magnetized cylindrical wire.
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The fluid flow distribution and the viscous drag

The hydrodynamic drag acting on a particle travelling in a fluid stream is eval-
uated by calculating the flow field around a circular cylinder. The simplest
approach to this di cult problem is to assume that the fluid is inviscid and
incompressible. Then the fluid velocity can be written as the gradient of the
velocity potential and by solving Laplace’s equation it is possible to obtain the
fluid velocity in polar coordinates [G1]:

= 0(1
2

2
) cos( ) (3.67)

= 0(1 +
2

2
) sin( ) (3.68)

The potential flow gives good description of the flow conditions on the front
side of wire for high Reynolds number, i.e. for Re 1, where Re is given by

Re =
2 0

(3.69)

For high Reynolds numbers the inertial forces exceed the viscous forces every-
where in the flow field except within a thin boundary layer at the wire surface
and at the rear side of the wire.
For low Reynolds numbers, Re 1, the inertial forces are smaller than the

viscous forces and the flow has a viscous (or creeping or laminar) character. The
velocity distribution can then be obtained by Lamb’s method [B11, G1]:

= 0

ln( ) 0 5
h
1 ( )2

i
2 002 lnRe

cos( ) (3.70)

= 0

ln( ) + 0 5
h
1 ( )2

i
2 002 lnRe

sin( ) (3.71)

As has been mentioned above, flow velocity at the wire surface becomes
zero in the viscous flow model, while in the potential flow model it can reach
values up to 2 0. These di erences between the two models are particularly
noticeable in the collection process. It was shown by Cummings et al. [C11]
that particles in viscous (laminar) flow begin to move away from the wire much
further upstream than those in potential flow. Because the viscous flow field
”sees” the wire much further upstream, particle transport to the region of the
highest magnetic force is greatly diminished.
Viscous drag force is obtained from Stokes’s equation (eq. (1.16)) and the

components of this drag force can be written:

= 6 ( ) (3.72)

= 6 ( ) (3.73)

The components of the fluid velocity and are given by eqs. (3.67) and
(3.68) or eqs. (3.70) and (3.71), depending on the value of the Reynolds number.
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The gravitational force

The gravitational force is given by eq. (1.14) and its components, in polar
coordinates, can be written [G1, G5]:

= ( ) cos( ) (3.74)

= ( ) sin( ) (3.75)

Equations of particle motion

The dynamic behaviour of the particle in a single-wire approximation of high-
gradient magnetic separation is described by eq. (3.58). The complete equations
of motion in polar coordinates were obtained by a number of authors, for in-
stance [W8, G1, G5, C11, L6, L7]. If the analysis is limited to the motion of
small particles (e.g. 2 75 m), for which the gravitational force is much
smaller than the hydrodynamic force, and the condition

2 2

9
1 (3.76)

is satisfied, the inertial and gravitational terms in eq. (3.58) can be neglected.
The radial and azimuthal components of the equation of motion can be written
[B10] as :

=
0
(1

1
2
) cos( ) (

5
+

cos 2
3

) (3.77)

= (1 +
1
2
) sin( )

sin 2
3

(3.78)

where = and

=
2 0( ) 0

2

9
(3.79)

is the parameter introduced by Watson [W8]. It has the dimension of [m/s] and
is termed magnetic velocity.
When = 0, eqs. (3.77) and (3.78) describe the motion of a particle in

the longitudinal configuration, while when = 2 they describe the motion
in transverse configuration. By combining eqs. (3.77) and (3.78) the time-
independent equation is obtained [W8]:

1
=

(1
1
2
) cos( )

0

(
5

+
cos 2

3
)

(1 +
1
2
) sin( ) +

0

sin 2
3

(3.80)

Particle trajectories can thus be described by an equation of a general form

1
= (

0 2 0

) (3.81)
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The path taken by the particle depends, therefore, only on 0 2 0,
and the initial position and the initial velocity of the particle.
The complete equations of motion (eqs. (3.77) and (3.78)) can be solved

only numerically. The solutions (i.e. the particle trajectories) are of two types,
depending on whether the particle is captured by the wire or not. The critical
trajectory, for which the particle is just captured, is characterized by the capture
radius .
Approximate analytical solutions of the equations of motions in the case

of the potential flow, under the condition that | 0 | 2 yield the
following expression for the capture radius in the longitudinal and transverse
configurations [G1, G5]:

'
3 3

4
(|

0

|)1 3

·
1

2

3
(

0

) 2 3

¸
(3.82)

where the normalized quantities are defined as = = and
0 = 0 Thus, for a given | 0 | ratio, both configurations have the
same capture radius.
When | 0 | 2 the critical capture radius in the longitudinal con-

figuration ( = 0) is given by

=
1

2 0

h
(1 2)1 2 + ( arccos )

i
(3.83)

and in the transverse configuration ( = 2) [G1]:

=
1

2 0

h
(1 2)1 2 + (2 arccos

i
(3.84)

It is apparent from eqs. (3.82), (3.83) and (3.84) that the dependence of
upon the ratio 0 can be divided into two categories: at low values of
0, the capture radius increases linearly with this ratio

0

(3.85)

while at large values it increases approximately as

(
0

)1 3 (3.86)

Axial configuration

The analysis of a particle motion in the axial (A) configuration, where the
wire axis and the fluid flow are mutually parallel, and the magnetic field is
perpendicular to them (Figs. 3.13 and 3.17), does not require, in contrast to
other cases, numerical computations. Since the results can be derived in an
analytical form, this configuration became a favourite object of the modelling of
particle capture. The dynamics of the particles and their build-up on the wire
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Figure 3.17: The axial configuration.

in A-configuration have been described in numerous papers, for example [G9,
B12, U4, B13].
The equations of particle motion (eqs. (3.77) and (3.78)) are reduced in this

configuration to the simplified forms

= (
5

+
cos 2

3
) (3.87)

=
sin 2

4
(3.88)

=
0 (3.89)

The elimination of time from eqs. (3.87), (3.88) and (3.89) produces a set of

di erential equations

=
sin 2

+ cot 2 (3.90)

=
0

4

sin 2
(3.91)

From these equations the particle trajectories can be determined analytically
[G1,G9, B12].
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Figure 3.18: Build-up of paramagnetic particles on a magnetized wire in the
longitudinal configuration.

Particle build-up

Previous analyses of particle trajectories in the vicinity of a magnetized wire
considered the capture process in the initial stage, i.e. with no loading of the
wire with the captured particles. The determination of the exact process of the
particle build-up is a complicated problem. As the suspension flows through the
matrix, some of the particles, under the influence of several forces, are deposited
onto the matrix elements or onto already deposited particles. Consequently the
geometry, the structure and the surface characteristics of the matrix may be
significantly modified. These changes, in turn, a ect the flow of the suspension
through the matrix and the subsequent capture. Further complications may
also arise as a result of dislodgment of the captured particles and their possible
re-capture. As a result, the dynamic behaviour of the separation process varies
with the time as well as with other variables.
The force that is principally responsible for the particle capture is the mag-

netic force. Particles are attracted towards the wire if the radial component of
the magnetic force 0 Thus the condition = 0 defines the critical
angle given by eq. (3.66). The stability of a particle on the wire surface
is determined by the balance of the tangential components mainly of the mag-
netic and hydrodynamic forces. Gerber found that the angle , for which a
paramagnetic particle will be retained on the wire, is given as [G1]:

| |6 arcsin

·
1 (

0
)2
¸1 2

(3.92)
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Figure 3.19: Build-up of paramagnetic particles on a magnetized wire in the
transverse configuration.

It transpires from eq. (3.92) that retention will occur only if 0 1 [W8,
W9]. However, the experimental results show that a much less stringent condi-
tion can still lead to a reasonably high degree of capture.

Examples of the build-up of paramagnetic particles on a magnetized wire
in three principal configurations are shown in Figs. 3.18, 3.19 and 3.20. Dia-
magnetic particles are retained in the complementary regions as follows from
Fig. 3.16. The experimentally determined build-up of paramagnetic kimberlite
particles in the transverse configuration is shown in Fig. 3.21.

Essentially all theoretical descriptions of particle capture by a magnetized
wire assumed the idealized situation in which the collection wire axis was ori-
ented orthogonally to the magnetic field direction. This assumption resulted
from the belief that only these configurations would create sizable deposits.
Birss et al. [B14, S26] considered the collection process on a cylinder with its
axis oriented at an angle with the magnetic field direction. They found that
the e ect of the non-orthogonal wire orientation can be taken into account by
replacing the coe cients 0 and by more general terms. These terms are
the functions of the o set angle , defined in Fig. 3.22.

Experimental observation by Svoboda et al. [S27], of particle collection at
various o set angles , demonstrated that even at the o set angle as large as
800 there is considerable collection of particles, as shown in Fig. 3.23. The
length of the section of the wire where the diamagnetic capture takes place is a
function of the o set angle. For the o set angle equal to 2 (the magnetic field
parallel with the wire axis) the paramagnetic capture takes place only at the
end of the wire while the entire length of the wire is repulsive for paramagnetic
particles, as shown in Fig. 3.24.
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Figure 3.20: Build-up of paramagnetic particles on a magnetized wire in the
axial configuration.

Figure 3.21: Build-up of paramagnetic particles of kimberlite (mean size 4.7 m,
magnetic susceptibility 1.7×10 6 m3/kg) on a magnetized nickel
wire in transverse configuration ( 0 = 1.7 T, 0 = 0.25 cm/s)
[S27].
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Figure 3.22: The plane view of the generalized transverse orientation with the
magnetic field making an angle ( 2 ) with the wire axis.

Figure 3.23: Collection of kimberlite particles on a nickel wire (diameter 125 m)
in the transverse configuration, with the magnetic field making an
angle of 100 with the wire axis (o set angle = 800), (B0 = 1.7
T, v0 = 0.25 cm/s) [S27].
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Figure 3.24: Collection of paramagnetic kimberlite particles on a nickel wire
magnetized along its axis (o set angle = 900) [S27].

Nesset and Finch [N2, N5] developed a static model of particle capture in
HGMS, in which the fluid drag force included the changing boundary layer
thickness over the front portion of the wire. They assumed that for a particle
to remain attached to the wire, two conditions would have to be met. First, the
net radial force acting on a particle must be attractive, that is

+ 6 0 (3.93)

where and are given by eq. (3.62) and (3.74), respectively.
The second condition is that the net tangential force must push particles

towards the region of a greater attractive radial force. In the case of the longi-
tudinal paramagnetic build-up, this condition can be expressed as:

+ + 6 0 (3.94)

where is the fluid drag force, which is proportional to the shear stress 0 in
the boundary layer. Thus [N2]

=
2

2
2

0 (3.95)

By solving equations (3.93) and (3.94), the outline of the build-up profile can
be found computationally as intersecting loci of points { } satisfying these
equations. The two retention criteria are satisfied only in the cross-hatched
region shown in Fig. 3.25.
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Figure 3.25: Loci of zero radial and azimuthal forces around the wire in the
longitudinal orientation (adapted from [N5]).

Capture of diamagnetic particles

It transpires from eq. (1.8) that if the susceptibility di erence is pos-
itive, then the magnetic force between the wire and the particle is attractive,
provided that the radial component is negative. This is the case of capture
of paramagnetic particles, under the condition that eq. (3.65) is satisfied.
On the other hand, there are two symmetrical curved volumes, the bound-

aries of which are determined by the critical angle , given by eq. (3.66),
in which the radial force acting on paramagnetic particles is repulsive, while
the radial force acting on diamagnetic particles is attractive. These regions, in
which collection of diamagnetic particles takes place, are complementary to the
regions of collection of paramagnetic particles, as illustrated in Figs. 3.18, 3.19
and 3.20.
The value of depends on both (or ) and 0 (or 0) as shown in

Fig. 3.26. It can be seen that as the strength of the external magnetic field
increases, the area of the wire collector available for the capture of diamagnetic
particle also increases. The e ective area for the capture of paramagnetic par-
ticles is, therefore, correspondingly reduced. This phenomenon indicates that
an increase in the operating magnetic field can negatively a ect the loading
capacity of the matrix, the selectivity of separation and the overall performance
of a magnetic separator. The first experimental confirmation of the diamagnetic
capture was reported by Friedlaender et al. [F9]. They showed that by dissolv-
ing a paramagnetic salt in water, can be made positive and su ciently large,
so that =| | is large and the attractive magnetic force is su ciently
strong to recover particles of aluminium oxide. A theory of diamagnetic capture
was developed and published by Birss and Parker [B15], simultaneously with



196 CHAPTER 3. THEORY OF MAGNETIC SEPARATION

Figure 3.26: The critical angle as a function of the magnetic induction (for
= 1.7 T) [S1].

Friedlaender’s experimental paper [F9].
Although the recovery of diamagnetic particles by magnetic separation is

feasible in principle, simultaneous capture of paramagnetic particles prevents a
magnetic separator from being a selective device for separation of diamagnetic
materials. This limitation can be, however, overcome by magnetizing the wire
collectors along their long axes (the o set angle = 2). At this orientation,
the paramagnetic particles are captured only at the end tip of the wire, as is
shown in Fig. 3.24. The entire length of the wire is then attractive for diamag-
netic particles. Collection of diamagnetic bismuth particles in this configuration
was observed by Svoboda et al. [S27] and is shown in Fig. 3.27.

Magnetic separation at moderate Reynolds numbers

Experimental investigation by Friedlaender et al. into the particle capture on a
single wire in the longitudinal configuration indicated [F10] that for moderate
values of Reynolds number for the wire (Re 6 to 40), the material can be cap-
tured at the rear of the wire. Theoretical treatment by Watson [W10] showed
that at higher velocities of the suspension a pair of stable standing vortices,
which appear on the downstream side of a wire, can induce capture of particles
on the trailing side of a matrix collector. This situation is illustrated in Fig.
3.28. The shaded areas on the upstream and downstream sides of the wire are
attractive for paramagnetic particles. The unshaded portions around the axis
are repulsive, and particles arriving from the front part of the wire towards the
wake must, therefore, pass through the repulsive regions.
It was shown in subsequent studies that the magnitude of the Reynolds num-
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Figure 3.27: Collection of diamagnetic particles of bismuth ( = - 16.3×10 9

m3/kg) on the upstream and downstream sides of the nickel wire
magnetized parallel to its axis ( 0 = 1.9 T, v0 = 0.13 cm/s) [S27].
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Figure 3.28: The downstream capture into a stationary wake formed by twin
vortices.
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ber is not the only condition for the vortex capture [W11]. The thickness of the
boundary layer, the particle size and the field strength were found to be the
main factors a ecting the vortex capture. In particular it was determined that,
for vortex capture to occur, it is necessary that 1. The separation
process, taking place under such conditions, for which the downstream particle
capture takes place, was termed vortex magnetic separation by Watson [W11].
The applicability of this phenomenon, investigated mainly in single-wire exper-
iments, to real operational situations, has been a subject of controversy [S28,
W12].
It was argued by Watson et al. [L8] that if the conditions for the downstream

capture are met, the recovery, the grade of the magnetic concentrate and the
throughput would be very high. However, it was shown by Svoboda [S28] that
such conditions can be possibly met only when very fine (e.g. 125 m) steel
wool matrix is used and when the flow rate of the slurry through the matrix
is close to the upper limit possible in such a matrix [S29]. Such conditions are
usually used to remove fine weakly magnetic impurities from industrial minerals,
such as kaolin. In those applications, however, the magnetic fraction is a waste
and its grade is of no relevance to the e ciency of the process. On the other
hand, in those applications where the magnetic fraction is the useful product,
such as beneficiation of ferrous and non-ferrous ores, much coarser matrix (e.g.
expanded metal or woven mesh) and much higher slurry velocities must be used
in order to maintain meaningful economically viable throughput. Under these
circumstances the conditions for the vortex formation are not met since the
Reynolds number is at least an order of magnitude greater than the upper value
required for downstream capture to take place.

3.4.2 Capture of particles in multi-collector matrices

The matrix of a real magnetic separator consists of a large number of individual
collectors. There are essentially two possible ways of developing a theory of
multi-collector magnetic filters: one way is to build the theory from first prin-
ciples and the other is to incorporate the single-collector model into a multi-
collector phenomenological description.
In the first approach, the particle trajectories and the capture e ciencies

were investigated for the case of wire collectors arranged in regular arrays. Con-
figurations of single and double layers of wires were analyzed and reported in
numerous publications [H14, T4, E1, S30, G7, R12, R13]. As a result of consid-
erable mathematical complexity of the problem the applicability of the theory
to real matrix is limited.

Particle capture by ferromagnetic spheres. In spite of high e ciency of
a ball matrix in some industrial applications of magnetic separation [S1], only
a limited attention has been paid to the theoretical analysis of particle capture
by spherical collectors. The character of the particle capture and of the build-
up is inevitably di erent for spheres compared to the wires. The di erence
follows from the fact that the cross-sectional capture area of a sphere increases
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Figure 3.29: The e ciency of magnetic filtration of Fe2O3 particles (diameter
0.08 m) in a bed of steel spheres, as a function of the applied
magnetic field (adapted from [A16]).

quadratically with the capture radius , whereas that of a wire increases
only linearly. Friedlaender et al. [F11, F12] solved numerically the equation
of motion (eq. 3.58) in transverse configuration and found that the capture
of paramagnetic particles occurred in conically shaped surfaces defined by the
critical angle

| |= arcsin
2
h
1 + 2 ( )3

i
3
h
1 + ( )3

i (3.96)

which is equivalent to eq. (3.66) derived for a cylindrical wire. The parameter
given by

=
3 0

(3.97)

is equivalent to eq. (3.61) for the wire. Capture of diamagnetic particles then
takes place on conical surfaces complementary to those for paramagnetic cap-
ture.
It transpired from theoretical analysis of particle capture in a bed of spheres

by Watson and Watson [W13] that the probability of particle capture increased
with increasing background magnetic field until the field was high enough to
saturate magnetically the ferromagnetic spheres.
However, Moyer et al. [M15, M16] argued that the observed saturation

of the capture probability occurred at the magnetic field strengths far below
those required to saturate magnetically the spheres comprising the matrix bed.
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Figure 3.30: Schematic view of the normalized build-up in a filter, as a
function of the filter length.

This theoretical prediction was confirmed experimentally by Arajs et al. [A16].
As Fig. 3.29 illustrates, the filtration e ciency of submicrometer particles of
Fe2O3 in a bed of steel spheres levelled o at the magnetic induction of about

0.1 T, far below the saturation polarization of 1 T of the sphere material. Such
a behaviour was not observed for an isolated collecting sphere [F12]. This is a
very significant observation, since it indicates that the mechanisms of particle
capture on a single collector and on an assembly of collectors in a packed bed
are governed by di erent laws. It becomes clear again that it is not permissible
to extend single-collector theoretical models (eqs. (3.83) and (3.84)) to multi-
collector assemblies of matrix collectors.

Phenomenological model of HGMS

The alternative approach to multi-collector magnetic separation is a phenom-
enological model [W14, G1], which is less rigorous but at the same time less
complicated and closer to practical needs of high-gradient magnetic filtration.
It cannot, however, be easily applied to the process of separation of multicom-
ponent mixtures of materials.
The fundamental equations describing the particle retention in a filter and

the time-dependent performance of a filter are the macroscopic conservation
equations and the rate equation. Let us consider particles travelling through
an absorption filter of length , as illustrated in Fig. 3.30. By equating the
di erence between the numbers of particles entering and leaving the volume

per unit time, to the time rate of increase of the number of particles, the
conservation equation is obtained as

( )
= 0

( )
(3.98)
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Figure 3.31: A breakthrough curve of a filter with a constant absorption coe -
cient . At time the filter becomes fully saturated.

where ( ) is the number of captured particles in the filter between and
+ , at time ( ) is the number of suspended particles in a volume of

the fluid , is the porosity of the filter matrix, 0 the superficial velocity
and the displacement time defined as = 0

The rate equation can be expressed in the form of the Iwasaki relation [R14]

( ) = (3.99)

where is the filter coe cient having the dimension of the reciprocal length.
Equation 3.99 shows that the profile of the particulate concentrate in the liquid
phase throughout a filter is logarithmic.
The solution of the rate equation can thus be written as

( )
= exp( ) (3.100)

= exp( ) (3.101)

where and are the influent and e uent concentrations.
Since nothing is known, in the phenomenological approach, about the phys-

ical processes taking place inside the filter, all information about the filter per-
formance must be derived from its breakthrough curve, i.e. from the output
concentration as a function of time, as shown in Fig. 3.31.
By incorporating the single-wire magnetic separation model into the above

eqs. (3.100) and (3.101) Watson found [W8], the e ciency of the magnetic filter
to be

= exp( ) (3.102)
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where = 2 for ordered filters and = 4/3 for random filters. is the
normalized capture radius given, for example, by eqs. (3.82) to (3.84), while
is the filling factor of the filter matrix ( = 1 ).
Equation (3.102) clearly illustrates that it is not possible to extend the single-

wire capture approach to multi-collector situation, as already demonstrated by
Fig. 3.29. According to eq. (3.102), the e ciency of the filter depends on the
capture radius calculated for the single-collector scenario. In the single-collector
situation the particle capture is indeed determined by the capture radius and,
therefore, by the magnetic velocity or by the strength of the applied magnetic
field. In a multi-collector situation, there are several additional mechanisms that
lead to particle collisions with the collectors and ultimately to capture. As will
be shown in the next section, under suitable conditions, usually present in real
operational situations, these mechanisms can be significantly more important
than the magnetic traction mechanism, the only mechanism of particle capture
considered in the single-collector approach. By inclusion of the single-collector
capture radius , eq. (3.102), therefore, underestimates, by a wide margin,
the e ciency of the filter and, at the same time, overestimates the role of the
magnetic field in particle capture.

Particle capture in a real matrix

It transpires from the above discussion that it is not permissible to incorporate
the single-collector model into a multiple-collector situation. In a single-collector
situation the probability of a particle colliding with the matrix element is very
small and the particle thus must be attracted to the collector by the magnetic
traction force. On the other hand, in a real situation, where the matrix is
essentially a bed of matrix elements, the e ciency of particle collision with the
matrix elements is determined, to a great extent, by mechanical, i.e. ”non-
magnetic” mechanisms of collision, as has been argued by Svoboda [S31, S32].
It can, therefore, be assumed that HGMS is essentially a deep bed filter with
an externally applied magnetic field.
High-gradient magnetic separation can thus be viewed as a stochastic process

in which the chance of a particle reporting into the magnetic fraction is the
product of two probability terms:

= × (3.103)

where is the probability of recovery of a particle into the magnetic
fraction, is the probability of collision between a particle and the matrix
and is the probability of retention of a particle on the matrix.
While the first term on the right-hand side of eq. (3.103) is controlled by

the hydrodynamic and geometrical conditions in the matrix, the second term
depends on the magnetic and surface forces between the particle and the matrix
element, and on the hydrodynamic regime.

Collision of particles with the matrix. Figure 3.32 illustrates typical colli-
sion mechanisms in a deep bed filter. These mechanisms also play a decisive role
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Figure 3.32: Collision mechanisms in deep-bed filtration.

in multi-collector HGMS. A particle following a streamline may come in con-
tact with the matrix element by virtue of its finite size (interception or straining,
case A), and as a result of inertia (case B), sedimentation (case C) or di usion
(case D).
The velocity of the liquid can be also greater on one side of the particle than

on the other, causing the particle to rotate. As a result, a force that develops
laterally to the direction of flow will drive particles across the flow field. This
hydrodynamic e ect also contributes to the collision of particles with collectors.
The collision probability can then be written, according to eq. (3.101):

= 1 exp( ) (3.104)

where is the concentration of particles which collided with the matrix col-
lectors. The filter coe cient can be written in terms of the collision e ciency
of a single collector as [M17]

= (
3

4
)1 3 ln(1 ) (3.105)

where = (1 )1 3.
The total filter coe cient can be obtained from eq. (3.105) by calculating

the collision e ciencies of individual processes (e.g. [W15, I4, C12, H15])
that lead to collision. It was found [S33] that, for example, for steel wool and
ball matrices, with element diameter of 200 m and 6 mm, respectively, the
dominant mechanism of collision is sedimentation. The hydrodynamic e ect
also contributes, particularly for small particles. On the other hand, wedging in
the crevices of the matrix becomes significant for larger particles.
Equation (3.104) then can be used to calculate the ratio , i.e. the

ratio of the concentration of particles that collided with the matrix, to the
concentration of particles that entered the matrix bed. Figure 3.33 documents
that all particles as small as 4 m, moving with superficial velocity of 0.07 m/s
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Figure 3.33: The proportion of particles colliding with steel wool matrix as a
function of of the matrix length. = 0.07 m/s, 2 = 400 m, =
0.95 (adapted from Svoboda [S33]).

Figure 3.34: The proportion of particles colliding with a steel ball matrix, as a
function of the matrix depth. = 0.07 m/s, 2 = 6 mm, = 0.4
(adapted from Svoboda [S33]).



3.4. HIGH-GRADIENT MAGNETIC SEPARATION 205

Figure 3.35: The proportion of particles colliding with steel wool matrix, as a
function of superficial velocity. = 200 mm, 2 = 400 m, =
0.95 (adapted from [S33]).

or smaller, will have collided with the steel wool matrix, with the matrix bed
depth of 200 mm. A similar trend can be observed for the steel ball matrix,
as illustrated in Fig. 3.34. With decreasing velocity the probability of collision
rapidly increases, as shown in Fig. 3.35.

The retention of particles For a particle to be retained on the matrix
after a collision, the total interaction between the particles and the matrix
and the fluid medium must be attractive. For su ciently large particles the
surface forces can be neglected and the magnetic dipolar and the hydrodynamic
interactions are decisive. The mean free magnetic energy for the interaction of a
spherical paramagnetic particle of susceptibility with a ferromagnetic sphere
of saturation magnetization placed in an external magnetic field can be
written [S1] as

=
4 2 2

3 0

32 2 3 3

9 3
(3.106)

where is the distance between the interacting bodies.
Since and = + , eq. (3.106) gives [S31]

=
32

9
2 3 (3.107)

The hydrodynamic potential energy of a particle captured on the surface of a
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collector is assumed to be Stokesian:

= 6 (3.108)

A particle will remain attached to the matrix if + 0. Therefore, for a
particle to be retained by the matrix, the magnetic induction must be greater
than the threshold magnetic induction that can be determined from the steady-
state condition + = 0. Therefore, [S33]:

27

16 2
(3.109)

It is evident from eq. (3.109) that, for given conditions of separation, i.e. particle
size and susceptibility, flow velocity and size of matrix elements, an increase
in strength of the applied magnetic field beyond the threshold value will not
increase the retention of particles on the matrix.
It might appear from eq. (3.109) that by increasing the magnetic field

strength it is possible to increase the flow velocity and thus the throughput
of a separator, and still maintain the required rate of particle retention. How-
ever, if the particle velocity is too high, the particles will never collide with
the matrix bed and will thus not be available for retention. This scenario is
illustrated in Fig. 3.35.
Furthermore, the selectivity of the separation process is be determined by the

e ciency with which the "non-magnetic" particles are being swept away from
the matrix by the erosive force of the fluid. Consequently, for particles that are
supposed to report into the non-magnetic fraction, the inequality inverse to that
given by eq. (3.109) should apply. This is in contrast to the trajectory models,
in which the non-magnetic particles never reach the matrix surface.

3.5 Linear open-gradient magnetic separation

The concept of separation in a magnetic field with open gradient of the field
is widely practised in drum and roll magnetic separators. Paradoxically, it is
the linear multipole open-gradient magnetic separation (OGMS) that received
considerable attention from the theoretical point of view, in spite of its fail-
ure to prove its advantages on the production scale. It has been explained in
Section 2.5.3, that the linear multipole OGMS consists of an array of verti-
cally positioned coaxial coils energized in opposite directions. The concept is
schematically shown in Figs. 2.85(a) and (b) and in Fig. 3.36.
The magnetic force directed radially inwards diverts the free-falling magnetic

particles inwards while the feebly magnetic particles fall vertically, una ected
by the magnetic force.
The main advantage of open-gradient separators, in comparison with HGMS,

is the absence of matrix which allows the elimination of the blockage problem.
Another advantage of OGMS is the use of superconducting magnets which lend
themselves easily to scale-up. This is because in resistive magnetic systems the
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Figure 3.36: Schematic diagram of a linear multipole open-gradient magnetic
separator.

magnetic field in the separation space is limited by the non-linear saturation
e ects in steel [G5]. On the other hand, systems consisting of superconducting
magnets are linear as far as the magnetic field generation is concerned, and
the electric power consumption, which is spent mostly for cryogenic purposes,
increases only moderately with their size. It was also found by Gerber et al.
[G8] that the metallurgical e ciency of the superconducting OGMS is superior
to the conventional OGMS as a result of considerably larger particle deflections
achievable in various designs of coil configurations.
A detailed analysis of particle trajectories in dry OGMS was made by Collan

et al. [C13], while Kopp [K10, K11] developed a simple kinetic model of the
separation process. These models were subsequently refined by numerous au-
thors [B16 , G9, J3, B17, P6, G5]. Particle trajectories and particle deflections
as a function of particle properties, particle collisions, electric current densities
in the coils and the separator geometry were determined. Diamagnetic mode of
OGMS was also described theoretically and confirmed experimentally by Krist
et al. [K12]. Considerable e ort was also devoted to the optimization of the
design parameters of the superconducting coils for OGMS [G10, G11, K13, J4,
P7].
Although theoretical analyses of particle motion in OGMS are of consider-

able mathematical elegance, their applicability to practical problems of material
separation is limited. In view of a somewhat esoteric character of the subject
and as a result of the failure of several e orts to industrialize the concept of



208 CHAPTER 3. THEORY OF MAGNETIC SEPARATION

OGMS [G3, K9, A8, S17] and to achieve commercial success, detailed descrip-
tion is beyond the scope of this monograph. The interested reader is referred
to the literature listed above.

3.6 Magnetic flocculation

The demand for mineral products is subject to two factors a ecting the e -
ciency of beneficiation: a decrease in the quality of economically accessible ores
and an increase in the degree of fineness of their valuable components. Since
the recovery of fine particles is still very ine cient, vast quantities of valuable
minerals are often lost in the form of slimes. Unless new technologies are de-
veloped, the increasing amount of finely-dispersed minerals that being mined
and processed, will lead to increased volumes of waste. This will result in a
substantial loss of valuable components and in environmental problems.
Methods for the treatment of fine particles are still in the early stages of de-

velopment, and conventional methods are usually ine cient for particles smaller
than 20 m. Particles smaller than 5 m can be manipulated only by HGMS,
a rather specialized technique applicable to a limited range of materials. A
more general solution to the problem may lie in the formation of aggregates
comprising fine particles.
In the past, flocs were successfully formed by the addition of inorganic elec-

trolytes or polymers, for instance for the removal of colloidal particles from
e uents. Flocculation can also be induced by the application of external forces
to a system of particles, e.g. by stirring, or by the application of magnetic or
electrical fields.
Magnetic flocculation has been used for some time to create flocs of ferro-

magnetic particles. To induce this process, a magnetic induction of the order
of 0.01 T is required. Experimental observations of magnetic flocculation of
strongly magnetic minerals and its application to the mining industry have
been described in numerous publications [B18, B19, B20, B21, L9, K14, K2].
The theoretical description of mutual coagulation of ferromagnetic particles is
also well established [D9, J5, L10, L9].
Although investigations into the magnetic flocculation of paramagnetic and

diamagnetic particles started much later [H16, W16, S34], systematic studies of
the theoretical and experimental aspects [S35, P8, S36, P9, S37, S38, W17, W18,
W19, P10, T5, S39, S40, S41] show that flocculation of fine, feebly magnetic,
particles can be induced in magnetic systems that are presently available.
In the following sections the present status of the theory of magnetic floccu-

lation of strongly and weakly magnetic materials will be briefly outlined.

3.6.1 Magnetic flocculation of strongly magnetic materials

The tendency of an assembly of ferromagnetic particles in the magnetic field
of a magnetic separator to reduce its magnetostatic energy often results in the
formation of aggregates of the particles. The e ect of magnetic flocculation
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is the inherent part of any process of manipulation of finely ground strongly
magnetic materials and directly a ects the e ciency of material separation.
In magnetic separation the process of magnetic flocculation can often play a
positive role by increasing the recovery and/or throughput. In other processes,
such as recovery of dense medium, magnetic flocculation is detrimental to the
e ciency of dense medium separation.

Theory of magnetic flocculation

We shall consider a suspension of identical spherical ferromagnetic particles
in a non-magnetic fluid. Under the influence of a su ciently strong external
magnetic field such particles tend to associate in long chains. Each particle
of volume and magnetization carries a magnetic moment = .
The energy of magnetic interaction between particles (1) and (2) separated by
a distance is

=
1

0

{
(1) (2)

3

3[ (1) ][ (2) ]
5

} (3.110)

If magnetization of the particles is su ciently large, the electrical double
layer interaction and the van der Waals interaction can be neglected. Total
interaction energy, therefore, consists of the magnetic dipolar term only (eq.
(3.110)). E ective magnetic interaction in the suspension can be obtained by
averaging over all orientations of the colloidal particles. Thus [C14, C15]

¯ = ln exp( ) (3.111)

where is the Boltzmann constant and is the absolute temperature and

exp( ) =
1

64 3

Z
exp( ) 1 2 3 (3.112)

where ( =1,2,3) represents an element of a solid angle describing the ori-
entation of each of the dipoles (1, 2) and that of the external magnetic field (3).
It was shown by Chan et al. [C14, C15] and by Scholten et al. [S42] that in
the weak interaction limit, i.e. when 2

0
3 , the average interaction

energy can be written as

¯ =
4

3 2
0

6
(3.113)

while in the strong interaction limit ( 2
0

3 )

¯ =
2 2

0
3

(3.114)

It can thus be seen that although the magnetic dipole-dipole interaction (eq.
(3.110)) can be either attractive or repulsive, depending on the relative orien-
tation of the dipoles, the orientational averaging process gives the energetically
favourable (attractive orientation) heavy weighing.
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Figure 3.37: The e ect of the magnetic field strength on the degree of floccula-
tion of strongly magnetic particles (adapted from [K14, K2]).

A condition for magnetic flocculation to take place can be expressed as

+ (3.115)

where is the electric force as a result of electrical double layer. Since
for ferromagnetic particles at reasonably strong magnetic field, the

probability of flocculation is determined by the interplay between the magnetic
and hydrodynamic forces. As a function of the magnetic field strength, the
process of magnetic flocculation proceeds through several stages, as is shown in
Fig. 3.37.
In stage 1, which corresponds to the steady-state phase of the process, in

which 6 , the degree of flocculation is proportional to and, there-
fore, = 2 At this phase the grade of the flocs is high and flocculation is
selective.
With further increase in the magnetic field strength the magnetic interaction

becomes dominant and the flocculation enters phase 2. The process proceeds
non-selectively at a very high rate and the grade of the flocs is reduced. When
the concentration of solids in a suspension is reduced below a certain threshold
value, the mean distance between the particles and their characteristic floccu-
lation time increase and the process enters an equilibrium phase 3.

3.6.2 Magnetic flocculation of weakly magnetic minerals

In contrast to strongly magnetic materials, the magnetic flocculation of para-
magnetic and diamagnetic materials is a considerably more complex process.
In spite of its significant potential, the process has not found any application
on industrial scale as yet. Although several theoretical models that predict
the behaviour of weakly magnetic particles of quasi-colloidal dimensions, in the
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presence of the external magnetic field, have been developed over the last twenty
years, their experimental verification is still limited and is mainly of qualitative
character.

Stability of colloidal suspensions

The criteria of the stability of colloidal suspensions are governed largely by the
interplay of repulsive and attractive forces between the particles. A detailed
description of this interplay is the basis of the theory of stability of hydrophobic
colloids as proposed by Derjaguin and Landau [D14] and Verwey and Overbeek
[V1] (DLVO theory). The DLVO theory views the stability of colloids as arising
from electrical charges on identical particles and a consequent electrical repul-
sion between them. Opposing this repulsion are the attractive forces of the
universal London-van der Waals type. If the repulsion force can be su ciently
reduced so that the attractive interaction becomes dominant then the particles
colliding with one another will stick together to form quasi-stable aggregates.
The charge on a particle, together with the equal and opposite charge in

a suspension, comprise the electrical double layer (EDL). Hogg et al. [H17]
showed that the interaction of EDL between two dissimilar particles, under the
condition of low surface potential and small thickness of EDL compared to the
particle size, is given, under the assumption of a constant surface potential, by

=
1 2(

2

1 + 2

2)

4( 1 + 2)

·
2 1 2

(
2

1 +
2

2)
ln

1 + exp( )

1 exp( )
+ ln(1 2 )

¸
(3.116)

where 1 2 and 1 2 are the radii and surface potentials of particles, respec-
tively, the dielectric constant of the medium, the Debye-Hückel reciprocal
length parameter, and their distance between the surfaces of the interacting
particles. is related to the ionic strength of the medium by the expression

=
8 2 1 2

(3.117)

In the case of identical spherical particles eq. (3.116) reduces to

=

2

2
ln(1 + ) (3.118)

When the thickness of EDL is not small (i.e. when 1), can be expressed
in a simple approximate form:

= 2 2 exp( )

(2 + )
(3.119)

Similarly, the London - van der Waals interaction for dissimilar spheres can
be written as

=
6

2 1 2

2 + 2( 1 + 2)
+

2 1 2

2 + 2( 1 + 2) + 4 1 2

+
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2 + 2( 1 + 2) + 4 1 2

(3.120)
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where is the Hamaker constant. For identical particles, eq. (3.120) simplifies
to

=
6

·
2 2

2 + 4
+

2 2

2 + 4 + 4 2
+ ln

2 + 4
2 + 4 + 4 2

¸
(3.121)

When the London forces operate over distances comparable to or larger than
0.1 where is the wavelength of the intrinsic electronic oscillations of the
atoms, the interaction is reduced by the retardation e ect [S43, R15].

Flocculation in a magnetic field

When a suspension of colloidal particles is placed in an external magnetic field
there is, in addition to the interactions considered so far, a magnetic dipolar
interaction, described by eq. (3.110).
In the strong interaction limit [C14, S34], the mean magnetic interaction

energy can be written as

=
8 0 1 2

3
1

3
2

2

9( + 1 + 2)3
(3.122)

where are volume magnetic susceptibilities of particles and is the magnetic
field strength.
In agreement with the assumption of the DVLO theory that double layer and

van der Waals forces are independent and additive, Svoboda [S34] supposed that
the total energy of interaction of colloidal particles in the external magnetic field
is, therefore, given by the sum of electrical double-layer energy, van der Waals
interaction energy and magnetic dipolar interaction energy

= + + (3.123)

Generally, the total interaction energy can be either attractive or repulsive
depending on the sign of the individual terms on the right-hand side of eq.
(3.123). Electrical double layer energy is repulsive for interaction of particles
of the same material, while it can be attractive or repulsive for interaction of
unlike materials (e.g. between a valuable mineral and gangue).
The van de Waals interaction is usually attractive, but under certain condi-

tions [V2], determined by relative values of the Hamaker constant of the inter-
acting particle and the medium, the interaction becomes repulsive. Magnetic
interaction can be either attractive or repulsive, depending on the signs of the
magnetic susceptibilities of the interacting particles. It is clear that interac-
tion between diamagnetic and paramagnetic particles is repulsive. On the other
hand, magnetic interaction of identical materials, whether paramagnetic or dia-
magnetic, is always attractive. Magnetic flocculation of diamagnetic particles
is, therefore, possible, in principle.
A curve of the total interaction energy as a function of the interparticle

distance is shown in Fig. 3.38. A potential barrier max separates two minima: a
closer and deeper primary minimum and a more distant and shallow secondary



3.6. MAGNETIC FLOCCULATION 213

Vmax

Vmin

2b

 r

 VT

 r
  0

Figure 3.38: The general form of the total potential energy for a pair of inter-
acting colloidal particles of radius

minimum of depth min. The individual potential energy contributions are
a ected by the properties of a suspension in di erent ways. The magnitude and
range of the electric double layer interaction are sensitive to and , which
are controlled by the solution conditions (i.e. ionic strength and pH), whereas
the van der Waals and magnetic contributions and are independent of
these parameters.
The magnitudes of the individual potential energy components have a di er-

ent dependence on the particle size: is proportional to the cube of the radius
while and are much less sensitive to particle size as they are proportional
to the first power of particle size.
The height of the barrier determines the stability of a suspension. If the

barrier is very low, there is nothing to prevent contact between the particles,
and flocculation will take place at a rate governed by the frequency with which
the particles collide. If there is a secondary minimum in the curve of a potential
energy, particles can flocculate into this potential well. In this instance, the
potential barrier need not be suppressed. Flocs thus formed will have a rather
loose structure as a result of large interparticle distance at which the secondary
minimum is created.
The existence and position of the primary and secondary minima can be

a ected by changes in the magnetic field, the magnetic susceptibility of the
particles and the pH value of the suspension. The total interaction energy

is shown in Fig. 3.39 as a function of magnetic induction and particle
size. In region I the potential barrier is present and the secondary minimum is
su ciently close, while in region II the secondary minimum is too distant. In
regions III and IV, in which, owing to high magnetic induction, the potential
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Figure 3.39: Regions in which primary and secondary minima are found in the
(a,B) plane, for hematite ( = 30 mV, = 105 m 1), - particle
radius, - magnetic induction (after [S36, S37]).

barrier is suppressed and the total interaction becomes attractive, and particles
can flocculate into the primary minimum.

It follows from Fig. 3.39 that, for any particle size, a value of the magnetic
induction can be found at which the potential barrier disappears. Wang et
al. [W17] calculated the potential energy of interaction of particles of hematite
and chromite in a magnetic field. Typical curves shown in Fig. 3.40 illustrate
that at moderate magnetic field strength the potential barrier is eliminated and
flocculation into the primary minimum could take place. A deep secondary
minimum is created at even lower magnetic field.

A threshold magnetic field, at which the flocculation into the primary min-
imum starts, can be determined provided that the total potential energy of
interaction is negative [S34], or that the stability ratio , which is given by
eq. (3.124), is smaller than, or equal to, unity [S35]. The stability ratio is the
ratio of the initial rate of flocculation to that which would occur if the process
was only di usion controlled (in the absence of an energy barrier) [P11].

= 2

Z
exp

µ ¶
2

(3.124)
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Figure 3.40: The potential energy as a function of interparticle distance for 4
m hematite particles, = 108 m 1 (adapted from Wang et al.
[W17]).

Figure 3.41: Threshold magnetic field, at which flocculation into a primary min-
imum begins, as a function of particle size (adapted from Svoboda
[S35]).
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The values of the threshold magnetic field , at which magnetic flocculation
into the primary minimum begins, are shown in Fig. 3.41, as a function of
particle size, for various minerals. It can be seen that as the particle size and
magnetic susceptibility increase, the threshold magnetic field decreases.
For fine particles with a volume magnetic susceptibility smaller than 10 3

(SI), the threshold magnetic field is too high for magnetic flocculation to be prac-
ticable. This is particularly true for the magnetic flocculation of diamagnetic
materials, which require a magnetic induction of the order of tens of hundreds
of Tesla.

Flocculation in the secondary minimum

As shown in Fig. 3.39, there is a secondary minimum (SM) in addition to
the primary minimum in regions I, II and III. Although in regions I and II the
potential barrier prevents particles from flocculating into the primary minimum,
particles can flocculate into the secondary minimum. The secondary minimum
in region II is too distant from the origin, and consequently, the aggregates will
be packed too loosely. Furthermore, the secondary minimum is too shallow and
the stability of the flocs will be low.
However, in region I, the secondary minimum can be deep enough and close

enough to the origin to render it suitable for practical flocculation.
The mere existence of a secondary minimum does not imply an observable

destabilization of a suspension. The other condition to be satisfied is su cient
depth of SM; the analysis indicates [S36] that, for min 1 kT (where kT is the
unit of thermal energy), the value of the stability ratio for flocculation in
a secondary minimum, as given by eq. (3.125), will be close to unity, and the
flocculation into SM will be rapid.

=

R
exp( )

2

1 exp(
min

)

(3.125)

where is the position of the secondary minimum.
The threshold magnetic field required to commence the flocculation into

SM can be determined from the condition = 1. The dependence on a particle
radius of threshold magnetic field in SM, which was determined from the
condition of rapid flocculation ( = 1), is shown in Fig. 3.42.
A comparison of these values with those of the threshold magnetic field for

flocculation into the primary minimum (Fig. 3.41) indicates that the magnetic
field needed to induce rapid flocculation in SM is substantially lower. This
conclusion has been confirmed by detailed calculations by Wang et al. [W17],
an example of which is presented in Fig. 3.40. Experimental confirmation
of the magnetic field-induced flocculation is depicted in Fig. 3.43. Figure 3.44
illustrates the experimentally determined onset of rapid flocculation of hematite
and chromite at threshold magnetic field of about 0.5 T [W17].
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Figure 3.42: Threshold magnetic field for flocculation into a secondary mini-
mum, as a function of particle diameter (adapted from Svoboda
[S35]).

Figure 3.43: The magnetic field-induced flocculation of hematite particles at var-
ious values of magnetic induction. pH = 7.8, 45 mV, 50 =
3.9 m (adapted from Wang et al. [W17]).
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Figure 3.44: The onset of the magnetic field-induced flocculation of hematite
( 50 = 3.9 m) and chromite ( 50 = 3.6 m) particles (adapted
from Wang et al. [W17]).

We have seen that under suitably chosen conditions, the interaction potential
between a pair of colloidal particles can develop a significant (> 1 kT) secondary
minimum, while maintaining a large ( 1 kT) primary maximum. Although
the primary maximum will prevent irreversible coagulation into the primary
minimum, the particles can undergo reversible flocculation into the secondary
minimum.
The above treatment of the flocculation process is applicable only to colloidal

particles. For particles greater than the colloidal range, the thermal motion and
the surface forces play only a limited role, and the process of flocculation will
be governed mainly by the gravitational and hydrodynamic forces.

The kinetics of flocculation

It has been shown that the stability of suspensions depends on the magnitude of
the potential barrier and on the existence and depth of the secondary minimum.
In addition, however, determination of how quickly flocculation will take place
is necessary.
Fuchs [F13] showed that the time taken for the number of particles to be

halved is given by the relation

1 2 =
3

4 0

(3.126)

where is the viscosity of the medium and 0 is the initial concentration of the
particles.
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Figure 3.45: Dependence of the stability ratio (as log ) on magnetic in-
duction for assorted sizes of hematite particles (adapted from Svo-
boda [S35]).

It can be seen that the half-time of flocculation is directly proportional to
the stability ratio and indirectly proportional to the initial concentration of the
particles. To achieve a reasonably short flocculation time, low values of and
high values of 0 must be used.
In chemical flocculation, the values of smaller than 10 1 are reached with

di culty [V1]. This significantly restricts the possibility of accelerated floccu-
lation. On the other hand, it was shown by Svoboda [S35], that in magnetic
flocculation, the values of the threshold magnetic field determined from the con-
dition = 1 for rapid flocculation, allow reasonably short flocculation time to
be achieved. As is shown in Fig. 3.45, the values of , of the order of 10 3

can be achieved at reasonably low magnetic fields so that the flocculation time
into the primary minimum can be realistically short.

Magnetic-hydrophobic flocculation

In order to explain situations in which the original DLVO theory failed, numer-
ous ”non-DLVO” forces have been invented. A variety of forms of long-range
forces such as hydrophobic/hydrophilic interaction have been introduced. For
example, surface-active agents can adsorb at the mineral-water interface and
render the solid hydrophobic. Particle-particle adhesion is favoured by the at-
traction between the hydrophobic coatings on di erent particles and the resul-
tant reduction in the area of hydrophobic mineral-water surface.
A critical review of such extensions of DLVO theory to include ”non-DLVO”

interactions was published by Ninham [N6] who argued that confusion created
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Figure 3.46: The potential energy curves for hydrophobic and magnetic floccu-
lation of rhodochrosite (2 50 = 2.25 m) hydrophobized by sodium
oleate, at a magnetic induction of 0.9 T (adapted from [L11]).

by introduction of plethora of hydrophobic phenomena observed in the stability
studies can, in principle, be explained by capillary condensation, i.e. thermo-
dynamics.
Several authors have shown that the stability of a colloidal suspension can be

controlled, in addition to the electrostatic surface potential and the magnetic
interaction, by such a hydrophobic interaction. Lu et al. [L11] included the
energy of hydrophobic interaction as an additive term in the expression of
the total interaction energy (eq. (3.123):

= + + + (3.127)

The hydrophobic interaction energy was expressed by two terms, each represent-
ing di erent mechanism of the hydrophobic interaction. The potential energy
curves of three possible flocculation mechanisms for paramagnetic rhodochrosite
were calculated and are shown in Fig. 3.46.
It can been seen that the potential energy of magnetic interaction exhibits

a deep secondary minimum and a primary minimum barrier. In hydrophobic
aggregation, a relatively low potential barrier partially prevents particles from
rapid flocculation into the primary minimum. On the other hand, the potential
energy curve for combined magnetic and hydrophobic flocculation shows deep
primary and secondary minima, with no potential barrier.
The experimentally determined rates of flocculation in these three regimes

are illustrated in Fig. 3.47. It is clear that the combined flocculation by a
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Figure 3.47: Flocculation of rhodochrosite by magnetic (B = 0.85 T), hy-
dropohobic (sodium oleate + kerosene) and combined mechanisms
(adapted from [L11]).

combination of magnetic and hydrophobic processes was more e ective than
aggregation induced by sodium oleate or magnetic field alone.
Škvarla and Zeleňák [S41] developed a simple model of magnetic-hydrophobic

flocculation, as a variation of Lu’s model [L11]. They assumed that the potential
of the hydrophobic interaction was of the short range and it was approximated
by a single exponential

= 2 exp( ) (3.128)

where is the solid/water interfacial energy of the spherical particles, is
the contact separation distance of the spheres (= 0.2 nm), and is the empir-
ical constant (= 1 nm). The model was verified by experimental observation
of magnetic-hydrophobic flocculation of siderite. A satisfactory correlation be-
tween the measured and calculated potential energy maxima was observed for
the hydrophobic process. The prediction of the model of magnetic flocculation
alone was not satisfactory.

3.7 Magnetic separation by particle rotation

Motion of magnetizable particles in alternating or rotating magnetic fields is a
well established research field. In 1925 Koizumi [K15] designed a magnetic sep-
arator with a rotating magnetic field, to eliminate entrapment of non-magnetic
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Figure 3.48: Schematic diagram of a separator with rotating magnetic field
(courtesy of N. Allen [A17]).

particles in the magnetic concentrate. Similar approach was taken more recently
by other researchers to improve the quality of magnetic concentration [T3, D1,
F1, G12, G13, L9]. Although the results of these investigations had been posi-
tive, the technique did not appear to be accepted and developed further.
Recently, Allen [A9] employed the concept of the e ect of a rotating magnetic

field on magnetizable particles and developed rotating magnetic field (RMF)
separators, described in Section 2.6.3. The rotation separation is based on mag-
netic anisotropy of particles, which is present in ferromagnetic as well as para-
magnetic materials. However, in paramagnetic minerals the magnetic anisotropy
is generally too weak to be of practical use for particle separation. In general,
ferromagnetic particles will rotate if they are placed in a rotating external mag-
netic field, while paramagnetic particles will not.
An RMF is generated by a rotating magnetic drum fitted, around its circum-

ference, with magnets, with alternate polarity. As is schematically illustrated
in Fig. 2.95, the external magnetic field exerts a torque on a magnetically
anisotropic particle and makes it rotate and move it in the direction opposite
to that of the rotating field. A schematic diagram of such an RMF separator is
shown in Fig. 3.48.

3.7.1 RMF rotation separation

In the RMF separator a particle is placed on a non-magnetic surface in a rotating
magnetic field, as shown in Fig. 3.49. If the particle is capable of rotation in the
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Figure 3.49: Schematic diagram of a particle placed on a rotating magnetic
drum.

field, it will experience a torque in order to align its axis of easy magnetization
with the direction of the external magnetic field. The torque, which thus arises
when the direction of the magnetization of a particle and the external magnetic
field do not coincide, will force the particle to roll. The rolling is opposed by
the force of gravity and magnetic traction force acting on the particle.
The particles to be separated by rotation will, in general, contain ferro-

magnetic and paramagnetic regions. While the paramagnetic regions will make
limited contribution to the particle rotation, they will contribute to the mag-
netic traction (holding) force. This traction force can, therefore, be written
[A17] as:

=
1

0

+ (3.129)

where and are the volumes of the paramagnetic and ferromagnetic re-
gions of the particle, respectively. is the magnetization of the ferromagnetic
components while is the volume magnetic susceptibility of the paramagnetic
contribution. The magnitude of the torque of the force , required to rotate a
particle, is the product of the magnitude of the force and the moment arm ;
that is

= (3.130)

The particle will not start rotating unless the initial magnetic rotational torque
exceeds the initial gravitational and magnetic traction force torques (case (a) in
Fig. 3.50). The cubic shape of the particle is usually used to demonstrate the
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Figure 3.50: Forces acting on a cubic particle in traction and rotating magnetic
fields.

case [A17, A18] and we have

=
2

( + ) (3.131)

where is the length of the cube edge and the force of gravity is given by
eq. (1.14).
For a cubic ferromagnetic particle, under the assumption that the first term

on the right-hand side of eq. (3.129) can be neglected, the initial gravitational
+ magnetic holding torques (that is, when the particle is resting flat on the
surface) can be written

= 3

2
+ 3

2
(3.132)

3.7.2 Magnetic torque on a particle and condition for sep-
aration by rotation

The application of an external magnetic field to a ferromagnetic crystal, at a
certain angle + to a direction of easy magnetization, causes a deviation of
the magnetization, as indicated in Fig. 3.51. The external magnetic induction
applies a torque to the particle magnetization and causes it to deviate

from the direction of easy magnetization . As a result, the magnetocrystalline
forces apply a torque on the magnetization to return it to the direction of easy
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Figure 3.51: The torque experienced by an anisotropic magnetizable particle
placed in an external magnetic field.

magnetization. This situation can be described by a relationship

sin = sin (3.133)

where represents the anisotropy field. If the external field is very low, then
the angle is small. If the external field is very high, then is small [A17].
For a cubic particle, the magnetic torque given by eq. (3.48), can be re-

written as:
= sin = 3 sin (3.134)

where is the angle between the directions of the magnetic field and particle
magnetization, as can be seen in Figs. 3.50(b) and 3.51. Therefore, a particle
will start rotating when

(3.135)

or, explicitly,

sin
2

( + ) (3.136)

Coercive forces are very low for many ferromagnetics (s.l.), such as mag-
netite and steel, while anisotropy forces are high. If the external field is smaller
than the coercive force ( 0 ), angular deviations from directions of easy
magnetization are also small. Maximum torque is then applied when the exter-
nal field is very close to 900 to the particle magnetization. [A17]. Although the
angle between the magnetization and the external field has been maximized, the
external field is very low for most materials and, therefore, the torque is small.
However, for materials of very high coercive force, such as roasted ilmenite, this
is an advantageous situation for magnetic separation by rotation.
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In a magnetic field that exceeds the coercive force of the material, the
movement of domain walls within the solid substitutes for the movement of par-
ticles. The overall magnetization of a ferromagnetic particle is able to change
direction in response to the direction of the external field. However, while the
changes of the direction of the domain magnetization may occur freely between
directions of easy magnetization within a crystal, they are restrained for inter-
mediate angles by magnetocrystalline anisotropy. In this case the maximum
torque angle is approximately one quarter of the angle between directions of the
external field and the particle magnetization [A20, A17].

3.7.3 Rotation of particles in a liquid

It has been assumed, so far, that the particles to be rotated are suspended in
air. If the particles are suspended in water, they are exposed, in addition to
the force of gravity and the magnetic traction force, to hydrodynamic forces.
These hydrodynamic forces are associated with a torque acting in the opposite
direction [L9]. It was shown by Lantto [L9] that the hydrodynamic torque at
a high Reynolds number is approximately given by

=
1

2
2 4 5 (3.137)

where is the frequency of the rotating magnetic field, the radius of the
cylindrical particle, the length of which is (where 1).
The magnetic torque is

= 2 3 sin (3.138)

Therefore, a cylindrical rod-like body will be brought into rotation when
. This condition is met when

2 3 2

4 sin
(3.139)

It can be seen that rotation is more easily accomplished for small particles with
large values of magnetization and large anisotropy angle . On the other hand,
an increase in frequency of the rotating field hampers the ability of particles
to rotate. It has to be stressed, however, that if the value of the magnetic
induction given by eq. (3.139) exceeds that corresponding to the coercive force
( 0 ) for the particle material, the particles will either cease to rotate
and may become demagnetized. If the particles are still rotating, the angle
will be reduced.
In laminar flow, with small Reynolds numbers, the viscosity of the liquid

will play an important role; otherwise the general character of the phenomenon
is the same as that at high Reynolds numbers [L9].
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3.8 Separation in magnetic fluids

The sink-and-float technique of gravity separation relies on selective levitation
and sinking of materials based on their relative densities and that of the sep-
arating medium. The scope of the sink-and-float technique is restricted by a
limited range of densities of the separating medium, the upper limit of ferrosili-
con medium being approximately 3500 kg/m3 and that of Clerici solution about
4200 kg/m3 at room temperature.
In the mid sixties of the last century the application of magnetic fluids as

a heavy medium, had been investigated, and it was established that by expos-
ing a magnetic fluid to a non-homogeneous external magnetic field the fluid
exhibited an apparent density exceeding densities obtainable with conventional
heavy liquids. Two broad classes of magnetic fluids were investigated at that
time, namely paramagnetic liquids [A1, A12, A19] and ferrofluids [R1, R7, R8,
R16, G4, K16, F8].
Paramagnetic liquids are solutions of paramagnetic salts, such as MnCl2 and

Mn(NO3)2. These liquids are paramagnetic in their behaviour: their magnetiza-
tion increases linearly with an increasing magnetic field and their susceptibility
is low, of the order of 6×10 7 m3/kg. On the other hand, a ferrofluid is a stable
colloidal suspension of sub-domain ferromagnetic (s.l.) particles, for example
magnetite, in a liquid carrier. The behaviour of ferrofluids is superparamagnetic,
characterized by the absence of hysteresis and coercivity. Ferrofluids di er from
paramagnets in having quite large magnetic susceptibilities and being able to
become saturated in moderate magnetic fields. Saturation polarization of a
ferrofluid can be as high as 0.1 T (1000 G)
The concept of separation of non-magnetic particles suspended in a magnetic

fluid is based on the generalized Archimedes law whereby, in addition to the
conventional force of gravity acting on the fluid, also a magnetically induced
force acts on the fluid. This additional magnetic pull creates a magnetically
induced buoyancy force on a particles immersed in the fluid. This buoyancy
force can be controlled in a wide range of values and materials as dense as 20
000 kg/m3 or higher can float in such a fluid.
A schematic diagram of the process of separation in magnetic fluids is shown

in Fig. 3.52, while a general diagram of a magnetic circuit used in separation in
magnetic fluids in shown in Fig. 3.53. Permanent magnets or electromagnets are
used to generate a non-homogeneous magnetic field in the separation gap. The
desired pattern of the magnetic field and its gradient is achieved by shaping the
pole tips. A separation chamber placed between the pole-pieces of the magnetic
circuit is filled with a magnetic fluid.

3.8.1 Apparent density of a magnetic fluid

There are two dominant forces acting on a volume of the magnetic fluid, placed
in an external non-homogeneous magnetic field, namely the force of gravity and
the magnetic traction force. The situation is schematically depicted in Fig. 3.52.
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Figure 3.52: Schematic diagram of the process of separation in magnetic fluids.

Figure 3.53: Schematic diagram of a magnetic circuit used in separators with
magnetic fluids.
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The total force on the magnetic fluid of volume can be written as:

= + = +
1

0

(3.140)

where and are the physical density and volume magnetic susceptibility,
respectively, of the magnetic fluid.
For a ferromagnetic (s.l.) ferrofluid, the magnetic force can be expressed as

=
1

0

(3.141)

where is the magnetic polarization of the ferrofluid.
When the field gradient is parallel with the gravitational force and of the

same sense, eqs. (3.140) and (3.141) can be rearranged, as

= ( +
0

) (3.142)

and

= ( +
0

) (3.143)

The expressions in parentheses can be viewed as an apparent density of a
magnetic medium exposed to an external non-homogeneous magnetic field:

= +
0

(3.144)

and

= +
0

(3.145)

In a more general case, when the field gradient makes an angle with gravity,
eq. (3.145) becomes

= +
0

cos (3.146)

Equations (3.143) and (3.145) form the basis of ferrohydrostatic separation
(FHS).
In a typical case, a water-based ferrofluid with polarization of 0.02 T (200

G), placed in a magnetic field of gradient of 2 T/m (200 G/cm) will exhibit
an apparent density of approximately 4200 kg/m3. Figure 3.54 illustrates the
apparent density as a function of the field gradient for two types of kerosene-
based ferrofluid.

3.8.2 A particle suspended in a magnetic fluid

A particle suspended in a magnetic fluid is acted upon by several forces illus-
trated in Fig. 3.55. The force of gravity is given by

= (3.147)
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Figure 3.54: The apparent density as a function of the gradient of the magnetic
field for two types of kerosene-based ferrofluid, of di erent densities
and magnetic polarizations.

while the magnetic traction force is

=
1

0

(3.148)

where is the volume magnetic susceptibility of the particle.
Such a particle experiences a loss of its weight as a result of two buoyancy

forces acting on the particle. The first buoyancy force is the classical Archimedes
gravity-related force:

= (3.149)

The other force is the magnetically induced buoyancy force due to the magnetic
traction force acting on the ferrofluid:

=
1

0

(3.150)

The net vertical force on a particle suspended in a ferrofluid and acted upon by
a non-homogeneous magnetic field with vertical gradient can thus be written:

= + + + (3.151)

or, in an explicit form:

= ( ) +
0

( ) (3.152)
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Figure 3.55: Forces acting on a particle in a stationary ferrofluid, placed in a
non-homogeneous magnetic field.

Defining the e ective cut-point density for separation as that particle density
for which = 0 (i.e. equilibrium of the forces acting on the particle), eq.

(3.152) yields:

= + ( ) cos (3.153)

For non-magnetic particles = 0 and eq. (3.153) reduces to

= +
0

cos (3.154)

where is the angle between the vectors of the gravitational force and the field
gradient. When the force of gravity and the gradient of the magnetic field are
parallel, eq. (3.154) becomes

= +
0

(3.155)

which is equivalent to eq. (3.145).
It can be seen that for non-magnetic particles, the density cut-point is equal

to the apparent density of the ferrofluid. Particles whose densities are smaller
than the apparent density of the ferrofluid ( ) will float in ferrofluid,
while particles with density greater than the apparent density of the ferrofluid
( ) will sink. Trajectories of sink and float particles in a stationary
ferrofluid placed in a non-homogeneous magnetic field are shown in Fig. 3.56.
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Figure 3.56: Trajectories of float and sink particles in a stationary ferrofluid
placed in a non-homogeneous magnetic field.

Figure 3.57: The e ect of hydrodynamic drag on cut-point density, for two par-
ticle velocities. The nominal "large-particle" (eq. 3.155) cut-point
density = 3500 kg/m3.
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Figure 3.58: The inaccuracy in cut-point density introduced by ignoring hydro-
dynamic drag, for two di erent particle velocities. The nominal
cut-point density = 3500 kg/m3.

3.8.3 The e ect of the hydrodynamic drag

In many applications of ferrohydrostatic separation it is legitimate to ignore the
e ect of the hydrodynamic drag. For small particles, however, the influence
of the drag on the cut-point density can be significant. If we assume that the
Stokes law applies, the hydrodynamic drag is given by eq. (1.16). By including
this drag in the expression of the total force (eq. (3.151)), the equilibrium of
forces on a non-magnetic particle yields

= +
0

+
9

2 2
(3.156)

Equation (3.156) applies to a particle that is moving vertically downwards,
i.e. the hydrodynamic drag (1) acts on the particle. Such a particle is either
a sink particle, i.e. a particle whose density is greater than , or a float particle
that is temporarily moving downwards because of the non-zero initial velocity
with which it entered the fluid, as shown in Fig. 3.56.
Once a float particle reaches its terminal velocity (equal to zero), it will

reverse the direction of its motion and will start moving upwards. At that point
the opposite hydrodynamic drag (2) will be acting on the particle and the
particle will experience an apparent density given by

= +
0

9

2 2
(3.157)
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Figure 3.59: Density increment, for paramagnetic particles, as a function of mag-
netic susceptibility, at three di erent values of the applied magnetic
field. = 2 T/m.

Therefore, it becomes clear that, in general terms, the presence of the
hydrodynamic drag increases the cut-point density for sinking particles, i.e. sink
particles or float particles in their initial phase of motion within the ferrofluid.
For particles reporting to the float fraction, however, the hydrodynamic drag
decreases the cut-point density.
It can be found from eq. (3.156) that for particles greater than, for example,

1 mm the hydrodynamic drag can be neglected and the cut-point density is
independent of particle size, and is given by eq. (3.155). However, by inclusion
of the hydrodynamic drag, the cut-point density begins to deviate, for particles
smaller than 1 mm, from its "large particle value", as is illustrated in Fig. 3.57.
Figure 3.58 shows the inaccuracy in the cut-point density introduced by ignoring
the hydrodynamic drag.

3.8.4 The e ect of particle magnetic susceptibility

A magnetic particle ( 6= 0) will exhibit an e ective density di erent from
its natural (true) density , as a result of its attraction (or repulsion) in the
direction of the field gradient. This e ective density can be written:

= +
0

cos (3.158)

It can be seen that the di erence between the e ective and true densities
= increases, for paramagnetic particles, with increasing magnetic
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susceptibility, magnetic field strength and the field gradient. A relative density
increment as a result of non-zero magnetic susceptibility of a particle, follows
from eq. (3.158)

=
0

(3.159)

where is the mass magnetic susceptibility of the particle. A typical de-
pendence of the density increment as a function of magnetic susceptibility of
paramagnetic particles is shown in Fig. 3.59. It is evident that the density
increment increases with increasing magnetic susceptibility of the particle and
the field strength. This is a very important implication that a ects the accuracy
of separation of materials of non-zero magnetic susceptibility.
On the other hand, the e ective density of diamagnetic particles decreases,

as a result of their negative magnetic susceptibility. In view of the low values of
diamagnetic susceptibility, the density decrease is very small; at the magnetic
induction of 2 T, the decrease is approximately 0.2%. For example, the e ective
density of quartz ( = - 6.0×10 9 m3/kg) is reduced, at 2 T, from its physical
density of = 2700 kg/m3 to approximately 2695 kg/m3.
The validity of eq. (3.159) has been tested using magnetic tracers, parti-

cles of constant density and of di erent values of magnetic susceptibility [R31].
Magnetic tracers, 5 mm in size, and of density 3550 kg/m3, with mass magnetic
susceptibility ranging from 2.5×10 7 m3/kg (20×10 6 cm3/g) to 1.25×10 5

m3/kg (1000×10 6 cm3/g), were separated in a ferrofluid the apparent density
of which was varied from 3600 kg/m3 to 4200 kg/m3. The magnetic induction
to which the ferrofluid was exposed in the separation region was 0.2 T and the
field gradient was 1.5 T/m. Partition curves thus obtained are shown in Fig.
3.60.
It can be seen that 50% of tracers with density of 3550 kg/m3 sank in a

ferrofluid of apparent density of 3700 kg/m3 only when their susceptibility was
greater than 1.25×10 6 m3/kg. When the density of the ferrofluid was set to
4200 kg/m3, 50% of magnetic tracers of density 3550 kg/m3 sank when their
magnetic susceptibility was greater than 8.2×10 6 m3/kg.
This experimental observation can be compared with the theoretical predic-

tion expressed by eq. (3.159). Using the above values of particle susceptibility,
and taking into account that = 0.2 T and = 1.5 T/m, the right-hand side
of eq. (3.159) is equal to 0.19. This value agrees well with the relative density
increment (4200 - 3550)/3550, obtained from the left-hand side of eq. (3.159).

3.8.5 Motion of particles in a ferrofluid

The equation of motion of non-magnetic particles

The equations of motion of a non-magnetic particle suspended in a stationary
ferrofluid, as depicted in Fig. 3.61, can be expressed [M18] as:

2

2
= =

1
( + + ) (3.160)
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Figure 3.60: The partition curves for magnetic tracers of density 3550 kg/m3,
as a function of their mass magnetic susceptibility, separated in a
ferrofluid of di erent apparent densities [R31].
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Figure 3.61: Section through a pool of ferrofluid of depth , inclined at an angle
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2

2
= =

1
( + + ) (3.161)

These equations can be re-written

+ = (3.162)

+ = 0 (3.163)

where parameters and 0 have the following forms:

=
6

= sin 0 =
cos + 2 sin2( 2)

(3.164)

The initial conditions for eqs. (3.162) and (3.163) are:

for = 0 = 0 and = 0 (3.165)

The initial velocity of a particle that is being dropped into the ferrofluid from
height is 0 = 2 .
Di erential equations (3.162) and (3.163) can be solved analytically and the

solutions are [M18]:

= = (1 ) (3.166)

= = 0 +
”
(1 ) (3.167)

The initial conditions for eqs. (3.166) and (3.167) are

for = 0 = 0 and = (3.168)

Equations (3.166) and (3.167), with these initial conditions, yield the follow-
ing solutions:

=
2
(1 ) (3.169)

= + (
0 ”

2
)(1 ) +

0

(3.170)

Particle trajectories can be obtained from these parametric equations by
calculating pairs of coordinates ( ). Typical trajectories of non-magnetic
particles of di erent densities are shown in Fig. 3.62.
It can be seen that when = 0 then 0 = 0 and the trajectory of a particle

is a straight line.
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Figure 3.62: Trajectories of non-magnetic particles of various densities: =

3500 kg/m3, = 3 mm, = 990 kg/m3, = 1.65×10 3 Pa×s,
= 20. The straight dashed lines are trajectories of particles of

densities of 3500 kg/m3 and 3550 kg/m3 for = 0 (adapted from
[M18]).
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Figure 3.64: Interaction between non-magnetic particles in a magnetized mag-
netic fluid (adapted from Fujita et al. [F14]).

The equation of motion of a magnetic particle

As has been discussed in Section 3.8.4, a magnetic particle suspended in a
ferrofluid placed in a non-homogeneous magnetic field will exhibit an e ective
density (given by eq. (3.158)) di erent from its natural density. Trajecto-
ries of magnetic particles can be obtained by replacing the natural density of
the particles by e ective density. As a result of the non-uniformity of the mag-
netic field, the e ective density is di erent at di erent positions of the particle
along the vertical axis, being the greatest where the pole tips of the magnet
are closest to one another, as shown in Fig. 3.52. The mean e ective density
can be calculated, for example, by replacing in eq. (3.158) with the mean
magnetic induction mean = min + max. In this situation the equations of
motion remain the same as parametric equations (3.169) and (3.170). Typical
trajectories of magnetic particles are shown in Fig. 3.63.

Interaction of particles during separation

The analysis of the particle motion in a ferrofluid assumed that particles were
non-interacting. This simplification ignores, however, the fact that non-magnetic
particles suspended in a magnetic fluid possess surface magnetic charges as a
result of magnetization of the surrounding fluid. Fujita and Mamiya [F14] de-
termined, theoretically and experimentally, that non-magnetic particles, placed
in a magnetized ferrofluid, attracted one another in the direction parallel to the
direction of magnetic field and repelled one another in the perpendicular direc-
tion. The situation is depicted in Fig. 3.64. The attractive force increases with
increasing density of the ferrofluid and magnetic field strength. The attractive
interaction was found to reduce the selectivity of separation of non-magnetic
particles in a magnetic fluid.
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Figure 3.65: Forces acting on a particle in a rotating ferrofluid in a non-
homogeneous external magnetic field.

3.8.6 Separation in a rotating ferrofluid

In order to overcome certain practical limitations of gravity-based ferrohydro-
static separation, particularly treatment of fine particles, several proposals were
made [R11, A14, W7] to replace the force of gravity by the centrifugal force.
Work carried out at Intermagnetic Corp.(USA) in early nineteen eighties re-
sulted in a new rotation-based separation process called Magstream.
The theory and the practice of separation in a rotating ferrofluid have been

described in several publications [W20, W21, W22, B22, B23, S44]. Forces act-
ing on a particle suspended in a rotating ferrofluid exposed to a non-homogeneous
magnetic field are illustrated in Fig. 3.65. Walker and Devernoe [W22] assumed
that the axis of the separator was vertical and ignored the force of gravity and
the hydrodynamic drag acting on the particle. In this scenario only the radi-
ally outward centrifugal force , magnetic traction force and the inward
buoyancy force resulting from the outward attraction of the magnetic fluid
by the magnetic field were included. The centrifugal force can be written

= ( ) 2 (3.171)

where is the radial position of the particle and is the rotational velocity of
the ferrofluid. The magnetic buoyancy force is given by eq. (3.150) while the
magnetic traction force is given by eq. (3.148).
The total force acting on a particle in the horizontal direction, along the
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radius of the rotating device, can be expressed as:

= ( ) 2 +
1

0

1

0

(3.172)

In equilibrium = 0 and the cut-point density for non-magnetic particles
( = 0) can be determined from the above equation as:

= +

µ ¶2

(3.173)

where is the number of revolutions of the rotating device per minute (
= 60 /2 ), and is a parameter determined by the design of the magnetic
system of the rotating separator:

= 15

µ
1
3

107

¶1 2

(3.174)

Equation (3.173) is used to calculate the operating conditions in the Magstream
separator [W22]. It is apparent from eqs. (3.173) and (3.174) that if the pattern
of the magnetic field is designed in such a way that the field gradient is a linear
function of the radial position , then = const. and the cut-point density is
determined solely by the polarization and the rotational velocity of the ferrofluid.
This condition is satisfied, for instance, for the magnetic field generated by a
sextupole magnet, such that the field magnitude is given by = 0( 0)

1,
where 2 = 6, and 0 is the magnetic induction at 0, the outside wall of the
separation annulus [W20].
Equation (3.173) is equivalent to eq. (3.154) derived for ferrohydrostatic

separation. It can, therefore, be seen that the cut-point density in a rotating
ferrofluid can be controlled, in a wide range, by varying the rotational velocity
and the field gradient. The operating density range of the fluid in a ferrohydro-
static separator is, in contrast, controlled by adjusting the field gradient only.
However, in most Magstream models the magnetic field is generated by per-
manent magnets and the field gradient is given by the design of the magnetic
system. For instance, in Magstream Model 200 the field gradient is equal to

= 13.2 T/m (1320 G/cm).
Simplifying assumptions introduced by Walker and Devernoe [W22], when

deriving eq. (3.173), reflect themselves in limited accuracy of determination of
the cut-point density and thus in reduced e ciency of separation. Bunge and
Fuerstenau [B22], in order to account for the dispersion component of particle
behaviour, developed a di usion model of separation. They concluded that the
primary cause of non-ideal separation in a rotating ferrofluid is the dispersion
of the settling particles. This fuzzy behaviour was ascribed to the e ect of tur-
bulence, particle shape and interparticle interactions. The model of Bunge and
Fuerstenau, however, was not able to explain the dependence of the separation
e ciency on particle size and fluid viscosity [B22, B23].
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Figure 3.66: The cut-point density of non-magnetic particles in Magstream, as
a function of density. = 2.1 cm, = 5×10 3 Pa×s, (no drag)
= 3130 kg/m3 (adapted from [S44]).

Svoboda [S44] included the horizontal hydrodynamic drag (eq. (1.16)) into
the balance of forces and obtained, for the cut-point density,

= +
1
2

(
0 0

) +
9

2 2 2
(3.175)

This more general expression shows that the hydrodynamic interaction of parti-
cles with the ferrofluid contributes to the determination of the cut-point density.
The most significant consequence of the hydrodynamic contribution is that the
cut-point density depends on particle size, in contrast to eq. (3.173). It tran-
spires from eq. (3.175) that the correction hydrodynamic term gains importance
for weakly magnetic and/or highly viscous ferrofluids (low and high ), and
for small particles. In addition, the hydrodynamic term depends on the position
of a particle within the separation space.

The e ect of particle size on the cut-point density of non-magnetic particles
is illustrated in Fig. 3.66. It can be seen, for example, that a cut-point density of
3130 kg/m3, determined by ignoring the hydrodynamic drag, is accurate down
to particle size of 2 mm. For particle diameters smaller than 2 mm the relative
importance of the hydrodynamic interaction steeply increases and separation
becomes inaccurate.
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3.9 Eddy-current separation

It has been stated in Section 2.7 that when conducting particles move through
a region of spatially varying magnetic field, then an electromagnetic force, and
hence eddy currents, are induced in such particles. The eddy currents are caused
by time-dependent changes of the magnetic induction acting on a particle and
are given by the Faraday induction law:

× = (3.176)

where is the current density and is the specific electrical conductivity of
the particle.
These eddy currents generate a magnetic field opposed to the external mag-

netic field. This opposite field then produces a repulsive Lorentz force on a
linear element of the conductor [S47]

= × (3.177)

where is the current carried by the conductor.
This force can be made lateral to the motion of the particles and so to

deflect them. Negligible eddy currents develop in non-conducting elements,
which, therefore, experience no deflection. In this way it is possible to separate
conducting particles from non-conducting and this method has been developed
into an e cient technique for the recovery of non-ferrous metals from streams
of industrial or municipal waste.
The varying magnetic fields can be generated in several ways. In linear

motors, the magnetic fields are generated by electromagnets with alternating
currents. The repulsive force can also be generated by moving particles through
a non-homogeneous static or rotating magnetic fields. These fields can be con-
veniently generated by permanent magnets.

3.9.1 Static ramp eddy-current separator.

The simplest design of an eddy-current separator (ECS) proposed by Schloe-
mann [S45] comprises a long ramp, as shown in Fig. 3.67. The ramp consists
of permanent magnet strips of alternating polarity, mounted on a mild steel
base plate inclined at an angle of about 450 to the ramp axis. A stream of
particles is allowed to slide down the ramp. The non-conducting particles are
not a ected by the magnetic field and travel straight down the ramp. The
conducting particles, under the influence of the eddy-current-induced repulsive
Lorentz force perpendicular to the magnet strips, are deflected from the stream
of non-conducting particles, as shown in Fig. 3.67. The magnitude of the lateral
deflection depends, among other things, on the electrical conductivity, density,
size and shape of the particles and the strength and the periodicity of the mag-
netic field.
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Figure 3.67: Schematic diagram of a ramp eddy-current separator (adapted from
Schloemann [S45]).

Schloemann [S45] found that the component of the repulsive force in -
direction acting on a conducting particle is given by:

= (3.178)

where and are the mass and velocity in the - direction of the particle,
respectively. The coe cient is a function of particle shape, and for a thin disc
of diameter , it is given by [S45]:

=
1

32
2 ( )2 (3.179)

and approximate expression for the repulsive force (eq. (2.6)) is quoted by
Schubert [S22]:

'
2

2 (3.180)

where is the period of the magnetic field. This equation, supported by ad-
ditional calculations of the repulsive force on particles of various shapes [S46,
V3, V4] shows that the repulsion force is a function of the material parameter

, given in Table 2.1, and of the square of the magnetic induction.
Schloemann [S45] calculated trajectories of disc-shaped particles in a ramp

eddy-current separator from the following equations of motion:

= sin and = (3.181)
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It follows from eqs. (3.181) that

( ) =
1

2
2 sin + 0 (3.182)

( ) = (
1

6
3 sin +

1

2
0

2) (3.183)

where (0) = 0.
The particle trajectory, in a frictionless situation, is then:

( ) =
2

3

3 2

( sin )1 2

·³
1 2

0
´³

1 +
0
´1 2

+ 2
³

0
´3 2

¸
(3.184)

where 0 is the distance along the ramp after which a particle starting at rest
has attained the velocity 0 Therefore, 0 = 2

0 2 sin . A more detailed
analysis of the e ect of friction on particle motion can be found in [S45].
Although ramp eddy-current separators were used in several industrial in-

stallations [S46], their commercial success was limited. Poor selectivity, partic-
ularly for small particles, and low throughput were responsible for the failure of
ramp separators to find a long-term production application.
Further development of the ramp concept resulted in the design of a vertical

eddy-current separator [V4, V3], in which the deflection occurred in a vertical
channel between two arrays of magnet strips mounted on the inside of two
vertical parallel mild steel plates. The strips of alternating polarity were also
oriented at an angle to the base plate and, in addition, the magnets on the
opposite plate were also arranged with opposite polarity. These static gravity-
based separators also failed to gain industrial acceptance and were replaced by
dynamic rotating drum eddy-current separators.
A detailed study of the separating Lorentz force, by eliminating the compet-

ing forces such as gravity and frictional forces, was conducted theoretically by
Fletcher et al. [F15, F16, F17]. These idealized physical models of separation of
conducting and non-conducting elements moving in a horizontal plane and inci-
dent on a single boundary of a semi-infinite magnetic field were compared with
the experimental results. Theoretical trends of the metal recovery with par-
ticle size, splitter position and boundary field profile were in good agreement
with experimental observations. Although the field geometry and the separation
arrangement in these studies di ered from those used in practical applications,
the methodology used can serve as a starting point for more fundamental re-
search into the mechanisms of eddy-current separation.

3.9.2 Rotating drum eddy-current separators

Presently, the eddy-current separators most frequently used in industrial prac-
tice are based on a rotating drum concept. The active part of such a separator
is a drum containing rapidly rotating magnetic system. Permanent magnets
are arranged, with alternating polarity, along the circumference of the magnetic
system. This concept is schematically described in Figs. 2.100 and 3.68.
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Figure 3.68: A top view of an eddy-current separator based on a rotating drum.
The particles are expelled by the Lorentz force in the direction of
the direction of drum rotation (adapted from [R17]).

In order to calculate the forces acting on particles due to eddy current, a
dipole model was developed by Rem et al. [R17, R18]. It was assumed that the
magnetic field induces eddy currents within a particle, which in turn generate
a magnetic moment in that particle. The interaction between the magnetic
moment and the external magnetic field results in eddy current forces.
The force can then be expressed as:

= (3.185)

where = . The torque on the particle is given by eq. (3.48).
In order to determine the force acting on a particle, given by eq. (3.185),

a magnetic field generated by the magnetic system must be calculated. Rem
et al. [R17] have shown that the components of the magnetic induction in the
cylindrical coordinate system ( ) relative to the drum axis can be written:

=
X
=0

( ) (2 +1) 1 sin[(2 + 1) ( )] (3.186)

=
X
=0

( ) (2 +1) 1 cos[(2 + 1) ( )] (3.187)

where are the Fourier coe cients, the radius of the drum, the number
of pairs of the magnets used in the drum and the angular velocity of the
drum. The Fourier coe cients can be determined by measuring the magnetic
field strength as a function of distance from the magnetic pole surface.
Based on eqs. (3.186) and (3.187), Zhang et al. [Z4] obtained the following

expressions for the tangential and radial eddy-current forces acting on
the particle:

=
2

0

( + )

1 + ( + )2 2

2 (3.188)
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=
2

0

( + )2 2

1 + ( + )2 2

2 (3.189)

where is the width of one pair of magnets, is the shape factor of the particle
and is the angular velocity of particle rotation. is a characteristic time with
which the induced magnetic field decays in the particle given by [Z4]:

= 0

2 (3.190)

where is the particle radius.
The torque on the particle was found to be [Z4]:

=
0

( + )

1 + ( + )2 2

2 (3.191)

It can be seen that the eddy-current forces and the torque depend on the square
of the magnetic field strength. By replacing ceramic ferrite permanent magnets
by rare-earth magnets, a considerable increase in the separating force can be,
therefore, achieved.

Competing forces

Gravitational, centrifugal, frictional and aerodynamic forces compete with eddy-
current forces and their relationship determines the particle trajectories in an
eddy-current separator. Eddy current forces and a wide spectrum of compet-
ing forces and their various dependencies on particle size and shape, electrical
conductivity, magnetic field strength and its frequency (or the angular velocity
of the rotating drum) make the determination of particle trajectories and thus
the e ciency of separation a problem of considerable complexity. Only rudi-
mentary e orts have been made the develop the balance of forces in a rotating
drum eddy-current separator [Z4, R17, R18].
Rem et al. [R18] developed a model for simulation of such a rotating drum

ECS. The eddy-current forces and some of the competing forces were included in
the model and particle trajectories were calculated. Typical trajectories, shown
in Figs. 3.69 and 3.70, comprise the rolling, sliding and finally flying stages. It
can be seen that at low belt velocities (Fig. 3.70) light particles tend to lose
contact with the belt at an early stage and they collide with the belt at a later
stage.
As a result of the dependence of the eddy-current forces and other forces

on the cube of the particle size, the particle size is the most significant variable
a ecting the performance of a separator. It transpires from the above equations
that also the particle shape plays an important role in the separation process.
For instance, it was observed that flat particles exhibit much greater displace-
ment by eddy-current forces than spherical particles. In spite of considerable
complexity of the process, some general rules that govern the e ciency of sep-
aration in a drum ECS can be formulated. In order to achieve a high recovery
of conducting particles, the eddy-current separating force must be greater than
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Figure 3.69: Particle trajectories in a rotating drum ECS. Three stages of par-
ticle motion, namely rolling, sliding and flying are apparent. Op-
erating conditions: belt speed: 1.5 m/s, drum angular velocity: 35
s 1, material: aluminium particles 15 mm in diameter, 45 mm long
(courtesy of P.C. Rem).

Figure 3.70: Particle trajectories in a rotating drum ECS, at low belt velocity.
Belt speed: 0.5 m/s, drum angular velocity: 35 s 1, material: alu-
minium particles of diameter of 10 mm, 2 mm thick (courtesy of
P.C. Rem).
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Figure 3.71: Frequencies required to rotate metal particles of various diameters
(adapted from Allen [A21]).

the sum of the competing forces:

(3.192)

If, however, , selectivity of separation will be low, as no dis-
tinction will be made between various classes of conducting particles. Selective
separation of one metal from another is determined by the interplay between
corresponding eddy-current and competing forces. Selective separation of metal
(1) from metal (2) will be achieved when the following relationship is met:

(1) (2) (3.193)

However, when , no separation based on the characteristic prop-
erty, such as electrical conductivity in ECS, will take place.

3.9.3 Eddy-current separation by particle rotation

With decreasing particle size, the torque on the particle become an important
separating force. Also, when the particle size becomes much smaller than the
width of the magnet strips used in the rotating drum eddy-current separators,
the particles increasingly respond to the field changes by rotation rather than
by repulsion [A21]. As a result of decrease in the particle throw and increase
of particle rotation as particle size decreases, Allen [A21, A22] proposed to use
particle rotation as the separating mechanism of conducting particles.
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Allen found that the magnitude of the torque acting on a cubic conducting
particle by a rotating field is

=
2 5

8
(3.194)

where is the length of the cube edge, is the magnetic field rotation frequency
and is the resistivity of the material. For a sphere of diameter , the torque
is given by

=

2 5

60
(3.195)

If such a torque is exerted on a particle by a rotating magnetic field, and
the particle is resting on a surface, the particle will be rolled when the torque
becomes greater than the gravitational force holding the particle against the
surface. The gravitational torque preventing a cubic-shaped particle from rolling
can be written:

=
4

2
(3.196)

Combining eqs. (3.195) and (3.196) an estimate of the minimum size of a cubic
particle that could be rolled at a given magnetic field strength is obtained [A21]:

min =
4

2
(3.197)

Equation (3.197) gives a reasonable estimate of the minimum size of a ”rollable”
cubic particle when the rotating magnetic field has its rotation axis at the centre
of the particle. In a more practical situation of a rotating drum eddy-current
separator, the magnetic field not only rotates the particle, but it is also moving
through the particle. This moving field produces a field which rotates in the
opposite direction, at half the field rotation frequency [A21]. The minimum
”rollable” cubic particle size, ignoring inter-particle interactions, can, therefore,
be estimated as

min =
8

2
(3.198)

The rotating frequencies of the magnetic field, required to rotate and thus to
separate particles of various metals and various sizes in a magnetic field of 0.45
T, are shown in Fig. 3.71 [A21]. It can be seen, for example, that particles of
gold, as small as 60 m, could be separated by rotating them at the frequency of
1000 s 1 The concept has been demonstrated by separating aluminium particles
from their mixture with sand, with the recovery of 86% and the concentrate
grade of 95 % Al, at the feed rate of 5 t/h/m [A17].



Chapter 4

Elements of Design of
Magnetic Separation
Equipment

4.1 Introduction

The design of a magnetic circuit for a magnetic separator is based on the need
to optimize the magnetic force required to separate e ciently, and selectively,
particles of di erent magnetic susceptibilities. As transpires from eq. (1.8),
the magnetic force is the product of the magnetic field strength and of the
field gradient. The desired magnetic field strength, the field gradient and their
combination are a function of the type of material to be separated, mode of
separation, required metallurgical performance and economic criteria. In this
chapter the basic design criteria and techniques of the generation of the magnetic
field and its gradient, as used in magnetic separation, will be reviewed.
Magnetic circuit design has been traditionally di cult because of the usual

non-analytic nature of the solutions for fields emanating from arbitrary sources.
Further, unlike currents in electric circuits, magnetic flux is not confined to the
wires but passes through various components of the circuit, including the air.
Over the years, several analytical techniques have been used to give approximate
solutions to magnetic design problems. In the simplest cases, the analytical so-
lution can be exact, but in general for any practical problem, analytical solutions
lead to large errors. Most designs are optimized by measurement and extrapo-
lation, and experience of working with a particular type of a magnetic circuit is
important.
The advent of powerful computational techniques, such as finite element

analysis, allows us to find accurate solutions for two- or three-dimensional field
distributions in complex geometries, which in turn may be used to predict de-
vice performance with similar precision. However, these modelling techniques

251
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require a detailed definition of the geometry and boundary conditions to be
solved, which assumes that an initial design already exists. While providing an
accurate field solution for a given geometry, these techniques will not optimize
it. Suggestions for changes in dimensions, materials etc. must come from the
designer. Consequently, while computer-based field analysis is an e ective tool
for simulating a known device, it is too cumbersome for design optimization
[C16].

Field equations

Calculation of the flux in a magnetic circuit is based on two Maxwell’s equations.
The first, in its di erential form is:

× = (4.1)

where is the current density. After integrating over an arbitrary surface we
obtain the above equation in the integral form:Z

( × ) · =

Z
· (4.2)

Then, using Stokes’s theorem, the left-hand side of this equation can be trans-
formed into a line integral around a closed path , which bounds the surface ,
and I

· =

Z
· = (4.3)

where is the total current. This is Ampere’s circuital law: the line integral
of around a closed path is equal to the total current crossing any surface
bounded by the line integral path. The left-hand side of eq. (4.3) is known as
magnetomotive force or .
The second fundamental relationship required for a magnetic circuit design

expresses the fact that flux must be conserved through any closed volume, or,
that the total flux flowing out of any volume must be zero. ThereforeZ

· = 0 or · = 0 (4.4)

Equations (4.3) and (4.4) are two basic equations used for magnetic circuit
design.

4.2 Design of circuits with permanent magnets

4.2.1 Basic concepts and figures of merit

The general relationship between magnetic induction and intrinsic material mag-
netization or polarization is given by

= 0( + ) = 0 + (4.5)
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Figure 4.1: The maximum energy products of permanent magnets.

The relationship between and is illustrated by the hysteresis curve shown
in Fig. 1.7. The second (demagnetization) quadrant of such a hysteresis curve is
important for description of the quality of a permanent magnet material. Rela-
tive contributions of and greatly influence the magnetizing, demagnetizing
and stability properties of permanent magnets. For instance, the coercive force

can never exceed the remanent magnetic induction :

0 (4.6)

while the intrinsic coercive force is not under such a restraint.
There is clearly one point between and for which the product of

and has a maximum value. The optimum operation of a magnet corresponds
to conditions under which this product is maximum. This maximum value
of the energy product is given by

( )lim
max

=
2

4
= 0

2

4
(4.7)

where (or ) is the saturation polarization (or magnetization) of the magnet
material. It transpires from this equation that, in order to establish the maxi-
mum capability of a permanent magnet, one has to know only the value of the
saturation polarization. The maximum value of the energy product corresponds
to the largest rectangle which can be drawn under the demagnetization curve
corresponding to the magnetic induction, as shown in Fig. 4.1. Another impor-
tant figure of merit is the intrinsic energy product ( )max. This quantity is of
importance when the magnet is subjected to large demagnetizing influences in
its operating environment. The maximum intrinsic energy product corresponds
to the largest rectangle that can be drawn under the demagnetization curve
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Table 4.1: Relative permeabilities of permanent magnet materials.

Material Permeability
Alnico 6 4.2
Ferrimag 5 1.06
NdFeB 1.08 - 1.1

N S

N S

Ferrite 
or NdFeB

Alnico

µ2>>µ1

µ2 ≅ µ1

µ2

µ1

Figure 4.2: Flux leakage in two di erent types of permanent magnets.

corresponding to the material polarization. The situation is depicted again in
Fig. 4.1.
Di erent types of permanent magnets can di er considerably in their mag-

netic behaviour. For instance, the two energy products of an Alnico magnet
are very similar, namely ( )max = ( )max, while for ferrite and rare-earth
magnets ( )max ( )max The permeability of Alnico magnets di ers
considerably from that of the air, namely , while for ferrite and
rare earth magnets these permeabilities are similar, so that = .
Typical values of magnetic permeabilities are shown in Table 4.1.
As a result of the above di erences, the patterns of the magnetic flux around

a magnet also di er. As is shown in Fig. 4.2, the flux lines in Alnico magnets
leave the magnet limb perpendicularly, since the poles of the magnet are not at
the terminals, but appear to be spaced at about 0.7 of the length of the bar [P4].
On the other hand, in ferrite and rare-earth magnets the flux lines tend to reach
the terminal and the pole spacing is, therefore, the full length of the bar. In a
long bar of Alnico 5, only 45% of the lines in the neutral section of the magnet
reach the end of the bar. Therefore, a high percentage of the total energy is



4.2. DESIGN OF CIRCUITS WITH PERMANENT MAGNETS 255

Lg

Lm

Ag

Am

Iron pole-pieces

Permanent magnet

Figure 4.3: Magnetic circuit with a permanent magnet.

stored in leakage fields. On the other hand, in a ferrite bar approximately 95%
of the flux at the neutral section reaches the end of the magnet. These magnets,
therefore, store most of their energy within their volume and their useful energy
approaches ( )max [P4].

4.2.2 The static gap design

In a circuit with permanent magnets there are no currents, = 0, and eq. (4.3)
reduces to I

· = 0 (4.8)

In a simple magnetic circuit of Fig. 4.3, with a permanent magnet and an air
gap, under static conditions, in which the dimensions of the air gap are constant,
eq. (4.8) can be re—writtenZ

· +

Z
· = 0 (4.9)

Therefore, the sum of the magnetomotive force (mmf) in the magnet and the
magnetomotive force in the air gap equals zero:

+ = 0 or = (4.10)

assuming that the soft-iron parts have infinite magnetic permeability. Also,
because the flux is continuous

= (4.11)
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In the above equations , and are the length, cross-sectional area and
the magnetic induction of the air gap, respectively, while , and are
the length, cross-sectional area and magnetic induction of the magnet. It can
be seen from eq. (4.9) that the magnetomotive force inside the magnet is in
the opposite direction to the magnetomotive force in the air gap. Permanent
magnets thus operate in the top left-hand quadrant (demagnetization quadrant)
of the hysteresis curve.
By multiplying eq. (4.10) by eq. (4.11) we get

= (4.12)

where and are the volumes of the gap and magnet, respectively. This
equation can be re-written as

1

0

2 = (4.13)

These equations illustrate that the larger the product and/or the vol-
ume of the magnet, the greater the magnetic induction in the air gap. It is
also possible to determine, from the above equation, the volume of the magnet
required to generate a desired flux density in a given air gap:

=

2

0

(4.14)

By combining eqs. (4.12) and (4.13) we can also write

= 0 = (4.15)

where = 0 is the so-called permeance of the air gap, while the perme-
ance of the magnet can be defined as = 0 . Permeance is a measure
of magnetic conductance which, if known, enables an accurate prediction to be
made concerning how much of the total flux of a magnet will reach the air gap.
The reciprocal of permeance is called reluctance, = 1 .
It can be seen from eq. (4.15) that by increasing the air-gap area and/or

reducing the air gap length the ease with which flux travels across this gap will
increase.
Equation (4.15) can be plotted as a straight line with a negative slope on

a demagnetization curve. The intersection of this so-called load line with the
demagnetization curve represents the operating point of the magnet, as shown
in Fig. 4.4. The slope of the load line is equal to 0 For a
very small air gap, in the limit 0 the magnet is short-circuited and

0 as shown in Fig. 4.4. In the opposite case, if the soft iron
pole pieces are removed and the magnet stands alone, the air gap becomes large
and the magnet operates in the open circuit regime. The optimum operation of
the magnet is obtained when the working point on the demagnetization curve
corresponds to the maximum value of the product ( ), as illustrated in Fig.
4.1.
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Figure 4.4: The load lines of permanent magnets operating in di erent regimes.

4.2.3 Leakage factors

In all practical situations the pole pieces will have finite magnetic permeability
and even more importantly, there will be a considerable leakage of the magnetic
flux. Allowance for these imperfections can be made by introducing correction
factors 1(leakage coe cient) and 2 (loss factor) [P4]:

1 =
Total flux in circuit

Useful flux
=
Useful flux + Leakage flux

Useful flux
(4.16)

2 =
magnet mmf
useful mmf

(4.17)

The equation for the load line then becomes

= 0

1

2

(4.18)

It is of interest to note that the ratio is entirely determined by the
physical relationships between the permanent magnet and the entire magnetic
circuit within which it functions. This ratio is independent of the material from
which the magnet is made.
Although the correction factor 1 is rarely smaller than 2 and has no upper

limit, for reasonably e cient permanent magnets it is in the range from 2 to 3.
The loss factor 2 is generally much smaller than 1, usually within the range
1.05 to 1.45 [H18].
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Dynamic operation

If the magnetic circuit geometry does not remain unaltered, then the load line
slope in eq. (4.18) will change through any of the parameters , , 1 and 2

The operating point of the magnet may undergo an excursion within the short
and open-circuit limits shown in Fig. 4.4. A portion of the flux changes from
the leakage paths to the useful paths and back again, as the useful permeance
is changed. The operation of a lifting magnet is a typical situation in which the
magnetic system undergoes dynamic changes.

4.2.4 Determination of permeance and leakage factors

The primary requirement for magnetic circuit design, and therefore the design of
the basic magnet used in the circuit, is to be able to calculate the relationships
between flux paths. As pointed out in the previous section, the easiest approach
to such calculations is by means of permeances. In general, the permeance of the
flux paths varies from a minimum near the neutral section of the magnet to a
maximum for zones at the end of the magnet or close to the air gap. Relatively
simple formulae for various circuit geometries are available in the literature
[T6, P4, M19, H18, M20]. Adding the gap and leakage permeances using these
relationships is one of the methods of estimating the total permeance.
For instance, permeance of the air gap between rectangular surfaces of width
and thickness (Fig. 4.5) is given by

= 0 (4.19)

This equation is a special case of a more general expression

= 0 (4.20)

which is valid for any shape of the air gap. The leakage permeance of the
geometry shown in Fig. 4.5 is given by an approximate formula [H18]

= 0 ln(
2

+ 1) (4.21)

In order to demonstrate the di culties facing a designer, Parker and Studders
[P12] quote, for the same geometry, another formula that leads to values of
about 20% to 30% higher.
For a bar magnet that operates in the open-circuit mode, the permeance is

the permeance from one limb of the magnet to the other, since there are no pole
pieces or a well-defined air gap. Permeance of such magnets, of various shapes
such as bars, rods and rings, is

= 1 77 (4.22)
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Figure 4.5: Geometry of a magnetic circuit for calculation of the leakage perme-
ance.

where is the cross-sectional area of the pole. This relationship is applicable
to ferrite and rare-earth magnets, while for Alnico magnets the relation is

= 1 77 × 0 7 (4.23)

This equation takes into account the fact that for Alnicos the e ective spacing
of the poles is only 0.7 of the total length, as shown in Section 4.2.1.
It is clear that the calculation of individual permeances is very laborious and

various empirical formulae have been developed for the determination of the
total leakage. A very simple example of such a formula [H18] is an expression
for the leakage factor 1 for a gap of length between circular pole-pieces of
diameter :

1 = 1 +
7

(4.24)

Comprehensive sets of formulae, usually attributed to Tenzer [e.g. T6], are
available in the literature [e.g. H18]. For instance, in a magnetic circuit shown
in Fig. 4.6, in which the permanent magnet material is adjacent to the gap,
leakage from the sides and base, which are at the same potential, can be ignored.
The correction factor 1 is then given by [H18, M19]:

1 = 1 + (1 1
0 67

0 67 +
)(1 + ) (4.25)

where is the perimeter of a part shown as length Similar equations are
available for other geometries [H18, M19].

4.2.5 Magnetic field around a permanent magnet

The distribution of the magnetic induction at various points of magnets operat-
ing in the open-circuit regime is shown in Fig. 4.7 and Table 4.2. The long thin
bar is magnetized along its long axis while the thin disc is magnetized along
its short axis. The sphere is magnetized along its diameter. It is of interest to
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Figure 4.6: A permanent magnet circuit for the calculation of the leakage coef-
ficient.

note that a thin disc magnetized through its thickness produces no magnetic
flux density although the magnetic field strength at point C is equal to 0.

Calculation of the magnetic field around a permanent magnet can be per-
formed either using the pole concept or the surface current models. In the
former approach a magnet is treated as having a uniform distribution of poles
on the ends of the magnet. Using this assumption, magnetic induction on the
axis of a circular infinitely long magnet, as a function of the distance from the

B               C              D B     C     D CA E    A E A E

H

Figure 4.7: Distribution of magnetic induction inside and outside magnets of
various shapes.
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Table 4.2: Distribution of magnetic induction B inside and outside magnets of
various shapes [H18].

Point Bar Sphere Disc
A J/2 2J/3 0
B J/2 2J/3
C J 2J/3 0
D J/2 2J/3
E J/2 2J/3 0

P

R

z

1

2

 P

(a)    (b)

Figure 4.8: Calculation of magnetic induction on the axis of a cylindrical mag-
net.

magnet (Fig. 4.8), is given by

=
2

1 µ
1 +

2

2

¶1 2
(4.26)

where is the radius of the magnetic cylinder. By symmetry, has no com-
ponents perpendicular to It can be seen that on the surface of the magnet
( = 0) the magnetic induction = 2, as shown in Table 4.2. Numerical
computations are required to determine the magnetic induction o the axis.
Expressions similar eq. (4.26) can also be obtained for the components of mag-
netic induction generated by rectangular surfaces [M19].

A uniform solenoid of rectangular or circular cross-section with surface
current density (A/m) is equivalent, for the purpose of calculating magnetic
induction, to a bar with uniform magnetization = = 0. If a solenoid
has a circular cross-section, magnetic induction at point on its axis, is
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Figure 4.9: Definition of geometrical parameters of a cylindrical and a rectan-
gular permanent magnets for calculation of the magnetic field.

given by

= 0 2
(cos 1 cos 2) (4.27)

It can be seen that on the surface of an infinitely long solenoid ( 1= 0, 2 =

900) = 0 2, as could have been expected.
Selvaggi and Selvaggi [S48] developed mathematical equations that allow

the external and internal magnetic fields of cylindrical and rectangular perma-
nent magnets of finite dimensions to be determined. These magnets are shown
schematically in Fig. 4.9. The authors assumed that the surface charge density
at the poles is equal to and that only two parallel faces contribute to the
field.
The equation for the external field at distance from the face of a circular

magnet of radius and length is

=
2

(
+

[ 2 + ( + )2]
1 2

[ 2 + 2]
1 2

)
(4.28)

The equation of the internal field, at the centre of the magnet is

= {
2

( 2 +
2

4
)

} (4.29)

Clearly, for , .
It can be seen that both terms in parentheses in eqs. (4.28) and (4.29) are

dimensionless and thus any system of units can be used.
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Similar expressions were derived for a rectangular permanent magnet of finite
dimension, as defined in Fig. 4.9. The equation for the external field is

=

arcsin

4

·
(

2

4
+ 2)(

2

4
+ 2)

¸1 2

arcsin

4

·
(

2

4
+ ( + )2)(

2

4
+ ( + )2)

¸1 2

(4.30)

while the expression for the internal field is given by

= 2arccos

4[(
2

4
+

2

4
)(

2

4
+

2

4
)]1 2

(4.31)

Considerably more complicated expressions for the o -centre magnetic field can
also be found in [S48]. Good agreement between the measured values and those
determined from eqs. (4.28) to (4.31) was found.

4.2.6 Magnetic forces

Permanent magnet circuits can be designed either for holding magnetic bodies
or for attracting them. The distinction is that the holding magnet has to exert
a magnetic force on a material with which it makes a good contact, while the
attracting magnet has to exert a force on a magnetic body at a considerable
distance. The distinction is important, because the optimum design for the two
purposes di ers considerably.
While the attraction force is essential in many forms of magnetic separators,

such as suspended magnets or wet low-intensity drum magnetic separators, in
other types of separators it is the holding force that plays a decisive role. The
correct compromise between holding and attracting particles from a distance
must be achieved.
A force between two magnetic charges 1 and 2 separated by a distance

is given by Coulomb’s magnetostatic law:

=
1 2

4 0
2 0 (4.32)

where 0 is the unit vector in the direction of For a thin cylindrical magnet
= where is the magnetic polarization and is the cross-sectional area

of the magnet. We can then write, for semi-finite magnetic bars of the same
cross-sectional area

=
1

4 0
2

2
0 (4.33)



264 CHAPTER 4. DESIGN OF MAGNETIC SEPARATORS

where and are magnetic polarizations of bars and , respectively. When
these bars are in contact, eq. (4.33) reduces to:

=
1

2 0

(4.34)

As an example, magnetic polarization of 1 T produces a pull of 40 N/cm2, or
approximately 4 kg/cm2, while 0.2 T creates a pull of a mere 0.16 kg/cm2.
Equation (4.34) is often simplified even further, under the assumption =

= into the form

=
1

2 0

2 (4.35)

which is incorrect in many instances [M19]. For instance, if = 0, then cor-
rectly = 0 according to eq. (4.34). The simplified formula would incorrectly
yield = 2 8 0. Generally, eq. (4.35) is valid only when bars and are
of the same material and when there is no source of external magnetic field.
It is obvious from eqs. (4.34) and (4.35) that the holding force is proportional

to the square of flux density and only to the first power of the magnet area. By
using tapered soft-iron pole-tips it is possible to concentrate the flux to a higher
density than the magnets themselves can provide. Although the cross-sectional
area of the magnet would decrease somewhat, the holding force will increase
nevertheless.
Although by increasing the magnetic flux it is possible to increase the holding

force for zero air gap, the reach of the magnetic force would decrease once the
air gap is introduced. The force of attraction would thus decrease. Therefore,
in those magnetic separators in which a pull at a distance (traction force) is
important, wide pole-pieces working at a low induction and allowing high force
penetration into the air gap, are required. On the other hand, closely spaced
poles that produce high holding force are incorporated into those magnetic sep-
arators that rely on the holding force rather than traction force. Dry drum and
roll magnetic separators are an example of such machines.

4.2.7 Soft iron components of the magnetic circuits

Pole-pieces of a solid or laminated soft iron or mild steel , or occasionally cobalt-
iron, are an essential part of magnet design. These flux-conducting members
are used to complete a return path for the flux and to concentrate or change
the flux density in a circuit. Cost is usually an important factor in the choice
and majority of magnetic circuits use ordinary cold-rolled steel for these com-
ponents. Cobalt-iron alloy is used in some high-performance circuits. It is a
good practice to operate these materials near their maximum permeability, as
shown in Fig. 1.9. This will ensure the maximum flux-carrying capacity of the
circuit. Magnetization curves for some high-permeability materials is shown in
Fig. 4.10.
Relative position of permanent magnets and mild steel components is also

of significant importance. Figure 4.11 illustrates three possible arrangements
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Figure 4.10: Magnetization curves for several high-permeability materials.

      (a)  (b) (c )

Three positions of permanent magnets in a circuit

Figure 4.11: Three arrangements of a circuit with permanent magnets.
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Table 4.3: Reversible temperature coe cients of permanent magnetic materials.

Material (B ) [%/0C] (H ) [%/0C]
Ferrite - 0.20 + 0.40
SmCo5 - 0.04 - 0.30
NdFeB - 0.12 - 0.60

of a circuit with permanent magnets. Arrangement (a) is the least e cient
as the leakage between the circuit elements is very high. On the other hand,
arrangement (c) is the most e cient as a result of low leakage. Analysis of these
circuits with an Alnico 5 magnet showed that the ratio of the gap flux to the
total flux in the arrangement (c) is three times higher than in arrangement (a)
[P12]. It is clear that permanent magnets should be placed as close to the air
gap as possible. A valuable advantage can be obtained by placing a magnet,
magnetized through its thickness, on a ferromagnetic plate. Then the magnet
behaves like one of twice its thickness.

4.2.8 Stability of permanent magnets

Permanent magnets are expected to maintain a constant flux output over a
long period of time, although any magnet, after being fully magnetized, is likely
to lose strength slowly with time. In nearly all applications the magnet is
subject to influences that tend to alter the magnet flux. However, in contrast
to early permanent magnets, the modern materials exhibit remarkable stability,
sometimes as high as 10 6.

Reversible changes

The magnetization changes fall into two classes, namely reversible changes and
irreversible changes. The reversible changes in the magnetic properties, as
a function of temperature, originate in the change in spontaneous magneti-
zation. Reversible changes are functions of temperature and circuit loading
and are time-independent. They disappear completely without need for re-
magnetization when the permanent magnet is returned to its initial tempera-
ture. Figure 4.12 illustrates the dependence of the remanent magnetization on
temperature for three types of permanent magnet materials.
The reversible changes resulting from temperature changes can be repre-

sented by temperature coe cients, expressed as a percentage change in or
per 0C. A summary of the temperature coe cients of and for sev-
eral permanent magnet materials is given in Table 4.3. In addition, Table 1.18
summarizes the Curie temperatures and maximum operating temperatures of
various permanent magnet materials.
In many instances the temperature coe cients of magnetization and coer-

cive force do not give enough information about how a magnet will respond to
temperature changes. Changes in the shape of a demagnetization curve and the
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Figure 4.12: Temperature dependence of remanent magnetization of various per-
manent magnetic materials (adapted from [P4]).

position of the load line and the working point can only be seen from a complete
set of demagnetization curves, measured at di erent temperatures. Figures 4.13
and 4.14 illustrate families of demagnetization curves at various temperatures
for ferrite and NdFeB permanent magnets. Such curves are useful for graphical
design of magnets operating under various temperature conditions.
Complete sets of such demagnetization curves are available either in the

literature (e.g. [P4]) or the most recent data can be obtained directly from
magnet manufacturers.

Irreversible changes

In the case of irreversible changes, after the removal of the disturbing influence,
the magnetization does not return to its original value. In certain types of
changes however, the magnetization can be fully restored by re-magnetization.
Such changes are, for instance, ambient temperature changes and exposure to
an external magnetic field. Upon exposure to an external field, the operating
point moves down the demagnetization curve and the intrinsic magnetization
of the magnet shows a corresponding change. When the external field is re-
moved, the magnetization recovers only partially. This loss is recoverable by
re-magnetization. The loss will be greater when a magnet is operating in the
steepest part of the demagnetization curve.
Although mechanical shock and vibration contribute energy to a permanent

magnet, changing its magnetization, modern materials with high coercive forces
seem to be resistant to changes by mechanical e ects. At the same time, how-
ever, field exposure is not able to completely eliminate changes that might have
occurred.
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Figure 4.13: Demagnetization curves of a ferrite magnet at di erent tempera-
tures.

Figure 4.14: Demagnetization curves of an NdFeB magnet at various tempera-
tures.
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Table 4.4: Magnetic induction required to magnetize permanent magnet mate-
rials.

Material B [T]
Alnico 5 0.3
Alnico 8 0.8
Ferrite 1.0
RECo5 2.0 to 3.0
NdFeB 2.5 to 3.0

While Alnico and ferrite magnets are stable and not subject to corrosion,
rare-earth magnets have oxidation problems that limit their maximum operating
temperature. If no coating is provided for protection, oxygen di uses into such a
magnet, causing a metallurgical change in a surface layer. The surface layer will
have a lower , which will allows this region of the magnet to be demagnetized
more easily. Surface oxidation thus leads irreversibly to a reduction in the
magnetic properties.
Irreversible changes, resulting from permanent changes in the structural or

metallurgical state, are usually time-dependent and re-magnetization does not
restore the original state of magnetization. The temperature at which changes
in properties first become noticeable corresponds to the maximum operating
temperature. Temperature-induced irreversible losses in permanent magnets
are shown in Table 1.17.

4.2.9 Magnetization of permanent magnets

It is generally accepted that to magnetize a permanent magnet to saturation,
an external magnetic field three to five times its intrinsic coercivity must be
applied. Typical values of the magnetic induction required to magnetize various
permanent magnet materials are summarized in Table 4.4.
Simple bar or ring-shaped magnets may be magnetized by a larger perma-

nent magnet, a solenoid or an electromagnet. To magnetize rare-earth magnets,
very high fields are required and magnetization is often performed with small
coils or solenoids energized by large current pulses of short duration. Large mag-
nets cannot be magnetized by a pulse of short duration, because eddy currents
prevent the flux reaching the centre of the magnet. In general, the frequency
of the pulse must be chosen so that the magnetizing pulse lasts longer than the
eddy current. The depth of penetration, or the skin depth , is given by

=

µ
0

¶1 2

(4.36)

where is the resistivity of the material.
Resistivity plays a very important role since most permanent magnets have

very low permeabilities . Ceramic ferrite magnets have high resistivity
10 4 m and full penetration of a pulse is easy. On the other hand, Alnico and
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Figure 4.15: Schematic diagram of an electromagnet with iron yoke.

rare-earth magnets, with 100×10 8 m, pose a problem and a pulse width
of at least 10 ms must be used [P4].

4.3 Design of iron-core electromagnets

In section 1.7.2 the position of electromagnets with an iron yoke as a source
of magnetic field in magnetic separation was outlined. Although the iron-core
electromagnets have been recently replaced by rare-earth permanent magnets
in several types of magnetic separators, they still play an important role in
various designs of magnetic separators. In those applications where variable
magnetic field of moderate strength in a relatively large volume is required,
electromagnets with an iron yoke are the field source of choice.
In spite of availability of powerful modelling techniques for optimization of

electromagnet design, the initial design ought to be created based on experience
and, to some degree, on guesswork. In this section general principles of design
of electromagnetic circuits with an iron core will be described. The design of
such a circuit, schematically shown in Fig. 4.15, is governed by Ampere’s law
given by eq. (4.3). If we suppose that coils with a total number of turns are
wound onto the circuit, then Ampere’s law can be re-written asI

· = (4.37)

The path of integration extends around the magnetic circuit as shown in Fig.
4.15. The magnetic induction in the air gap of length is, therefore, given
by

= 0 (

Z
) (4.38)
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By calculating the actual field inside the iron part of the circuit, we can
then determine the magnetic induction in the air gap from the value of the
magnetomotive force (or number of ampere-turns)
We can define reluctances of the air gap and of the iron part of the circuit
as

=
0

(4.39)

=
1
Z

(4.40)

where and are cross-sectional areas of the air gap and iron and is the
permeability of iron.
If the magnetization of the iron is much less than saturation, then 0

and Then we have

0 = 0 (4.41)

This equation expresses a linear relationship between 0 and , which is ob-
served for any type of electromagnet at low magnetic fields. If, however, the
magnetization of the iron approaches saturation, the permeability of the iron
is greatly reduced. Under these conditions eq. (4.41) is not valid and we must
use the following, more general equation to calculate

=
( + )

(4.42)

For this purpose we must calculate from eq. (4.40), which is a di cult task
as we have no straightforward way of determining the value of as a function
of position Furthermore, the leakage of the flux will increase as becomes
small [I1].

4.3.1 Calculation of the magnetic field

The magnetic field produced in an air gap of an electromagnet can be calculated
by integrating contributions of the magnetic charges on the pole surface. For
cylindrical flat poles, as shown in Fig. 4.16, the magnetic induction in the gap
is given by [M21]

= (1 cos ) =

·
1

( 2
2

+ 2)1 2

¸
(4.43)

where is a correction factor.
For tapered poles with coinciding apexes (Fig. 4.16) the magnetic induction

becomes

= (1 cos + cos sin2 ln
2

1

) = (4.44)·
1

( 2
1

+ 2)1 2
+

2
1

( 2
1

+ 2)2 3
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2

1

¸
(4.45)
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Figure 4.16: Cylindrical flat poles and tapered poles with coinciding apexes.

It can be seen that in this case the magnetic induction consists of two terms, the
first term being the magnetic induction for cylindrical flat poles. The second
term is greater than zero (provided that 900 and 2 1), and magnetic
induction generated by tapered poles, therefore, generates a greater magnetic
field than flat poles. This second term achieves its maximum for = 54.70.
It was shown by Montgomery [M21] that eq. (4.43) gives good results if
= 0 7 for 1, while for = 0 5 the correction factor = 1 gives a good

agreement between calculated and measured values of magnetic induction.
is a geometrical factor defined as = 2 2 and is defined in Fig. 4.16. In
magnets with tapered pole-pieces eq. (4.45) has very good predictive capability
for = 1.

4.3.2 Shape of iron parts of the circuit

The yoke, as shown in Fig. 4.15, serves to transport the magnetic flux from
the end of one pole to the end of the other pole. The presence of iron permits
useful values of the magnetic induction (for example, up to 2 T) to be reached
with modest investments in ampere-turns. The iron yoke also confines the stray
flux to the immediate vicinity of the magnet gap. The yoke should, therefore,
have reasonably high permeability, even when the poles and pole pieces are
saturated. Since the magnetization curve of soft iron has a knee at = 70%
to 80%, it is recommended to make the cross section of the yoke about 1.2 to
1.4 times that of the poles [I1]. In modern magnets the yokes and the poles are
made of laminations.
In order to attain the strongest possible magnetic field, the shape of the poles

and pole pieces must be determined to satisfy the following two requirements:
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Figure 4.17: Shape of a pole with two conical pole-pieces.

(a) The magnetization of the poles and pole pieces must produce the maxi-
mum possible field when they are saturated.

(b) Saturation should be achieved simultaneously throughout the volume of
the poles and the pole pieces.

In view of increasing leakage from the poles, as their magnetization ap-
proaches saturation, the cross-section of the poles must be reduced as the tip of
the pole is approached. The flux density will thus be maintained constant and
the requirement (b) will be met.

In order to satisfy the requirement (a), Ewing [E2] showed, as early as the
end of the nineteenth century, that the shapes of the pole pieces must be conical,
preferably with the vortex angle of 54.70. In an actual electromagnet, however,
this conical shape must be modified, in order to secure homogeneity of the field
in the air gap and to ensure that permeability is constant throughout the pole
and the pole piece [I2].

Analyzing eqs. (4.43) and (4.45), Ishikawa and Chikazumi [I2] showed that
the pole shape that satisfies the above requirements can be approximated by
the shape shown in Fig. 4.17. This shape is composed of a pole-tip of radius
1, a conical part of radius 2 and another conical part of radius 3. Analysis
of this shape indicates that that the maximum field in the air gap depends
on the value of 2 1 and not on 1 1 while the homogeneity of the field
is determined by the value of 1 1. The issue of the field homogeneity is
not critically important in magnetic separation and the parameter 1 1 is,
therefore, of limited relevance for the design of a circuit of a magnetic separator.
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Figure 4.18: The excitation curve of an electromagnet showing the unsaturated
zone (A), transition zone (B) and saturated zone (C).

4.3.3 Practical procedure for design of the poles

The design of an electromagnet for a magnetic separator is based on two fun-
damental specifications, namely the required magnetic field strength and
the length (2 1) and the depth (2 1) of the air gap. The former parameter is
determined by the required separation e ciency while the latter mainly by the
desired throughput of the separator. In wet high intensity magnetic separators
the depth of the air gap determines the depth of the matrix bed, which in turn
also a ects the e ectiveness of separation.
From an economic point of view, the size and thus the price of the magnet

depends strongly on the length of the air gap = 2 1 The volume of the
magnet is approximately proportional to (2 1)

3.

Contribution of iron to the magnetic field

The contribution of the iron circuit to the magnetic induction in the air gap
can be divided into three regions, as illustrated by the excitation curve shown
in Fig. 4.18. In the unsaturated zone the reluctance of the air gap is much
greater than the reluctance of the rest of the circuit so that almost the entire
magnetomotive force appears across the gap. Once the transition zone sets in,
the flux that reaches the air gap is reduced. In order to achieved the desired
magnetic induction, the number of ampere-turns must be increased, as shown
in Fig. 4.18.
It was reported by Montgomery [M21] that usually ( ) ( ) 1.1 at

60% of the maximum magnetic field, while a typical value of this ratio at 85%
of the maximum field is about 2. A plot of this ratio against the percentage
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Figure 4.19: Ampere-turns needed to achieve a required magnetic field.

of the maximum induction, for a typical magnet, is shown in Fig. 4.19. With
the number of ampere-turns known at 60% and 85% of the maximum field, a
satisfactory curve can be drawn representing the magnetization of iron from 0 to
100% [M21]. Figure 4.20 shows the number of ampere-turns required to obtain
85% of the maximum field, as a function of the geometry of the magnet.

Design of coils

Coils in an iron-core electromagnet serve two functions: they provide the elec-
tromagnetic force to magnetize the iron, and they contribute a certain magnetic
field in the air gap. The magnetic induction generated by a coil, the geometry
of which is shown in Fig. 4.21, at the centre of the coil, is given by [M22]:

=
2 0 1 ( 1)

( ) (4.46)

where = 2 1, = 1 and ( ) is the field factor defined (in SI units)
as

( ) = ln
+ ( 2 + 2)1 2

1 + (1 + 2)1 2
(4.47)

The field along the axis of a coil of axially uniform excitation can be written
[M22]:

(
1

) = (0)

·
( + 1) + ( 1)

2 ( )

¸
(4.48)
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Figure 4.20: Ampere-turns required to reach 85% of the maximum magnetic
field in the air gap, as a function of the ratio of the pole face
diameter and the gap length, 1/ 1, for several 3 1ratios (adapted
from [M21]).
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Figure 4.21: Definition of geometrical parameters of a solenoid coil.
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Figure 4.22: Empirically obtained curve expressing the maximum magnetic field
as a function of ratio of the pole diameter to air gap length (adapted
from [I1]).

If the point at which this field is measured lies outside the coil (e.g. in the air
gap of an electromagnet) the following relationship should be used in eq. (4.48):

( 1) = ( 1 ) (4.49)

Practical rules for the design

Taking into account the above analysis, the following rules should be followed
in the design of an electromagnet:
(1) Although the field homogeneity is not critical in magnetic separation,

a suitable choice of the pole radius 1, in such a way that 1 = 2 1, usually
ensures the field homogeneity within 10 3

(2) The maximum magnetic field is a function of the maximum pole diameter
2 3, irrespective of di erences in pole shapes [I1]. Using Figs. 4.20 and 4.22,
approximate value of the maximum diameter of the pole from the selected values
of and 1 can be determined.
(3) The optimum value of angle 1 depends on the value of 1 1 which

again is not of major importance in magnetic separators. 1 usually ranges from
500 to 600.
(4) A generally accepted rule is that 3 = 1.2 2 to 1.4 2

(5) The number of ampere-turns should be selected in such a way that
( ) = 1 1( ) or 2( ) , if 60% or 85% of the maximum field is to be
achieved, respectively.
Figure 4.23 illustrates modelling of the magnetic flux in a iron-core electro-

magnet.
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Figure 4.23: Modelling of an iron-core electromagnet.

4.4 Design of solenoid magnets

As has already been discussed in Section 1.7.3, generation of magnetic induction
by iron-core electromagnets is limited by the saturation of the iron. In order to
overcome this limitation, Bitter [B24] proposed the use of a magnetizing solenoid
surrounded by steel cladding. The magnetic induction in the working volume
of such a magnet is given by the sum of the contribution from the coil and
from the magnetized iron, as expressed by eq. (1.50). Figure 1.40 illustrates the
relative contributions from these two components of the magnet.
The idealized circuit of the iron-clad solenoid is shown in Fig. 4.24. The

magnetic induction in the air gap is given by Ampere’s law (eq. (4.41)). If the
magnetic reluctance of the iron frame cannot be neglected, eq. (4.42) must be
used. In a more practical form, a leakage factor can be included in eq. (4.42),
and we can write:

= 0 (1 + )
(4.50)

The leakage factor is often taken equal to 0.2 [T6, M23].
It transpires from eq. (4.50) that the number of ampere-turns required to

generate a given magnetic induction is determined solely by the length of the
field (or the length of the air gap) and is independent of the radius 1 of
the working volume. Solenoids shown in Fig. 4.25 have the same length of the
air gap, while their radii di er, and the number of ampere-turns required to
generate a required magnetic induction is the same for both solenoids. This
feature is extremely useful in the scale-up of magnetic separators. In iron-core
electromagnets a higher throughput of separators is achieved by increasing the
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Figure 4.24: Schematic diagram of an iron-clad solenoid.

length of the air gap. This requires an increased number of ampere-turns, as
follows from eq. (4.41). This, in turn, results in an increase in the mass, size
and cost the magnet.

On the other hand, the scale-up of a magnetic separator based on an iron-
clad solenoid is achieved by increasing the diameter of the solenoid, keeping the
length of the air gap constant. The number of ampere-turns will be constant,
only the length of the conductor, and thus its resistance will increase.

Lg

   2a1

Figure 4.25: Two iron-clad solenoids having the same length of the air gap and
di erent radii.
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4.4.1 The power requirements

The magnetic induction generated directly by the coil itself can be calculated
using eqs. (4.46) and (4.48). The power (in watts), required to generate a
given magnetic induction, is then given by:

=
2
1

2 ( 2 1)2
( 2 1)( )2 (4.51)

where is resistivity of the conductor and is the filling factor of the winding
defined as

=
active section of the winding
total section of the winding

(4.52)

Combining eqs. (4.41) and (4.51) it can be seen that the power is proportional
to the square of the number of ampere-turns and thus of magnetic induction,

2.
While the electric current and the number of turns are related by eq.

(4.41), the necessary voltage can be found from = where the resistance
of the winding can be calculated from:

=
2

=
( + 1)

2 ( 1) 1

2 (4.53)

where is the cross-section of the winding and is the mean diameter of
the winding.

4.4.2 The choice of the conductor

The choice of the conductor, between copper and aluminium, determines the
maximum current density, the mass and the volume of the coil and the cost of
the magnet. Copper is 3.3 times denser than aluminium (8960 kg/m3 vs 2699
kg/m3) and for equal coil sizes aluminium will make a much lighter coil. On the
other hand, resistivity of aluminium is about 1.58 times greater than resistivity
of copper (2.45×10 8 m vs 1.555×10 8 m at 0 0C), 1.58 time more power is
required by the aluminium coil to generate the same field. Detailed analysis of
the relative merits of aluminium and copper coils, as a function of coil geometry,
mass and cost can be found in [M22].

4.4.3 The cooling of coils

The removal of the Joule heat generated inside the winding can be accomplished
in several ways. Indirect air cooling can be applied to magnets operating at low
current densities, generally not exceeding 3 A/mm2 for a copper conductor.
Direct immersion of the coil into the circulating oil or water greatly improves
heat conduction and transfer and higher current densities can be used.
The operating current density can be increased considerably by using hollow

conductors through which the cooling liquid circulates. Water is a very e cient
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coolant in removing heat at conventional temperatures. The oils, for example,
have heat-transfer characteristics about one-fifth that of water [D11]. Coils
with low resistance, operating at low voltage, are almost always cooled with
deionized or demineralized water, mains water causing electrolysis even at low
voltage. The cooling water is circulated through the coil, a heat-exchanger, a
filter and a deionizer. In the heat-exchanger the heat is carried o by tap water.
The flowrate of water (in cm3/s or m3/h) required to restrict the temper-

ature rise to (in 0C) in a magnet with power input of (in watts) is given
[M22] by:

=
4 186

( ) =
1163 7

( ) (4.54)

For instance, for a 250 kW magnet, with temperature rise of = 30 0C, the
required flowrate is approximately 2000 cm3/s, or 7.2 m3/h.
The operating temperature of a magnet a ects the resistance of the winding

and thus the power needed to achieve the required magnetic field. The hotter
the coil, the higher the resistance will be and the more power will be needed.
The temperature dependence of resistivity of conductors can be written

= 20[1 + ( 200 )] (4.55)

where and 20 are resistivities at temperature and 20 0C, respectively
and is the temperature coe cient. For copper 20 = 1.72×10 8 m and

= 0.0041/0C, while for aluminium 20 = 2.7×10 8 m and = 0.0045/0C.
Therefore, a copper conductor operating at 60 0C has resistivity of 2×10 8 m,
while an aluminium conductor has resistivity of 3.2×10 8 m.
Whether or not the amount and flow velocity of the coolant, as determined

by eq. (4.54), can be forced through the winding of the magnet depends on the
pumping power available and on the detailed structure of magnet. The pressure
drop across a tube is the sum of the entrance and exit losses and frictional drop
in the tube. The total pressure drop (in Pa) becomes

= (0 74 + 0 015 )103 2 (4.56)

where and are the length and diameter of the cooling path (in m), and
is the coolant velocity (in m/s). A typical pressure drop for copper hollow

conductors is 0.5 to 0.8 MPa.

4.4.4 Thickness of the iron cladding

The basic requirement for the iron cladding is that it must not be saturated.
The magnetic flux in the cladding is where is the cross-sectional area
of the cladding. In order to avoid oversaturation of the cladding, the following
inequality must be satisfied:

5 (4.57)

where is the magnetic induction in the air gap of cross-sectional area of .
The thickness of the cladding can thus be found from this equation.



282 CHAPTER 4. DESIGN OF MAGNETIC SEPARATORS

Table 4.5: Properties of decarburized steel for high-field magnets [B1].

Chemical composition 0.05 - 0.02% C, 0.2% Mn, 0.02% S
0.05% Cu, 0.01% P, 0.02% Ni

Coercivity H
max 60 to 80 Am 1

Permeability B 0.04 T at H = 40 Am 1

B 1.5 T at H = 1200 Am 1

B 2.0 T at H = 2400 Am 1

The choice of the value of is important for correct dimensions of the iron
cladding. The values of saturation polarization for commercial steels are usually
not available and the value of 1.5 T or less should be used. Low-carbon decar-
burized steel is frequently used in high-field magnets and typical specifications
are shown in Table 4.5 [B1].
Several important rules relating to the usage of iron cladding can be outlined:

• Magnets for which the length of the air gap is greater than the inner
diameter of the solenoid, i.e. 2 1, do not require the iron pole above
and below the working volume. On the other hand, when 2 1, the
presence of iron cladding in the vicinity of the working space is necessary.

• By replacing the external air path with a magnetic circuit of low reluc-
tance, the most significant increase in the magnetic induction, for a given
magnetomotive force, can be obtained for solenoids of small axial length.
Therefore, the contribution of the iron is largest if the coil has a consid-
erable stray magnetic field. In the case of a long thin solenoid, in which
the stray field is small, the e ect of an external iron circuit is negligible.

4.5 Design of drum magnetic separators

4.5.1 The basic magnet arrangements

The basic design of the magnetic circuit of drum magnetic separators is com-
mon to most commercially available models. Permanent magnet blocks are
stacked on top of each other in a specific geometrical arrangement. The sim-
plest arrangement is shown in Fig. 4.26. Strontium or barium ferrite blocks,
usually magnetized through their thickness are frequently arranged radially in
low-intensity drums. The frequently used size of the blocks is 150 mm long,
100 mm wide and 25 mm thick. The number of blocks per stack is determined
by the diameter of the drum. These radially magnetized stacks are most often
arranged in rows parallel with the axis of the drum, separated by an air gap. A
radial arrangement is also used, as discussed in Section 2.1.5. and as shown in
Fig. 2.12. Figure 4.27 illustrates the axial arrangement of magnet blocks in a
magnetic drum.
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Figure 4.26: Schematic diagram of radially magnetized magnets in a magnetic
drum with axial arrangement of the poles.

Figure 4.27: Axial arrangement of magnet blocks in a magnetic drum.
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Figure 4.28: Position of a backing magnet (cross pole) in a drum magnetic sep-
arator.

High-intensity drum separators employ rare-earth magnets, usually NdFeB,
and it is a common practice to simply replace ferrite magnets with rare-earth
blocks, with the intent to achieve a higher magnetic field [A13]. The rare-earth
blocks are smaller than the ferrite blocks, for example 50×50×15 mm.
Another arrangement of permanent magnets which is frequently employed

is shown in Fig. 4.28. A ferrite magnet, magnetized in a transverse direction
is inserted between the radially magnetized stacks of permanent magnets. Ex-
planations of the function of this "backing" of "blocking" magnet (or "cross
pole") are as numerous as its names. Reduction of the leakage flux between
the adjacent main stacks and addition of extra flux [M19] are the most likely
explanations of the benefit that this arrangement o ers.

4.5.2 Geometry of the magnet assembly

Although drum magnetic separators are one of the oldest types of magnetic
separators, and certainly the most widely used, design of the magnetic circuit
is still to a great extent empirical. A simple rule for geometrical arrangement
of the magnet blocks that was used for many decades states that the ratio of
the magnet block width and the width of the air gap should be = 3
to 5 for ferrite and rare-earth magnets and = 1.2 for Alnico magnets and
electromagnets [D4]. The design di erence is the result of di erent demagne-
tization behaviour of the permanent magnet materials, as shown in Fig. 4.2.
Using computer modelling, this design rule has been revised, as will be discussed
later.
A typical distribution of the field pattern along the circumference of a drum

with axial pole arrangement is shown in Fig. 4.29. The maxima in the magnetic
induction occur at the centres of the air gaps while the minima occur at the
centre of the magnet block. Comparison of the magnetic induction generated
by di erent magnet arrangements in a drum is given in Fig. 4.30.
The relative values of the magnet and air gap widths a ect the magnetic

field and force distribution around the drum. For instance, by reducing the
distance between the magnet blocks, or the so-called pole pitch (defined either
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Figure 4.29: Distribution of the magnetic induction along the circumference of
an NdFeB drum with axially arranged poles. The width of the
radially magnetized magnets = 100 mm and the air gap width
= 10 mm [M24].

Figure 4.30: The maximum magnetic induction generated by di erent magnet
arrangements in an axial drum with radial magnetization of the
magnet blocks (adapted from [M10]).
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Figure 4.31: Magnetic field and force index (in arbitrary units) as a function of
distance from the drum surface, for di erent distances between the
poles (adapted from [S13]).

Magnet block
Steel pole

Shell

Figure 4.32: Steel poles sandwiched between azimuthally arranged magnet
blocks.
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Figure 4.33: Magnetic induction generated by magnetic drums, with three dif-
ferent magnet arrangements, as a function of distance from the
drum surface (adapted from [F19]).

Figure 4.34: Dependence of the magnetic induction on the surface of the drum,
on the width of the NdFeB magnet, for = 10 mm. Three
di erent configurations are shown [M24].
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Figure 4.35: Dependence of the force index at 15 mm from the drum surface, on
the width of the NdFeB magnet, for =10 mm. Three di erent
configurations are shown [M24].

Figure 4.36: Magnetic induction as a function of the width of the air gap, for
an NdFeB magnetic drum, for = 100 mm [M24].
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Figure 4.37: Force index for an NdFeB drum, as a function of the width of the
air gap, for = 100 mm [M24].

as or + in Fig. 4.26), it is possible to increase the field gradient. Although
the field strength is reduced, the increase in the field gradient is su cient to
result in the increase of the force index. The situation is depicted in Fig. 4.31.
It can be seen that the increase in the force index by reducing the pole pitch
takes place only in the proximity of the drum surface and that the force index
decreases rapidly away from the drum. In other words, the smaller the pitch,
the higher the force index on the drum surface and the shorter the reach of the
magnetic force.
In the nineteen eighties the Fives-Lille group developed drum magnetic sep-

arators with steel poles sandwiched between ferrite magnet blocks with az-
imuthally arranged direction of magnetization, as shown in Fig. 4.32. As a
result of their superior performance, compared to the conventional design, in
terms of magnetic force and metallurgical performance, the azimuthal concept
was commercially accepted for some applications. Comparison of the magnetic
field strength achievable by the conventional and azimuthal designs is shown in
Fig. 4.33.

4.5.3 Electromagnetic modelling of the design

Electromagnetic modelling software that has become available in recent years
allows for the optimization of the design of conventional magnetic circuits. The
modelling allows the investigation of the e ect of various geometrical parameters
of the drum on the magnetic field and magnetic force. For instance, Fig. 4.34
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Figure 4.38: The dependence of the magnetic induction generated by a stron-
tium ferrite block 100×150 mm, on its depth , on the surface of
the block and at 15 mm from the surface.

illustrates the variation of the magnetic induction on the surface of a drum with
the width of the magnet block. It can be seen that for a constant width =
10 mm of the gap, the maximum magnetic induction is achieved for the magnet
width of 100 mm. The ratio = 10 is thus in disagreement with the empirical
rule-of-thumb mentioned earlier.

Figure 4.34 also shows that replacement of the air gap with a steel block
results in the reduction of the magnetic field. Similar conclusions can be drawn
from Fig. 4.35, which displays the e ect of the magnet width on the force index.

The e ect of the width of the air gap on the field at various distances from
the drum surface is illustrated in Fig. 4.36. It can be seen that by increasing ,
for a constant value of the width of the magnetic block (i.e. with the ratio
decreasing), the magnetic induction decreases, at least in the proximity of the
drum surface. At larger distances from the drum surface, e.g. at 50 mm, the
e ect of the value of (and thus of ) is diminishing. Similar trends can be
observed for the force index as shown in Fig. 4.37.

The results illustrated in Fig. 4.30 and Figs. 4.34 to 4.37 were obtained
for a drum with axial pole arrangement and with magnets magnetized radially.
The diameter of the drum was 600 mm and the depth of the magnet stack
was 100 mm.

The e ect of the depth of the magnet stack can be determined by using eq.
(4.30), which allows for the variation of the depth , as shown in Fig. 4.9, and
for the calculation of the magnetic field generated by such a magnet block, at
di erent distances . Figure 4.38 illustrates such a dependence for a strontium
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Figure 4.39: Magnetic induction on the roll surface, as a function of the magnet
ring thickness. The values of magnetic induction were obtained by
computer modelling [F18].

ferrite block, of dimensions 150 mm ( ) × 100 mm ( ). It can be seen that
the benefit of increasing the depth of the magnet stack above 140 mm is limited.
The computer modelling also allowed for the development of new geometries

of the magnet arrangement, capable of producing a higher magnetic strength
and magnetic force [A13, S8]. Some of these new designs are proprietary and the
patents are still pending. Comparison of one such a design, with conventional
designs, is shown in Figs. 4.34 and 4.35.

4.6 Design of a magnetic roll

4.6.1 Basic concepts of design

The overall view of a magnetic roll separator is shown in Figs. 2.30 and 2.31.
The magnetic roll itself forms a part of a short conveyor fed by a vibratory
feeder. The conveyor belt is made of a thin high-tensile material, often with
antistatic coating. The belt is supported by second roll (idler). Roll separators
are usually of modular design allowing them to be stacked in any number of
passes of material. Typical specifications of such a roll separator are shown in
Table 4.6.
The e ciency of separation is a ected by the roll design and by several

operating variables: the number of separation stages, belt speed, splitter posi-
tion and belt loading. Most of these variables are determined by particle size
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Figure 4.40: Force index as a function of the magnet ring thickness, for thickness
of steel rings equal to 1 mm and 1.75 mm, on the roll surface and
at 15 mm from the surface.

Figure 4.41: Magnetic induction on the surface of a roll, as a function of thick-
ness of steel rings, for several thicknesses of permanent magnet
rings.
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Table 4.6: Typical specifications of a permanent roll magnetic separator.

Parameter Specification
Belt thickness minimum 0.12 mm
Roll diameter 72, 76, 100, 220 & 300 mm
Roll length 250, 500, 1000 and 1500 mm
Max. magnetic induction NdFeB: 1.9 T, SmCo: 1.5 T, SrFe: 0.5 T

distribution and magnetic properties of the feed and by the recovery vs grade
requirement.

4.6.2 Design parameters

Thicknesses of magnet and steel rings

As has been discussed in Section 2.3.3 and shown in Fig. 2.28, the roll consists
of discs or rings of permanent magnets, interleaved with mild steel rings. The
adjacent permanent magnet rings are arranged with the same polarity facing one
another, i.e. rings are arranged in a repulsive mode. The relative thicknesses
of the magnets and the steel rings a ect the magnetic field strength and its
pattern around the roll. This situation is depicted in Figs. 4.39, 4.40 and 4.41.
It can be seen that the magnetic induction on the surface of a roll increases
with increasing thickness of the magnet ring. At the same time it achieves
the maximum value for a certain, rather small, thickness of the steel rings.
With further increase in the thickness of the steel rings the magnetic induction
decreases. This is a consequence of the fact that the saturation magnetization
of steel is much greater than that of the permanent magnet material. If the
thickness of the steel exceeds a certain optimum value, the magnet ring does
not succeed in saturating the steel, as transpires from eq. (4.12).
As can be seen in Figs. 4.42 and 4.43, for thin steel and magnet rings, which

generate a high force index close to the roll surface, the reach of the magnetic
force drops dramatically away from the surface. The rate of decrease is much
smaller for thicker magnet rings and even more so for an NdFeB drum.
Optimization of the design of the magnetic roll consists not only of maximiz-

ing the magnetic induction and force index on the roll surface and at a suitable
distance from the roll, but also of matching the dimensions of the magnet and
steel rings thicknesses to the particle size distribution of the material to be sep-
arated. Distributions of the magnetic induction along the axes of NdFeB and
SrFe rolls are shown in Figs. 4.44 and 4.45. The magnetic field (and magnetic
force) on the roll surface are the greatest in a relatively narrow region at the
interface between the magnet and steel rings. It can also be seen that the field
and the force along the circumference of the magnet rings are very feeble, and
it is imperative, therefore, that no particles are continuously exposed to this
region of the roll.
The thickness of the magnet rings should thus be of magnitude similar to the
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Figure 4.42: Force index as a function of distance from the roll surface, for
various thicknesses of magnet rings. Steel ring thickness equals 1
mm.

Figure 4.43: Force index (in arbitrary units), for two configurations of NdFeB
rolls and an NdFeB drum, as a function of the distance from the
surface of the roll [F18].



4.6. DESIGN OF A MAGNETIC ROLL 295

Figure 4.44: Distribution of the magnetic induction on the surface on an Nd-
FeB roll with 3/1 configuration (magnet thickness: 3 mm, steel
thickness: 1 mm).

Figure 4.45: Distribution of the magnetic induction on the surface of a SrFe roll
with 6/2 configuration (magnet thickness: 6 mm, steel thickness:
2 mm).
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Figure 4.46: The partition curves for the recovery of 4 mm magnetic tracers by
NdFeB rolls of di erent configurations [F20].

mean particle size of the material to be separated. Thin magnet rings should
be used to separate fine particles, while for larger particles a thicker magnetic
ring o ers a larger contact area with the roll, and a longer reach of the magnetic
force, of the order of the radius of the particles.
It transpires from the above discussion that the design of the roll, and specif-

ically the thicknesses of the magnetic and steel rings, is dictated by the magnetic
properties and size distribution of the feed. The roll design must be optimized in
order to maximize the magnetic force and its reach and to match the dimensions
of the particles with the magnet thickness. A specific configuration expressed as
magnet thickness/steel ring thickness is suitable only for a narrow size fraction
and typical configurations are summarized in Table 4.7.
The optimum configuration obtained by electromagnetic modelling can be

validated experimentally using magnetic tracers of suitable sizes and accurate
values of magnetic susceptibility. Magnetic partition curves can then be con-
structed, the probable error can be calculated and a configuration with the
lowest can be determined. for a magnetic separator can be defined as

= 75 25

2
(4.58)

where 75 and 25 are the mass magnetic susceptibilities of particles 75% and
25% of which, respectively, report to the magnetic fraction. Typical partition
curves, for 4 mm particles, are shown in Fig. 4.46. It can be seen that the
partition curve for the roll configuration 4/2.5 is steeper than that for 4/1
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Table 4.7: Various configurations of NdFeB magnetic rolls. Configurations are
expressed as the ratio magnet thickness/steel thickness.

Configuration Size fraction Comment
3/1, 4/1 or 4.1.5 - 5 + 0.1 mm Short reach, high field
6/1.5, 6/2, 6/3 - 10 + 5 mm Longer reach, lower field
8/2, 8/3 + 10 mm For large particles

Figure 4.47: Force index for NdFeB rolls of di erent diameters, as a function
of distance from the roll surface. Roll configuration: 12/7.5. The
data were obtained by computer modelling (adapted from [F18]).

configuration and is correspondingly lower. Configuration 4/2.5 is, therefore,
more selective in separating 4 mm particles of di erent magnetic susceptibilities.

Diameter of magnet rings

In the past, the diameter of a rare-earth magnetic roll was dictated by availabil-
ity of the largest magnetic rings. While the first commercial rolls had diameters
of 72 and 76 mm, recent progress in manufacture of rare-earth permanent mag-
net rings and segments allows for the manufacture of rolls with diameter of 100,
220 and 300 mm. The choice is determined by a combination of throughput,
performance and cost considerations. The present advantageous cost situation
favours larger diameter rolls, particularly when large throughputs are required
[A13].
In a simplified assumption of a constant magnetic force and constant resi-
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Figure 4.48: Schematic diagram of a suspended magnet.

dence time, a throughput increase by increasing the roll diameter, follows the
ratio 1/ 2, where 1 and 2 are the roll diameters, as follows from eq. (5.4).
It is sometimes argued that by increasing the magnet diameter the magnetic
force also increases and an even higher throughput can be expected. It appears,
however, that the increase in the magnet ring diameter above 100 mm brings
only negligible increase in the force index, as is illustrated in Fig. 4.47.
On the other hand, a longer retention time of particles in a larger-diameter

roll, as a result of a longer arc of the magnet ring, to which the particles are
exposed, allows for the increase of speed of rotation of the roll and thus for the
increase of the throughput, while maintaining constant residence time. Experi-
ence indicates that a throughput increase by factor of two to five, maintaining
the same performance, can be obtained with larger diameter rolls [A23, A13].

4.7 Design of a suspended magnet

Suspended magnets are usually installed over conveyor belts, discharge ends of
feeders or screens and above chutes or launders. Their design is dictated by
the burden depth, the belt speed, the clearance required over the burden and
the size, shape and mass of the tramp iron that is being removed. Strength
and reach of the magnetic field and of the magnetic force must, therefore, be
maximized for high e ciency of the material removal.
A schematic diagram of an electromagnet-based rectangular suspended mag-

net is shown in Fig. 4.48. The magnet consists of an iron yoke and a coil, which
magnetizes the yoke. The magnetic field generated at point , at distance
from the magnet, is the sum of contributions from the magnetized steel and
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Figure 4.49: Pattern of magnetic flux around a suspended magnet.

the coil. Dimensions of individual parts of the yoke determine the distribution
of the magnetic field and magnetic force, their value and reach. Using com-
puter modelling, it is possible to investigate the influence of these dimensions
and to determine the optimum design for a given application. The distribution
of magnetic flux around a suspended magnet is shown in Fig. 4.49, while a
three-dimensional image is presented in Fig. 4.50.
In commercially available suspended magnets, the width 2 1 of the magnet

typically ranges from 900 mm to 1400 mm, the depth ranges from 700 mm to
1250 mm and the height is around 500 mm.
Aluminium is the preferred conductor materials, mainly because of its lower

density. For the same electric power, the mass of the aluminium coil can be
approximately halved, compared with the copper coil [K36]. In addition, the
use of the aluminium foil, rather than of the wire, allows for the increase in
the filling factor of the winding, by about 40% [K36]. As a result, the number
of ampere-turns can be reduced, or, alternatively, at the constant number of
ampere-turns, a more powerful magnet can be constructed.

4.8 Design of a ferrohydrostatic separator

Commercial and laboratory ferrohydrostatic separators use either an electro-
magnet or permanent magnets to generate the magnetic field in the working
space. Of fundamental importance in the operation of separators with magnetic
fluids are the characteristics of the magnetic levitation force, expressed by the
second term on the right-hand side of equation (2.9), namely by . These
characteristics are determined by the pattern of the gradient of the magnetic
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Figure 4.50: A three-dimensional image of the magnetic field around a sus-
pended magnet.

field and, therefore, by the shape of the pole tips.
The shape of the pole tips is determined by several factors, namely by the

choice of the magnetic fluid and the number of density fractions that are to be
produced. If paramagnetic liquids are to be used, the constant apparent density
of separation in the entire volume of the fluid will be obtained if the force acting
on a particle is constant, = const., which corresponds to = const., as
transpires from eq. (3.144). This condition can be re-written as

2

= (4.59)

where is the vertical axis, as shown in Fig. 4.51. This requirement is the result
of the linear dependence of the fluid polarization, namely , on the external
magnetic field. The field that satisfies condition (4.59) is the isodynamic field.
As can be seen from eq. (3.145), the situation is somewhat di erent with

ferrofluids: if the ferrofluid is magnetically saturated, a constant density of
separation will be obtained by maintaining the constancy of the force acting
on the particles by satisfying the condition = const. In other words, the
condition

= (4.60)

should be satisfied in a su ciently large region of the magnetic field.
Two basic shapes of pole tips have been used in ferrohydrostatic separa-

tors, namely a simple wedge geometry of the working space, and pole tips with
hyperbolic shape.
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Figure 4.51: Schematic diagram of an FHS magnetic circuit with a wedge-
shaped working gap.

4.8.1 FHS separators with a wedge-shaped working gap

Wedge-shaped working space was used in separators with permanent magnets,
such as those built by Tohoku University [S50], Nittetsu Mining Co. (Japan)
[S51] and the Too Geos (Russia) [S52] machines. A schematic diagram of such
a magnetic circuit is shown in Fig. 4.51.
Since the gradient of the magnetic field, in this design, is not constant along

the vertical ( 6= ), the apparent density of the ferrofluid along
the vertical will also vary. A typical distribution of apparent density of the
ferrofluid in a separator with wedge-shaped working space, used for recovery
of non-ferrous metals, is shown in Fig. 4.52. It can be seen that essentially a
continuous spectrum of densities is present in the pool of the ferrofluid. The
usefulness of this density distribution is very limited as inter-particle collisions
and interactions do not allow accurate and selective separation of individual
metals into individual density fractions.
Distributions of the magnetic induction and the apparent density of the fer-

rofluid along the vertical axis for the Too Geos separators with ferrite permanent
magnet-based wedge-shaped pole tips were reported by Solodenko [S52]. The
results are summarized in Fig. 4.53. Shimoiizaka et al. [S50] obtained a similar
pattern in a separator that used SmCo permanent magnets (see Fig. 4.54). It
can be seen again that a magnetic system with wedge-shaped poles creates a
plurality of values of the field gradient, and, therefore, of the apparent den-
sity of the ferrofluid along the vertical axis of the magnet gap. It is clear that
such patterns of the apparent density can be used only for density separation
of mixtures of materials with large density di erential.
Specifications of the Tohoku University FHS separator, as reported by Shi-
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Figure 4.52: Distribution of the apparent density of ferrofluid in an FHS with
a wedge-shaped working space. Recovery of various non-ferrous
metals at di erent positions along the vertical axis is indicated.

Figure 4.53: The apparent density and magnetic induction in a permanent
magnet-based ferrohydrostatic separator with wedge-shaped pole
tips, as a function of distance from the base of the pole tips
(adapted from [S52]).



4.8. DESIGN OF A FERROHYDROSTATIC SEPARATOR 303

Figure 4.54: Magnetic induction and its gradient in the gap of a SmCo
magnet-based ferrohydrostatic separator with wedge-shaped pole
tips (adapted from [S50]).

Table 4.8: Specifications of the Tohoku University FHS separator for the recov-
ery of non-ferrous metals, for three di erent values of the width of
the magnet gap [F21].

Parameter l = 60 mm l = 80 mm l = 100 mm
Magnetic field [T] 0.362 0.314 0.265
Field gradient [T/m] 3.5 3.0 2.5
Apparent density [kg/m3] 9600 8200 6900

moiizaka et al. [S50] and Fujita [F21], are summarized in Table 4.8. SmCo
permanent magnets were used to generate the magnetic field in the working
space. The height of the ferrofluid pool was 120 mm and the angle between
the pole tips amounted to 300. Water-based ferrofluid of density approximately
1400 kg/m3 and magnetic polarization of 0.028 T was used.
Another disadvantage of the permanent magnet-based FHS is that the value

of the magnetic induction and of the field gradient cannot be easily varied. The
magnetic induction can be varied only by changing the distance between the
pole tips using a mechanical device that can slide one of the poles against the
other. The field gradient can be varied by adjusting the angle
As a result of the absence of constancy of the apparent density of the fer-

rofluid and of any meaningful control of the operating magnetic field and its
gradient, the permanent magnet-based wedge-shaped ferrohydrostatic separa-
tors are suitable only for separation of materials that di er in density by at
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Figure 4.55: Hyperbolic pole profile with a mirror plate.

least 2000 kg/m3. Recovery of platinum-group metals [S53, S54, G4] and pos-
sibly separation of non-ferrous metals [S50] are applications where the limited
accuracy of such separators can be tolerated. For more accurate separation of
materials with small density di erences, hyperbolic pole tips must be used.

4.8.2 Separators with hyperbolic pole tips

A common objective of sink-and-float separation is usually a production of two
density fractions selectively and accurately. In order to achieve such a goal
in ferrohydrostatic separation, it is necessary for the apparent density of the
ferrofluid to be constant throughout the volume of the ferrofluid. As follows from
eq. (3.145), this can be achieved by ensuring that the ferrofluid is magnetically
saturated and by designing the shape of the pole tips in such a way that the
field gradient along the vertical axis is constant, namely = const. An
additional constraint on the desired field pattern is that the horizontal gradients,
i.e. and , are as small as possible. Therefore, for ideal density
separation in ferrohydrostatic separators, the following conditions should be
met:

= 6= 0 = = 0 (4.61)

Such a pattern of the magnetic field can be achieved by a hyperbolic shape of
the pole tips [K18], as shown in Fig. 4.55. In deriving the above conditions (eq.
(4.61)), it was assumed that the branches of hyperbola forming the pole profile
extend to infinity and that their asymptotes ( -axis) are at equal potential
[G14]. The latter condition is satisfied in magnetic systems, in which the upper
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Figure 4.56: GMUO ferrohydrostatic separator with hyperbolic pole tips.

half of the hyperbolic surface is replaced by a ferromagnetic plate, coincident
with the axis, and perpendicular to the axis, as shown in Fig. 4.55 [K18].
It was shown [K18, G15] that conditions given by eqs. (4.61) cannot be

satisfied at all points in the working zone of the magnetic system. These condi-
tions can be met only in the plane of symmetry passing through the centre of
the interpolar gap defined by the axis in Fig. 4.55. The situation is further
complicated by the fact that, in practice, the poles have finite dimensions. The
hyperbolic surfaces are, therefore, terminated at some finite values of and
. Such a truncation of the ideal hyperbolic shape necessitates corrections to
the shape of the pole tips, in order to meet the conditions expressed by eqs.
(4.61).
The surfaces of the poles are shaped in such a way that they coincide with

one of the elementary solutions of the Laplace equation. A powerful method
for the analytical solution of Laplacian fields, namely conformal transformation,
was used to calculate the magnetic field generated by poles of finite size and
of hyperbolic profile [G14, G15, G16, S55]. This approach is the basis of the
design of the GMUO ferrohydrostatic separators, as described in Section 2.8 and
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Figure 4.57: The gradient of the magnetic field along the vertical axis of the
GMUO FHS-40M separator, as a function of distance from the
base of the magnet pole tips.

shown schematically in Fig. 4.56. Similar design of the pole tips was used by the
US Bureau of Mines [R9, K17] in their equipment for separation of non-ferrous
metals.

The distribution of the magnetic field gradient along the vertical axis in
the GMUO FHS-40M separator is shown in Fig. 4.57. It can be seen that in
a 40 mm long region along the vertical the gradient is constant. The apparent
density of the ferrofluid is, therefore, also constant and selective and accurate
density separation is possible in that region.

It is found, using eq. (3.145), that a field gradient of 2.5 T/m generates an
apparent density of approximately 4200 kg/m3, using, for example, a kerosene-
based ferrofluid with magnetic polarization of 0.02 T. The apparent density can
be varied by varying the electrical current in the coils and thus varying the
magnetic field in the working gap.

The availability of computer electromagnetic modelling software has changed
the speed and accuracy of the design of suitable profiles of the pole tips con-
siderably. Although the initial proposal and design of the profiles still has to
be worked out from first principles of the magnet design, computer-based field
analysis can be used to verify and fine-tune the design. Computer modelling,
therefore, allows the pole profiles to be optimized so that the required density
range and its accuracy are obtained. An example of the optimized hyperbolic
profile of pole tips of FHS is shown in Fig. 4.58 and a general view of a ferro-
hydrostatic separator with hyperbolic pole tips is shown in Fig. 4.59.
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Figure 4.58: Hyperbolic pole tips in FHS, as obtained by computer modelling.

Figure 4.59: Ferrohydrostatic separator with hyperbolic pole tips.
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4.8.3 Calculation of profiles of pole tips in FHS

Although computer modelling facilitates optimization and fine-tuning of the pole
profiles, the first step in the design of a magnetic system of a ferrohydrostatic
separator is, as a rule, the calculation of the field and of the pole profile from
first principles. The magnetic field between the poles of the magnet can be
represented by a scalar magnetic potential :

= (4.62)

Since the electrical currents are absent in this system, the magnetic potential
satisfies the Laplace equation

2 = = 0 (4.63)

which can be written in polar coordinates

2

2

2
+ +

2

2
= 0 (4.64)

A possible solution of the Laplace equation is the potential function

( ) = ( ) ( ) (4.65)

where is a function of only and is a function of only. It can be shown
that these functions have the following form [B25]:

= + (4.66)

and
= cos + sin (4.67)

where and are constants.
A particular solution to the Laplace equation can, therefore, be written in

the form of a circular harmonic of order as

( ) = ( + )( cos + sin ) (4.68)

Of practical interest are, for example, solutions of the form [G17, Z7]:

0 = 0 (4.69)

and
= sin (4.70)

If the surfaces of the poles of the magnet are made to coincide with a given
pair of equipotential surfaces (the profile of which is independent of the third
dimension), the field between them and the profile of the pole tips are described
by eqs. (4.69) and (4.70).
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Table 4.9: Properties of pole profiles.

Value of m U /A Comment
2 2 sin 2 = constant gradient
3/2 3 2 sin 3

2
= isodynamic field, =

= wedge configuration

Taking into account that = , the modulus of the magnetic field
intensity is

| | = 1 (4.71)

The gradient of the magnetic field along the vertical ( axis) then has the
form

= ( 1) 2 sin (4.72)

while the product of the magnetic field and its gradient (force index) are ex-
pressed as

= ( 1) 2 2 2 3 sin (4.73)

These equations can be used to evaluate and design various shapes of the
pole profiles. For = 1, , or the magnetic force, is zero. The sim-
plest practical case of a wedge pattern is expressed by eq. (4.69). The wedge
configuration is represented by a straight line described by the equation =

const
The isodynamic profile, in which = const can be obtained from

eq. (4.73) when = 3/2. The isodynamic profile of the pole tips is then given
by

= 3 2 sin
3

2
= (4.74)

and

= 2 sin
3

2
(4.75)

Pole profiles that generate a magnetic field whose gradient in constant along
the vertical axis can be obtained from eq. (4.72) when = 2 and the equations
of the profile are as follows:

= 2 sin 2 = (4.76)

and

= 2 sin 2 (4.77)

Equations (4.74) to (4.77), in which determines the geometrical features of
the field and describes the magnetic characteristics of the system, provide the
full description of the profile of the pole tips. Properties of these configurations
are summarized in Table. 4.9.
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Design procedure

We will assume that we want to design the pole profiles for a ferrohydrostatic
separator operating with a ferrofluid. In order to obtain selective and accurate
separation of the feed material into two density fractions, the apparent density
of the ferrofluid in the working volume of the separator must be constant. This
condition will be met if the field gradient along the vertical axis is constant,
i.e. if conditions (4.61) are met. Therefore, the profile pattern must satisfy eq.
(4.77).
The practical procedure of designing the pole profile and the magnetic field

characteristics is as follows:

1. Determine, from eq. (3.145), what field gradient is needed to obtain
the required density of separation, i.e. the apparent density of the ferrofluid.

2. Using = 2 (eq. (4.76)) calculate

3. From = 2 (eq. (4.71)) calculate , for a given value of The length
of the pole tips and the width of the gap between the pole tips are determined
by . The simplest approach would thus be to take to represent the radius
vector of the point of the closest distance between the pole tips.

4. Based on the condition = 2 sin 2 = ., it is possible to calculate
the constant from

0 =
(sin 2 0)1 2

(4.78)

where 0 is the starting radius vector and 0 is the starting azimuthal angle, as
shown in Fig. 4.55. Using this constant, the pole profile is then given by

=
(sin 2 )1 2

(4.79)

A similar procedure can be used to construct other pole profiles, for instance
the isodynamic shape.

The role of the mirror plate

It follows from the pioneering work of Kaiser and Mir [K18] that a ferromagnetic
mirror plate simulates the role of the upper half of the hyperbolic surfaces.
Computer modelling of the hyperbolic pole profiles has shown [F20] that the
presence of the mirror plate negatively a ects the constancy of the vertical field
gradient for the isodynamic field pattern. On the other hand, the constancy of
the field gradient in a magnetic system with constant vertical gradient improved
by including the mirror plate.
The position of the plate was found to have an influence on the magnetic

characteristics of the circuit, particularly the constancy of the vertical field
gradient. For the GMUO FHS-40M separator, shown in Fig. 4.60, the optimum
distance of the plate from the top of the pole pieces was about 28 mm. On the
other hand, the thickness the plate did not a ect the magnetic parameters.
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Figure 4.60: GMUO FHS-40M ferrohydrostatic separator with a mirror plate.

4.8.4 Scale-up of ferrohydrostatic separators

The application of ferrohydrostatic separation on production scale, particularly
for the recovery of non-ferrous metals from automobile or electronic scrap, re-
quires that separators with throughputs of at least 1 t/h, but preferably more,
are available. In existing models of FHS, that are based on the iron-yoke con-
cept with the air gap between the pole pieces, the increase in throughput can
be accomplished by increasing the gap between the pole pieces. As has been
discussed in Section 4.3, the increase in the length of the air gap results in an
increase in the ampere-turns and thus of the mass, size and cost of the magnet.

With ferrohydrostatic separators, the situation is aggravated even further
by the fact that in order to maintain the required field gradient, the necessary
magnetic field increases linearly with dimensions of the air gap. In other words,

since = 2 for = 2 (the constant gradient field pattern), the magnetic

field strength, given by = 2 (eq. (4.71)), required to maintain this gradient,
increases with The scale-up of a ferrohydrostatic separator by increasing the
width of the air gap thus results not only in an increase in the magnetic field,
with attendant uneconomical increase in the volumes of iron and copper, but
also in the increase of the height of the pole pieces well beyond the height of
the pool of the ferrofluid required for e cient separation.
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Figure 4.61: Schematic diagram of a ferrohydrostatic separator with a solenoid
magnet [S56].

Solenoid-based FHS

It is clear that the design of a large-throughput ferrohydrostatic separator must
not be based on a simple increase of the air gap between the pole pieces. A
natural approach to the scale-up of FHS would thus be to replace an iron-core
magnet by a solenoid magnet as was proposed by Svoboda [S56]. Figure 4.61
illustrates such a solenoid-based FHS separator. A solenoid, and particularly an
iron-clad solenoid, has numerous advantages compared to an iron yoke magnet.
While it is necessary to increase the air gap in an iron yoke magnet in order to

achieve an increase in throughput of material to be separated, with the attendant
drawbacks mentioned above, the throughput of a solenoid-based separator can
be increased by merely increasing the relevant transverse dimension (diameter)
of the solenoid. The axial length (along the - axis, as shown in Fig. 4.61) of
the air gap and thus the number of ampere-turns required to generate a given
magnetic field remain constant.
A solenoid allows the design of the magnetic field pattern to be achieved in

a simple and accurate manner. Such an approach facilitates the provision of a
magnetic field gradient which is constant, thereby enabling close control to be
maintained over the apparent density of the ferrofluid and accordingly over the
cut point density. This can be achieved, for example, by precisely designing the
winding of the solenoid, or by varying the current density at di erent positions
in the winding, or by using a multiple winding arrangement. This is in contrast
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Figure 4.62: A two-stage ferrohydrostatic separator with solenoid windings
[S56].

to iron-core magnets, where approximate solutions of the Laplace equation are
used to design approximate shape of pole tips, a task that is further complicated
by non-linear magnetization characteristics of iron.
The magnetic field across the transverse dimension of a solenoid (along the
- axis) is homogeneous in a large region within the solenoid, which means

that the same constant apparent density of ferrofluid can be achieved across the
essentially full transverse dimension. Therefore, almost the entire diameter of
the solenoid can be used for separation. This is in contrast to iron-core magnets
where the constant gradient exists only at the plane defined by the - axis and
considerable deviations from a constant gradient exist in the proximity of the
pole tips.
Because of the relatively small mass and size of a solenoid compared to an

iron-yoke magnet, it is possible to arrange for two or more FHS units to provide
for multi-stage separation, as shown in Fig. 4.62. In this arrangement the top
unit, operating, for example, at the apparent density of 8000 kg/m3 can float
zinc and sink copper and lead, while copper could be separated from lead into
the floating fraction in the bottom separator operating at the apparent density
of 9500 kg/m3.
Computer modelling of the solenoid-based FHS [S8] showed that it is fairly

simple to achieve field gradients of the order of 3 T/m in su ciently large vol-
umes of ferrofluid. It was also shown that the use of steel cladding considerably
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Figure 4.63: U-dipole magnetic circuit versus C-dipole circuit.

increased this volume in both axial and radial directions. The modelling also
confirmed the technical and economic advantages of this design by the use of a
superconducting solenoid.

C-dipole-based FHS

The scale-up of a conventional iron-yoke-based ferrohydrostatic separator can
also be accomplished by re-orienting the U-shaped magnet (Fig. 3.53), to form
a C-dipole circuit, as shown in Fig. 4.63. Svoboda [S57] proposed the use of C-
dipole magnet to generate a vertical magnetic field, the pattern of which can be
controlled by appropriate design of the magnetizing coils on upper and/or lower
legs of the C-dipole, and/or by controlling the relative polarity of the electrical
current flowing through these coils. Appropriate shaping of the pole-tips of the
upper and lower pole pieces can also be employed to create a required field
pattern.

The scale-up of such a C-dipole-based separator can be accomplished by
merely increasing the length of the magnet , and maintaining a constant
length of the air gap between the pole-pieces, as shown in Fig. 4.64. The
magnetic field along the length of the C-dipole is homogeneous, and the same
magnetic field pattern and apparent density of the ferrofluid, along the vertical
axis, can be maintained along the full length of the magnet. One possible
embodiment of such a concept of the C-dipole FHS is shown in Fig. 4.65.
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Figure 4.64: Schematic diagram of a ferrohydrostatic separator based on a C-
dipole magnet [S57].

Figure 4.65: Schematic diagram of a ferrohydrostatic separator based on a C-
dipole magnet [S57].
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Figure 4.66: Magnetic circuit of an FHS separator with across-the-pole feeding
system.

Figure 4.67: Separation process in the across-the-pole FHS concept [K19].
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Figure 4.68: Layout of the ATP ferrohydrostatic separator [K19].

Figure 4.69: A pilot-plant ATP ferrohydrostatic separator (De Beers Consoli-
dated Mines (Pty.) Ltd.)[K19].
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"Across-the-pole" FHS

An even simpler concept for overcoming the throughput limitation of the con-
ventional U-pole design of FHS was developed at De Beers Consolidated Mines
(Pty.) Ltd. [S8, K19]. By rotating the feed direction through 900, the through-
put increase could be achieved by lengthening the pole pieces rather than in-
creasing the width of the air gap. Figure 4.66 gives a three-dimensional impres-
sion of this across-the pole (ATP) concept, while Fig. 4.67 gives a schematic
description of the separation process. As can be seen, instead of feeding the
material across the width of the air gap of the magnet, the particles are intro-
duced into the ferrofluid across the poles. The float fraction passes over one of
the pole pieces, while the sink fraction is collected underneath in the bottomless
separation chamber. An illustration of the layout of the separator is shown in
Fig. 4.68.
The width of the air gap is determined by the required residence time of

material in the ferrofluid and remains the same for any length of the pole-pieces,
and, therefore, for any throughput of the separator. The magnetic pattern and
the apparent density of the ferrofluid are determined by the profile of the pole
tips, in the same way as in conventional FHS units. A view of the pilot-scale
ATP separators is shown in Fig. 4.69.



Chapter 5

Practical Aspects of
Magnetic Methods for
Materials Treatment

Magnetic separation is used in a wide spectrum of areas of material handling
whose requirements di er considerably. In general terms, magnetic methods of
separation are used in several distinct processes:

• Magnetic filtration

- recovery of liquid (the magnetizable solids are discarded)

- recovery of magnetizable solids (liquid is discarded).

• Concentration of a valuable "non-magnetic" component of a mixture by
discarding the magnetizable component recovered into the magnetic frac-
tion.

• Concentration of magnetizable component into the magnetic fraction and
rejection of the "non-magnetic" waste.

• Concentration of non-ferrous metals by discarding the non-metallic com-
ponent of a mixture, and separation of individual non-ferrous metals into
individual fractions.

• Separation of materials into individual density fractions.

The selection of the most appropriate magnetic technique to be used in a
given application is a formidable task, and clear definition of the objective of
the process is an important prerequisite for successful choice of the separation
technique.

319
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5.1 Selection of magnetic separation technique

There are numerous types of magnetic separators, each one being suitable for
only a limited range of applications. The choice is influenced by a wide variety
of factors and the successful operation of a magnetic separator depends, to a
great degree, on practical experience. The results of separation cannot generally
be accurately predicted.
As with most other physical techniques of material treatment, magnetic

separation cannot be successfully performed simply on the basis of theoretical
models and experience is still the foundation. At present, there is no branch of
magnetic separation where theoretical treatment of the subject could be con-
sidered entirely adequate.
Each magnetic separation technique has its merits as well as limitations; no

single technique is applicable to all applications of magnetic separation. The
evaluation of magnetic separation as a means of beneficiation, or generally of
recovering solids, liquids or gases, is often based solely on the data collected
from a few brief tests, not always carried out in a suitable magnetic separator.
The likelihood of disappointing results and even of rejection of the technique
is high, in spite of adaptability and large scope of the magnetic methods of
materials manipulation.
The choice of magnetic equipment, and the selection of appropriate operat-

ing conditions di er widely between these processes. The mode of operation,
namely wet or dry, and the throughput requirements impose additional com-
plicating restrictions on the selection of the most suitable magnetic technique.

Since particle size of the material to be treated is the most important variable
that determines the selection of the magnetic separation technique, the general
guidelines of the process selection are based on particle size distribution, as
shown in Fig. 5.1.
If the size of particles to be manipulated by magnetic separation is greater

than, for example, 75 m, we have an option of a dry or wet process. If, how-
ever, the particles are finer than 75 m, the wet technique is more appropriate,
although this threshold particle size can be smaller or greater than 75 m, de-
pending upon the amounts of the fines present in the feed and on the physical
properties of the feed.
The subsequent choice of the magnetic separation technique depends on the

magnetic properties of the material. If a strongly magnetic component is present
in the feed, low-intensity drum magnetic separators can be used, either in wet
or dry modes of operation.
Coarse, weakly magnetic materials can be treated by wet roll magnetic sep-

arators, rare-earth drum separators and possibly by wet high-intensity high-
gradient magnetic separators. In the latter technique, there is an upper limit
imposed on the particle size by the type of the matrix and particles greater than
1 mm usually cause clogging, even of a coarse matrix.
In a dry mode, coarse weakly magnetic particles can be recovered by a variety

of high-intensity magnetic separators, including induced magnetic roll, cross-
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Figure 5.1: Classification of magnetic separation processes (adapted from Svo-
boda [S1]).

belt separator, permanent magnet roll separator, rare-earth drum separator
and open-gradient magnetic separator.
If the particles are finer than 75 m, the best approach is to use wet magnetic

separation. Fine, strongly magnetic particles are usually recovered by wet low-
intensity drum separators, while for weakly magnetic materials the wet high-
intensity or high-gradient magnetic separation is appropriate.
The decision making process for selection of the magnetic separation tech-

nique is schematically shown in Fig. 5.2.

5.2 Dry magnetic separation

Dry magnetic separation is a technique dating back to the beginning of the last
century. It has been practiced successfully in the removal of tramp iron from
process streams, in beneficiation of strongly magnetic minerals, as well as feebly
magnetic minerals such wolframite, cassiterite or ilmenite. Purification of nu-
merous industrial minerals, such as andalusite, glass sand, fluorspar, feldspar,
diamonds and others, by removing fine strongly magnetic impurities, is very of-
ten carried out in a dry mode. More recently developed eddy-current separators
also operate in a dry mode.
For dry magnetic separation to be successful, the material must be com-
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Figure 5.2: Selection of magnetic separation techniques (adapted from Svoboda
[S1]).
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pletely dry, which sometimes involves an expensive heating stage. For particles
smaller than a certain threshold size (for instance 75 m), the attractive elec-
trostatic and van der Waals forces will cause sticking and the formation of
aggregates. Selectivity of separation can thus be severely a ected.
Dry processes often require the material to be sized into several rather narrow

size fractions, each of which must be spread in a monolayer over the separating
surface. It is a well-established fact that when magnetic separation is performed
on materials sized into, for example, three or more fractions, the e ciency of
separation is usually much improved in comparison with unsized samples.
The loading of the separating surface, such as belt or drum, influences the

throughput and the e ciency of the separation, and a compromise must be
found between these contradictory requirements. As a rule of thumb, when the
particles are introduced onto a belt in a monolayer, a safe belt loading (portion
of the belt covered with feed particles) should be approximately 25%, even when
the feed contains a high percentage of the magnetic material.
As a rule, a larger proportion of dry fines necessitates higher rotating speeds

of a roll or drum. Although increase in speed will improve the grade of the
magnetic product and the throughput of the separator, it will also increase the
losses of the magnetic component. The recovery can be improved by re-treating
the non-magnetic fraction in a second stage. On the other hand, when the
valuable product is the non-magnetic fraction, high speed of rotation will result
in high recovery and poor selectivity of separation. The grade of the concentrate
can be improved by cleaning the non-magnetic fraction in the second pass.

5.2.1 Electrostatic phenomena in dry separation

During dry material handling operations, the dielectric particles invariably be-
come electrostatically charged. The dominant charging mechanisms are tribo-
electrification (or frictional charging) and contact charging. These mechanisms
can happen during any dynamic contact of surfaces, such as sliding, rolling and
vibration of surfaces at contact. When two dissimilar dielectric materials make
and then break contact, charge transfer from one of the materials to the other
takes place. This is not to say that conductors will not charge by contact elec-
trification - they usually charge - but since they are conductors, they often lose
their charge quickly.
While physical mechanisms of contact charging are well understood, tribo-

electrification, the oldest form of charging, is poorly understood and explana-
tions are of phenomenological nature. One of the controversial rules of thumb
often used for predicting the sign of the surface charge resulting from contact
electrification is Coehn’s rule, which states that "when two dielectric materials
are contacted and separated, the material with the higher dielectric constant
becomes positively charged" [L12]. Coehn’s rule was quantitatively formulated
as

= 15 × 10 6( 1 2) (5.1)

where is the surface charge density (in [ /m2]) and 1 and 2 are dielectric
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Table 5.1: Dielectric constants of selected materials.

Material Dielectric constant
Water 80.4
TiO2 90
Barium titanate 1200
Carbon 5.7
Ilmenite 33.7 to 81
Chromite 11
Rutile 89 to 173
Zircon 12.6
Glass 4 to 6
Quartz 4.3
Hematite 25
Limestone 6.1
Fluorspar 7.4
Bakelite 4.9
Perspex 3.4

constants (relative permittivities).
Although Coehn’s rule is reported to have been verified for more then 400

substances [L12], it is of limited value to the metallurgist because of the dif-
ficulty in determining the relative permittivities of the surface layers of two
materials that are to make contact. Typical values of dielectric constant of
selected materials are shown in Table 5.1.
Sometimes several materials can be arranged into the so-called triboelectrical

series such that each material is charged positively when it is rubbed against
the previous one. Examples of such series are:

• zinc-glass-cotton-filter-paper-silk-zinc [B26] and

• teflon-metals-resins-wood-mica-quartz-glass [H19].

The triboelectric charging behaviour of materials is generally sensitive to
an atmospheric environment. At high values of relative humidity, considerable
negative charging takes place. At low values of relative humidity, although fine
particles still charge negatively, the coarse particles show a change of charging
polarity such that the net charge conveyed by the powder material is positive
[B27].
When a particle undergoes charging during handling, the charge transferred

at the particle contact point will re-distribute itself over the particle surface by
electrostatic forces. The rate at which re-distribution proceeds depends on the
relaxation time (in [s]) given by

= 0 (5.2)
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Figure 5.3: The e ect of moisture on the grade of the magnetic concentrate
obtained from - 2 mm magnetite and martite ores treated by cross-
belt and induced magnetic roll separators (adapted from [D4]).

where is the resistivity of the material (in [ m]) and its relative permittivity
(dielectric constant) and 0 = 8.85×10 12 F/m is permittivity of vacuum.
The time dependence of the surface charge density, after completion of the

charge transfer, is given by:

= 0 exp( ) (5.3)

where 0 is the surface charge density at = 0.
As a general rule, if electrostatic phenomena arise in a material handling

situation, they are likely to become increasingly significant as particle size de-
creases. Particles charged triboelectrically, either positively or negatively, may
adhere strongly to surfaces. Moisture contributes to the strength of adhesion
and Fig. 5.3 illustrates the e ect of moisture on selectivity of dry magnetic
separation. It can be seen that the grade of the magnetic concentrate is seri-
ously impaired by the presence of moisture and the permissible moisture content
decreases with decreasing particle size. For instance, if an ore with size distribu-
tion - 20 mm can tolerate 4% of moisture, then the maximum moisture content
in a fine ore - 2 mm should not exceed 1% [D4].

The e ect of air humidity

The moisture concentration in an ore is also influenced by the relative humidity
of the air. This is a consequence of the capillary attraction between particles,
which results in adsorption and subsequent capillary condensation of the water
vapours in the particle contact area. If the force of capillary attraction
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Figure 5.4: The e ect of air humidity on dry magnetic separation of magnetite-
quartz mixtures, for di erent values of particle radii (adapted from
[V10]).

between a non-magnetic particle and a magnetic particle is greater than its
weight , the non-magnetic particle will report in the magnetic fraction. The
force is the sum of of the surface tension and the Laplace pressure force:

= 8 1 + 4 2

2 (
1

2

1

1

)

where ( = 1 and 2) are the radii of the curvatures of the meniscus between
the contacting particles 1 and 2, and is the surface tension (in N/m) of the
fluid.
Experimental investigation [V10] of the e ect of the air humidity on dry

magnetic separation of magnetite-quartz mixtures, as a function of particle size,
confirmed that the e ciency of separation varies linearly with the ratio /
It can be seen from the results illustrated in Fig. 5.4 that with increasing hu-
midity, the separation e ciency decreases steeply. The e ect of the air humidity
becomes particularly pronounced with decreasing particle size.

5.2.2 Density and magnetic tracers

The use of the Tromp curve, or partition curve, is a well established practice
for the evaluation and representation of gravity concentration processes. The
partition curve can be conveniently constructed with the aid of density tracers
[N15]. The density tracers are manufactured as cubes in sizes ranging from 0.8
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to 20 mm. They are colour-coded according to the magnitude of their density
and are commercially available, for example from Bateman Engineering (Pty.)
Ltd. (South Africa), in the density range from 1300 kg/m3 to 4000 kg/m3,
with density interval of 50 kg/m3. Partition Enterprises (Pty.) Ltd. (Australia)
supply density tracers that are strongly magnetic for easy recovery, by magnetic
means, from density separation products.
The partition number, or the percentage recovery into the concentrate,

for each size and density fraction, is usually determined as

= 100
+

where and are the numbers of tracers in the concentrate and in the tailings,
respectively.
Magnetic tracers, which have become commercially available only recently,

can be used, in a fashion similar to the way density tracers are used in grav-
ity concentration, to determine and optimize the separation e ciency of mag-
netic separators. A magnetic tracer is a simulant designed to have the same
size and magnetic susceptibility as the material which is being recovered or
removed in a magnetic separator. Magnetic tracers of mass magnetic suscepti-
bility ranging from 2.5×10 7 m3/kg to 125.5×10 7 m3/kg (20×10 6 cm3/g to
1000×10 6 cm3/g), in steps of 2.5×10 7 m3/kg, for low-susceptibility tracers,
and 12.5×10 7m3/kg for high susceptibility tracers, are available from Bate-
man Engineering (Pty.) Ltd., South Africa [D12]. These tracers, whose size
ranges from 1 mm to 20 mm, are colour- and shape-coded, according to the
magnitude of their magnetic susceptibility for easy evaluation of the separation
process. Tracers smaller than 1 mm are impractical as they cannot be easily
identified among the mineral particles. The magnetic partition curve can be
constructed using the partition numbers, or percentage recovery into magnetic
or non-magnetic fractions. In terms of the recovery of the tracers into the mag-
netic fraction, for example, the partition number, for a given size and magnetic
susceptibility, is expressed as:

= 100
+

where and are the numbers of tracers in the magnetic and non-
magnetic fractions, respectively. The probable error of separation is given by
eq. (4.58).
While magnetic tracers are ideally suited for quantification of the e ciency of

a magnetic separation process, their practical use is restricted to the separation
of materials coarser than 1 mm. Although they can be used to evaluate the
e ciency of separation of even finer materials in dry separators such as roll
and drum, the particle-size dependence of the magnetic susceptibility cut point
can result in considerable inaccuracy of the audit. In wet separators, such as
low-intensity drum separators or WHIMS or HGMS, even the smallest 1 mm
magnetic tracers would interfere with the separation process
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Figure 5.5: Comparative metallurgical e ciencies of various dry magnetic sep-
arators as applied to apatite recovery (adapted from Roux et al.
[R19]).

5.2.3 Comparison of dry magnetic separation techniques

The minerals industry has always had a great need to beneficiate coarse, weakly
magnetic minerals and a wide spectrum of dry magnetic separators has been
developed over the years. The range of various types of separators, based on
di erent principles of the generation of the magnetic field, makes a correct choice
of the most suitable technique a di cult task. Comparisons of the separation
e ciencies of di erent techniques are usually not published and if they are,
caution should be exercised when taking these comparisons at face value. Every
comparison is only conditional since the relative merit of each technique is a
function of the mineral to be treated and its physical properties. Sometimes
comparisons are o ered by manufacturers of magnetic separators who might be
biased towards their own product.

Comparison of dry separators for beneficiation of the pyroxenite ore

One of the rare comprehensive comparative production-scale exercises was con-
ducted by Roux et al. [R19]. In order to beneficiate pyroxenite ore to yield ap-
atite concentrate, several dry magnetic separators were tested at Foskor (South
Africa). Figure 5.5 summarizes the metallurgical e ciencies of di erent types
of separators, while Fig. 5.6 shows the relationship between phosphate recovery
and particle size for IMR, HGMS and OGMS machines. A thorough practi-
cal experience with these magnetic separators was gained at Foskor and their
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Figure 5.6: Phosphate recovery as a function of particle size for various magnetic
separators (adapted from Roux et al. [R19]).

comparison is summarized in Table 5.2.
A gradual deterioration in the results was observed with IMR, caused by

abrasive wear on the epoxy filler between the steel discs of the rolls. Further-
more, because the separation distance between the magnetics and non-magnetics
is very small, a precision setting of a splitter was required. As the mineralogy
of the ore varies, constant attention to the optimization of roll speed and split-
ter settings was required, which made it di cult to maintain good metallurgy
[R19].
A Sala HGMS 120-15 operated reliably and well for 1000 hours and it was

found that single-stage separation yielded metallurgical results equivalent to
that of two stages of IMR separation. The expanded metal matrix showed no
measurable wear, while the metallurgy was shown to be adversely a ected by
oversize material, which gradually accumulated in the matrix. In order to keep
coarse particles out of the feed, and to avoid the onerous task of cleaning the
matrix chambers, it became necessary to fit a second screen which could be kept
under continuous visual observation.
An extensive series of experiments with SmCo permanent roll separators

showed that the feed rate, roll speed and thickness of the magnet and steel
rings must be optimized for each separation stage.
The open-gradient, split-coil superconducting magnet separator was tested

in two modes, shown in Chapter 2 in Fig. 2.85(a) and (b). The free-fall system
gave acceptable metallurgical results only at very low feed rates. A much more
satisfactory ore presentation system was found to be the one in which the ore
slid down a ramp, as shown in Fig. 2.85(b). The ramp imparts an outward
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Table 5.2: Comparison of di erent types of dry magnetic separators, as applied
to phosphate recovery (after Roux et al. [R19]).

Parameter IMR RE Roll HGMS OGMS
Capacity Low, 4

t/h/m
Low, 8
t/h/m

High, 400
t/h

High, 60 t/h

Power input 2 kW/t 0.6 kWh/t 5.6 kWh/t 0.5 kWh/t
Ore distribution Complex Complex Simple Simple
Mass [kg] per t/h of
feed

2200 440 4100 41

Sensitivity to ore
variation

High Low Low Very high

Recovery of the fines Poor Very poor Good Very poor

Table 5.3: Comparison of IMR and RE roll in ilmenite-rutile separation (after
Arvidson [A26]).

Product IMR @ 2.5 t/m/h RE roll @ 4 t/h/m
Magnetics (mass %) 25 30.5
Non-mags in mags (%) 2.5 0.46
Middlings (%) 10 0.8
Non-magnetics (%) 65 68.7
Mags in non-mags (%) 0.5 0.28

velocity to the particles, thereby counteracting, to a considerable extent, the
sweeping across of non-magnetic particles by the magnetic ones. This approach
made it possible to obtain metallurgical results comparable with those of IMR
separators, at feed rates of up to 6 t/h per meter width, or 3.5 times the optimum
feed rate of an IMR.

Comparison of dry separators for beneficiation of beach sands and
other industrial minerals.

High-intensity magnetic separation has been a standard beneficiation method
for heavy mineral sands and various industrial minerals, and a variety of dry
magnetic separators has been used. With the advent of a ordable rare-earth
permanent magnets, and as a result of design improvements, the conventional
dry separators, such as induced magnetic roll and cross-belt separators are be-
ing replaced by reliable and economical rare-earth roll and drum separators
[A24, A25, A26]. Although the plant data are usually confidential, comparative
studies indicate superior performance of the rare-earth-based separators. An
example is shown in Table 5.3, which compares the separation e ciency of IMR
and RE roll separators as applied to ilmenite and rutile separation.
A similar improvement in the e ciency of separation after replacing the in-

duced magnetic roll with a permanent magnetic roll, was obtained with feldspar.
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Table 5.4: Comparison of IMR and RE roll magnetic separation as applied to
beneficiation of feldspar [A24].

Product IMR RE Roll
Magnetic fraction 12% - 14% 4% - 4.5%
Non-magnetic fraction 86% - 88% 95.5% - 96%

Table 5.5: Reduction of the iron content in various size fractions of feldspar, by
IMR and roll permanent magnetic separators. IMR was operated at
1.8 T [A27].

Separator Fraction [ m] Fe oxides
in feed [%]

Yield into
non-mags
[%]

Fe oxides in
non-mags
[%]

IMR - 500 + 212 0.20 95.5 0.04
- 212 + 106 0.43 93.0 0.06
- 106 + 74 0.45 82.3 0.07

Roll - 500 + 212 0.20 86.6 0.08
- 212 + 106 0.43 85.8 0.10
- 106 + 74 0.45 79.5 0.11

This is shown in Table 5.4. On the other hand, results of another comparative
study [A27], summarized in Table 5.5, indicate a superior performance of an
induced magnetic roll, in the entire range of particle sizes.
Dry magnetic separators can also be e ciently used to recover metal from

slags. Comparison of several dry separation techniques to recover ferrochrome
from coarse slag is shown in Table 5.6 [S58].
A dry ferrite roll separator was also successfully applied to the recovery of

the ferrochrome metallics from a fine fraction (- 0.8 mm) of slag. Comparison
of its performance with a wet rare-earth drum separator is shown in Table 5.7.
Replacement of conventional electromagnet-based separators by rare-earth

permanent magnet units also often results in economic advantages. Improved
quality of the ilmenite concentrate and reduced operating costs contribute to
improved plant e ciency, as shown in Table 5.8. Additional cost savings result

Table 5.6: Recovery of ferrochrome metal from slag (- 15 + 2 mm) by magnetic
separation [S58].

Separator Head grade
[ FeCr %]

Mags grade
[ FeCr %]

Recovery [%]

Dry LIMS 22.7 60.6 85.0
Lifting IMR 20.1 77.6 85.8
Ferrite roll 27.1 45.7 97.5
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Table 5.7: Recovery of ferrochrome metal from fine slag (- 0.8 mm) by magnetic
separation [S58].

Separator Head grade
[ FeCr %]

Mags grade
[ FeCr %]

Recovery [%]

Ferrite roll 4.4 16.9 65.6
Wet RE drum 4.7 17.3 70.2

Table 5.8: Comparison of the operating costs of various dry magnetic separators
applied to ilmenite beneficiation, in relation to a cross-belt separator
[A24].

Magnetic separator Cost
Cross-belt 100
IMR 42 to 53
RE drum separator 17
RE roll (short belt life) 21 to 42
RE roll (long belt life) 11 to 15

from a smaller size of the plant for a given throughput. Since a plant with
rare-earth magnetic separators would use between 6% and 20% of a cross-belt
plant space [A24], the cost saving can be considerable. Compared to IMR for
non-magnetic cleaning applications, the space saving can be 50% to 70% [A24].
Improved performance can be also obtained by implementing multiple-stage

separation, as is demonstrated in Fig. 5.7. Combined with higher roll speeds,
the selectivity of separation increases in addition to a higher throughput.
In some applications, it was found advantageous to combine rare-earth roll

separators with rare-earth drum separators. While roll separators tend to be
more e cient, more selective and can be more readily adjusted to feed variations,
drum separators have a higher throughput and are less demanding from the
maintenance point of view. Comparison of the roll and roll+drum options is
shown in Table 5.9.

Table 5.9: Comparison of roll and roll+drum alternatives for treatment of il-
menite gravity concentrate (- 0.9 + 0.1 mm), at 30 t/h, in 1999
prices [A25].

Parameter Drum + Roll Roll separator only
Stages required 1 drum + 2 rolls 3 stages
Capacity 7 t/h/m 4 t/h/m
Quantity 3 5
Price per unit [US$] $114 000.00 $65 000.00
Total price [US$] $342 000.00 $325 000.00
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Figure 5.7: Comparison of single and multiple-pass separation of ilmenite, by a
roll separator, at di erent feed rates (adapted from Arvidson [A26]).

Comparison of roll and matrix separators

Jirestig and Forssberg [J7] carried out a detailed comparative study of four dry
high-intensity magnetic separators. Three of these separators were roll units:

Permroll
R°
(E.L. Bateman) with Kevlar belt, High Force

R°
(Inprosys) with

polyurethane belt, induced magnetic roll (Humboldt Wedag) and dry HGMS
(Sala). An expanded metal matrix, with and without spacers, was used in the
Sala HGMS and particles were propelled through the matrix by a compressed
air-driven vacuum pump. Various size fractions of calcite and dolomite samples
were used as test materials. Permroll, High force and dry HGMS, operating at
2 T yielded products of similar brightness for fine to medium-size (- 450 + 38
m) particles, as can be seen in Fig. 5.8. For particles larger than 450 m,
the Sala HGMS machine experienced problems with matrix clogging, while the
e ciency of the induced magnetic roll was slightly inferior.
The significant advantage of the matrix separator, compared to belt-type

separators, is its high selectivity of separation of fine particles, smaller than 100
m. The high brightness of products from belt separators was achieved at great
cost to the recovery. Only about 5% of 38 m material reported to the mag-
netic fraction in the matrix separator, while Permroll and High Force machines
experienced significant losses (35% to 80 %) of the valuable material into the
magnetic tailings. The di erent performances of the two belt separators are
probably due to di erent types of belts used and the results indicate the impor-
tance of controlling electrostatic properties of the belt material, as discussed in
Section 5.2.1.
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Figure 5.8: Brightness of various size fractions of the calcite non-magnetic prod-
uct, as obtained in several dry magnetic separators (adapted from
Jirestig and Forssberg [J7]).

Comparison of rolls of di erent diameters

Magnetic rolls of diameter ranging from 72 mm to 300 mm are commercially
available and judicious selection of the most suitable unit is essential for opti-
mum metallurgical results and operating costs. Figures 5.9 and 5.10 illustrate
that magnetic rolls of larger diameter (300 mm) can operate at higher feed
rates than standard 76 and 100 mm diameter rolls. By increasing the speed
of rotation the same performance can be maintained. As has been discussed
in Section 4.6.2, the magnetic force is practically independent of the magnetic
ring diameter. The increase in the rotational speed of the roll, maintaining the
same residence time of particles in the magnetic field as in a smaller diameter
roll, results in the increase of the centrifugal force on a particle. In turn, this
results in a closer balance of the magnetic and competing forces and better se-
lectivity of separation can thus be obtained. This additional benefit of larger
ring diameters is depicted in Fig. 5.10.

Comparison of RE roll and RE drum separators

Rare-earth roll separators and rare-earth drum separators are designed to ad-
dress similar beneficiation applications. The choice between these two types
of separators is rarely made on the basis of comprehensive comparative tests.
Since the pattern of the magnetic force around the roll and drum di er consid-
erably, correct systematic evaluation of the operation is essential. As has been
discussed in Section 4.6.2, magnetic roll separators generate a much higher mag-
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Figure 5.9: Comparison of separation e ciencies of magnetic rolls of diameters
100 and 300 mm, at di erent throughputs, as applied to beneficiation
of - 3 mm iron ore (adapted from Arvidson and Dillé [A23]).

Figure 5.10: Comparison of performances of 76 mm and 300 mm rolls at di erent
speeds of rotation, applied to purification of - 600 + 800 mm silica
sand (adapted from Dobney [D8]).
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Figure 5.11: Magnetic partition curves. The ideal curve corresponds to a mag-
netic susceptibility cut-point of 50 = 80×10 6 cm3/g (10×10 7

m3/kg) [M24].

netic force, which, however, is of short reach. On the other hand, the magnetic
force on the surface of a drum separator is much lower, as a result of a con-
siderably lower magnetic field gradient. The reach of the force is, however,
much longer than that in a roll separator. The behaviour of particles in these
two types of separator is di erent and the settings of the optimum operating
conditions di er widely.

Detailed comparative tests on rare earth roll and drum separators were con-
ducted by Murariu and Svoboda [M24]. Magnetic tracers of various sizes and
mass magnetic susceptibilities were used to set the optimum operating condi-
tions, and magnetic partition curves were generated. The values of , given by
eq. (4.58), of these curves were compared. Figure 5.11 illustrates such a parti-
tion curve for the cut-point magnetic susceptibility of 80×10 6 cm3/g (10×10 7

m3/kg). The cut-point is defined as the value of magnetic susceptibility ( 50),
for which the particles having this susceptibility split equally into the magnetic
and non-magnetic fractions.

It was observed that the same cut point could be obtained using di erent
combinations of the speed of rotation of the drum or roll and of the position of
the splitter. However, not all combinations of these parameters give the same
optimum e ciency of separation, as is demonstrated by Fig. 5.12. It can be seen
that, for a drum separator, a lower speed and a closer position of the splitter
between the magnetic and non-magnetic fractions, result in lower and thus
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Figure 5.12: Experimental partition curves for an NdFeB drum magnetic sep-
arator. The curves were obtained for the same value of the cut
point, but for di erent positions of the splitter and the rotational
speed of the drum. Drum diameter: 600 mm, magnetic induction
on the drum surface: 0.9 T [M24].

a more e cient separation.
However, with a roll separator (diameter 100 mm), a more selective separa-

tion was achieved at a high roll speed and with a splitter far from the roll. This
di erence in the optimum operations of drum and roll magnetic separators re-
sults from the fact that the magnitude of the magnetic force acting on a particle
in a drum is much smaller than that in a roll separator. As discussed in Section
1.2, the separation is selective when the magnitudes of the magnetic force and
the competing forces are of comparable magnitudes. The magnetic roll, which
generates a higher magnetic force than the drum, requires a higher centrifugal
force (i.e. a higher roll speed) and a more distant position of the splitter.
Tracer tests showed that the setting of the cut point, that is of the rotation

speed of the roll or drum and position of the splitter, is dependent on particle
size. The size dependence was found to be approximately linear for both separa-
tors, as is illustrated in Fig. 5.13. The slope of the plots indicates sensitivity of a
separator to the size of the tracers. It can be seen that roll magnetic separators
are considerably more sensitive to particle size and the sensitivity increases with
decreasing thicknesses of the magnet and steel rings. A roll separator of a given
configuration is, therefore, suitable for accurate separation of only a narrow size
range of the feed particles. For example, if the cut point is set to 10×10 7m3/kg
(80×10 6 cm3/g) and the required accuracy is ± 10% (two horizontal lines in
Fig. 5.13), a roll separator with configuration 12/7.5 will satisfy the accuracy
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Figure 5.13: Variation of the cut-point magnetic susceptibility with the size of
magnetic tracers, for roll and drum magnetic separators of di erent
configurations [M24].

requirement for a size fraction - 6 + 4 mm. A roll separator with configuration
4/2.5 will meet this requirement only for particle size of 2 mm. On the other
hand, the drum separator will be able to treat selectively a size fraction of - 16
+ 8 mm.

The loading of the belt or the drum The loading of the drum and of
the belt of the roll separator, influences the throughput and the e ciency of
separation, and a compromise must be found between these two contradictory
requirements. As a result of a short residence time of particles on the roll surface,
the feed material must be distributed evenly over the belt in a monolayer and
a safe belt loading is approximately 25%. Lower belt loadings lead to a low
throughput and generally cannot be justified in view of a limited benefit and
high cost of the separator.
In drum separators, the residence time is much longer and if the feeding

system is optimized and the feeder tray is su ciently close to the drum, to
avoid particle bouncing, the particles usually spread evenly on the drum surface
even when particles flow in a thicker layer on the feeder tray. Typical flow
of material onto a drum surface is shown in Figs. 5.14 and 5.15. However,
adherence of strongly magnetic particles on the drum surface can be a problem,
as shown in Fig. 5.16.
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Figure 5.14: Flow of the - 2 + 1 mm material on the surface of an NdFeB drum
magnetic separator.

Figure 5.15: Flow of the - 16 + 8 mm material on the surface of an NdFeB drum
magnetic separator.
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Figure 5.16: Attachment of strongly magnetic particles to the surface of a drum
magnetic separator.

Throughput of a roll separator The throughput of a roll separator is de-
termined by a variety of factors and only experimental determination can give
reliable information on this important specification. The general formula for
throughput calculation is

= (5.4)

where is the throughput (in [kg/s]), is the particle volume (in [m3]),
is the particle density (in [kg/m3]), is the belt width (in [m]), is the belt
speed (in [m/s]), is the cross-sectional area of a particle (in [m2]) and is
the filling factor of the belt. It is evident from this equation that the shape of
the particles must be known before the throughput can be calculated.

Belt tracking As the belts used in roll magnetic separators are frequently
very thin, usually between 0.13 mm and 0.25 mm, they are prone to wear and
their life time is often short. Accumulation of dust and magnetic particles un-
derneath the belt and misalignment of the belt, result not only in impaired sep-
aration performance but also cause damage to the belt. Various manufacturers
of roll separators use di erent mechanisms for the belt tracking, with di erent
levels of resistance to misalignment. Considerable e ort has been expended to
extend the wear life by developing and applying correct tracking system.
Crown idler rolls have been used successfully for many years, particularly

for small diameter rolls and for separators with a large distance between the
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Figure 5.17: The temperature of the shell of an NdFeB drum magnetic sepa-
rator, as a function of time. Drum diameter: 600 mm, magnetic
induction on the shell: 0.9 T, speed of rotation: 50 rpm [M24].

roll and the idler. With the advent of large diameter rolls (e.g. 300 mm), the
conventional crowned idler system has been replaced, for rolls longer than 0.5
mm, by a self-adjusting roller system [A23, A13]. Depending on the application,
the average lifetime of a thin belt (0.13 mm) ranges from one month to six
months, while a thicker belt (0.25 mm) can last as long as 12 months [A24].
The changing of a damaged belt can also be an onerous and time-consuming

exercise. It is claimed, however, that the belt changing time for a one meter
long roll can be shorter than 5 minutes [D8].

Eddy currents and temperature increase in the drum shell It has
frequently been observed that the temperature of the shell of drum magnetic
separators increases during operation. This phenomenon is based on the fact
that as the metallic shell of a drum separator rotates around a stationary mag-
netic system, eddy currents are developed in the shell. These eddy currents
are generated in such a way that the magnetic field they produce opposes the
external magnetic field, as discussed in Section 2.7. This interaction energy is
converted into heat which might be detrimental to operation of a drum magnetic
separator and it could reduce the lifetime of the permanent magnet material.
This is of particular importance for high-field rare-earth drum separators which
are often operated at higher rotational speeds than low-intensity magnetic drum
separators.
Figure 5.17 illustrates the temperature development on the surface of the

shell of an NdFeB drum separator [M24]. The temperature was measured by
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a thermocouple as a function of time over a period of eight hours. The tem-
perature increased rapidly within the first 30 minutes of operation from the
room temperature of 24 0C to 36 0C. Afterwards, the temperature kept increas-
ing asymptotically to the temperature of 45 0C, which remained constant after
eight hours. While the temperature within the permanent magnet material in-
side the drum will be higher than on the shell surface, it is probably still well
below the critical operational temperature of the permanent magnet material.
Nevertheless, caution should be exercised in this aspect.
The e ect of the increased temperature of the magnetic system on the sepa-

ration e ciency was investigated using 8 mm magnetic tracers and - 4 + 2 mm
kimberlite gravel [M24]. It was found that the experimental partition curves
determined at room temperature and after six hours of the drum operation,
exhibited the same cut-point magnetic susceptibility. Also, the mass recover-
ies of the gravel into the magnetic fraction were identical, indicating that the
separation e ciency was not a ected by the increased temperature of the drum.

5.3 Wet magnetic separation

As shown in Fig. 5.1, wet magnetic separation can be applied to coarse as
well as fine particles, that are either strongly or weakly magnetic. Strongly
magnetic materials can be recovered by wet low-intensity machines, which are
by far the most common in use. Weakly magnetic particles, coarse or fine, can
be treated by rare-earth drum magnetic separators, while wet high-intensity
magnetic separators (WHIMS) and high-gradient magnetic separators (HGMS)
are applied, as a rule, to fine weakly magnetic materials only.

5.3.1 Wet low-intensity drum magnetic separation

Wet low-intensity drum magnetic separators (LIMS) are used to recover strongly
magnetic solids from a slurry feed. The major areas of application are media
recovery in dense media separation plants (DMS) and in magnetite ore benefici-
ation. Physical construction of wet drum separators is slightly di erent for the
two applications, with the ore concentrator being more rugged in construction
and subject to more detailed specifications than the media recovery units. This
is particularly true with reference to feed and collection tank design, bearing
construction, wear covers on the drums, magnet assembly design and magnetic
field strength rating. On the other hand, modern LIMS machines for DMS
plant operation have a longer pick-up zone [D13], compared to the conventional
separators.

Wet magnetic drum separators for media recovery

In media recovery application the particle size of the feed, particularly the mag-
netic portion, is quite fine and drum wear is not a serious problem. Maximum
magnetic recovery is important, and the highest magnetic purity and solids
content in the magnetic concentrate is desired.
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Table 5.10: Maximum concentration of solids in the feed into LIMS for dense
media recovery [S59].

Separator Max. solids concentration [% by weight]
Con-current 20

Counter-rotation 25
Double drum 50

Factors that are considered in selecting a wet drum separator for media
recovery are:

• Percentage of solids in the feed slurry

• Percentage of magnetics in the feed solids

• Grade of the media used

• Feed volume (m3 h) to the separator

• Magnetic discharge rate (t/h) from the separator

• Desired magnetic recovery.

Media recovery magnetic drums are available in diameters of 762 mm (30"),
914 mm (36") and 1219 mm (48"), and in drum widths up to 3050 mm (120").
A 1200 mm diameter magnetic separator has approximately twice the capacity
of a 900 mm unit. This allows circuits to be designed with fewer magnetic sep-
arators and therefore with reduced vulnerability to mechanical failure, uneven
feed distribution and poor control [D13].
Both con- and counter-current feed arrangements have been used. The con-

current drum arrangement usually gives the highest magnetic content in the
magnetic discharge and provides the highest percentage of solids in the dis-
charge. The overwhelming majority of the magnetic separators installed in
DMS plants has been of the con-current design. The counter-rotation units
have been used successfully as secondary separators [D13].

Solids content in the feed For e cient operation of the DMS plant it is
desirable to keep the media as free of fines as possible. The reduced concentra-
tion of fines limits the viscosity problem and results in sharper separation. It
also improves the magnetic recovery by the magnetic drum and gives a cleaner
magnetic concentrate.
Typically, a single LIMS will be used in plants where the feed solids are in the

10% to 15% range. It is significant to note that an extremely dilute feed makes
the magnetic recovery more di cult and the feed volume should be reduced by
a factor of 0.5 to 0.75 for such a dilute feed [B28, M26].
For solids in the 20% to 25% range, either 900 mm diameter single drum or

760 mm diameter double drum units are recommended. Above 25% solids, 900
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Table 5.11: Recovery of ferrosilicon in a magnetic separator at low concentration
of the magnetics in the feed [D13].

Mags in the feed [g/ ] Recovery [%] Mags in e uent [%]
55 98.8 0.83
38 98.0 0.76
5 92.0 0.40
2 67.0 0.67
0.5 56.0 0.22

Table 5.12: Suggested feed volumes into LIMS for dense media recovery [B28,
M26].

Separator Feed rate [m3/h/m]
762 mm single drum 50 - 55
914 mm single drum 55 - 70
762 mm double drum 55 - 70
914 mm double drum 70 - 95

mm diameter double drum are advised. The suggested maximum concentrations
of solids in the feed are shown in Table 5.10.

Magnetic content of the feed solids Typically, the magnetic content of
solids will be 60% or higher. When the magnetic content of the solids falls
below 60%, the feed volume should be reduced and multi-drum arrangement
considered, in order to maintain a high magnetic recovery. Table 5.11 illustrates
the detrimental e ect of low concentrations of the magnetics on their recovery.
It is well established that the magnetics-to-ore ratio and the solids content are
two parameters that control concentrate purity most e ectively [S59].

Recommended feed volume and discharge rate of the magnetics In
selecting drum size for media recovery, the feed volume and magnetic solids
discharge should be balanced. In Table 5.12. typical feed rates are suggested
for various single and double wet low-intensity magnetic separators.
Magnetic discharge rates should not exceed the rates given in Table 5.13, in

order to maintain high magnetic media recovery.

The e ect of the magnet position Plant experience confirms that the
initial settings of a drum magnetic separator, recommended by manufacturers,
are only a rough guide. Settings of such parameters as the magnet position and
drum-to-tank clearance should be optimized based upon the plant experience.
For instance, it was found by Dardis [D13] that the magnet position significantly
influenced tailings losses and the return density of the concentrate. Two minima
in the loss curve were observed [D13], corresponding to the minima in the profile
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Table 5.13: Recommended maximum discharge rates of the magnetics [M26,
S59].

Separator Max. discharge rate [t/h/m]
762 mm drum 10
914 mm drum 15
1200 mm drum 24
Double 762 mm 18
Double 914 mm 30
Double 1200 mm 48

of the magnetic force (or force index) shown in Fig. 4.29. Similarly, the critical
role of the magnetic position on the recovery of magnetite was reported by
Howell et al. [H21]. On the other hand, Rayner and Napier-Munn reported
[R20] that the magnet position had no significant e ect on the performance of
the drum separator.
The distance between the drum and the tank has a two-fold e ect on the sep-

aration e ciency. With increasing clearance between the drum and the tank, the
magnetic field strength and the magnetic force are reduced in the areas furthest
from the drum. This negatively a ects the e ciency of separation, particularly
of fine particles. On the other hand, by increasing the clearance, the velocity of
flow through the separation zone decreases and so does the hydrodynamic drag
on particles. This results in a more e cient attraction of magnetic particles to
the drum and in reduced shear stress acting on particles already captured on
the drum. The combined e ect of these two contradictory phenomena can lead
to improved recoveries when the clearance is increased [D13].

Media types and size The most common medium for separation is a sus-
pension in water of fine magnetite, ferrosilicon (FeSi), or a mixture of the two,
depending on the separation density required. Magnetite alone is used when a
density is required in the range 1250 to 2200 kg/m3, a mixture for 2200 to 2900
kg/m3 and ferrosilicon alone for 2900 to 3700 kg/m3.
Magnetite, the density of which ranges from 4800 to 5200 kg/m3 is the most

popular choice for medium solids used in coal preparation, while ferrosilicon is
invariably used, for instance, for the concentration of diamonds, for the recovery
of aluminium in recycling plants, and for beneficiation of iron and manganese
ores.
Ferrosilicon containing between 14% to 16% silicon has a density ranging

from 6700 to 7100 kg/m3. It is non-rusting and strongly magnetic. With con-
centrations of silicon greater than 22% the material is feebly magnetic, while
with concentrations of silicon lower than 15%, it is prone to rusting.
Magnetite and ferrosilicon are thus selected as media because they meet a

number of essential criteria: they are physically stable and chemically inert, eas-
ily removable from the products and are readily recovered for re-use by magnetic
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Table 5.14: Particle size distribution of magnetite for DMS [M26].

Size fraction [ m] Fine grade [%] Coarse grade [%]
- 300 + 212 3.8 8.2
- 212 + 150 4.4 4.3
- 150 + 106 6.2 14.1
- 106 + 75 7.6 12.0
- 75 + 45 13.5 19.9
- 45 64.5 32.7

Table 5.15: Particle size distributions of selected grades of milled and atomized
ferrosilicon (Samancor, South Africa).

Size fraction [ m] 48D 100D 270D Cyclone 60
+ 212 0 - 2 0 - 1 0 0
+ 150 4 - 8 0 - 1 0 0 - 2
+ 106 12 - 18 1 - 4 0 - 1 0 - 4
+ 75 19 - 27 5 - 10 0 - 3 2 - 6
+ 45 27 - 35 28 7 - 11 18 - 26
- 45 27 - 35 61 - 69 85 - 93 65 - 78

separation.
Media is supplied in several size grades and the grade used will vary with

each individual plant. While finer grades improve stability, fine particles, in
addition to possible viscosity problems, are more di cult to recover and the
feed into LIMS should then be reduced by a factor of 1.5 to 2, to maintain the
magnetic recovery. A typical particle size distribution of ground magnetite is
shown in Table 5.14, while size distributions of several grades of ferrosilicon are
listed in Table 5.15.
There are two basic types of ferrosilicon available to the operators of dense

medium plants, namely milled (e.g. 270D) and atomized spherical grades (e.g.
Cyclone 60). There is a marked di erence in both the shape and nature of fer-
rosilicon particles produced by grinding and atomizing. Particles produced by
grinding are rough and angular in shape, whereas particles produced by atomiz-
ing are smooth and largely spherical or rounded. This di erence in the particle
shape has marked e ects on the rheological properties of aqueous suspensions
of the two types of ferrosilicon [C7].
The critical value of slurry density for atomized grades is much higher than

for the milled grades. At densities above 3000 kg/m3, the viscosities of sus-
pensions of atomized ferrosilicon are significantly lower than those of the milled
grades, owing to the greater friction among the colliding irregularly shaped
milled particles [C17]. This superior property of atomized ferrosilicon allows
very high suspension densities to be obtained (up to 3800 kg/m3) and this
has made possible the heavy-medium separation of certain ores that were not
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previously amenable to the treatment. On the other hand, grades of milled fer-
rosilicon show greater stability than grades of atomized ferrosilicon of equivalent
size distribution.
Since the desired conditions of separation are those of minimum viscosity

with maximum stability, selection of the grade of ferrosilicon is based on a
trade-o between these contradictory requirements and on cost considerations.

Viscosity of dense medium suspensions Magnetite media are character-
ized by high apparent viscosities, extremely sensitive to rate of shear. Viscosities
of the magnetite medium ranging from 700 cP (0.7 Pa×s) at the shear rate of
1000 s 1 to 2740 cP (2.74 Pa×s) at 1000 s 1 were reported at the operating
density of 2800 kg/m3 [G18]. Viscosities of ferrosilicon under similar conditions
ranged from 84 cP (0.084 Pa×s) to 200 cP (0.2 Pa×s). Similar results were
obtained for various grades of ferrosilicon [D14]. The modelling data and their
verification by experimental measurements show that the apparent viscosity of
atomized ferrosilicon (e.g. Cyclone 60), at the operating density of 3800 kg/m3

ranged from 0.025 Pa×s at the shear rate of 150 s 1 to 0.3 Pa×s at 10 s 1.

Media losses Historically, media losses have frequently been the largest single
component of the operating costs of dense medium separation plants. Losses of
magnetite in coal washing plants range from 0.4 kg to 2 kg per tonne of raw coal.
In modern large cyclone plants treating - 45 + 0.5 mm material, the average
losses amount to 0.45 kg/t [E3].
In DMS plants that use ferrosilicon, the losses amount to 20% to 40% of the

DMS plant operating costs [D13] and may range widely, from 0.1 to 2.8 kg/t
[H20], although in modern plants they do not exceed 0.25 kg/t [D13]. In an iron
ore cyclone plant, the ferrosilicon losses are reported to be 0.12 kg/t and 0.15
kg/t, for intermediate and fine ore fractions, respectively [K20]. It is generally
claimed that the losses in the magnetic circuit usually represent the major com-
ponent of the total loss. For instance, Hunt et al. [H20] report that, excluding
plant housekeeping, the average losses attributable to magnetic separation, ad-
hesion and corrosion occur in the ratio 6:3:1. In another investigation, however,
magnetic losses not exceeding 30% of the total loss were observed [N7].

Magnetic properties of ferrosilicon and magnetite The magnetic prop-
erties of magnetite and ferrosilicon are important for easy recovery and cleaning
of the medium in the circuit. The running costs of a DMS plant are also a ected
by the magnetic properties. Baran and Svoboda [B29] conducted an extensive
study of magnetic properties of both magnetite and ferrosilicon of various grades.
A typical hysteresis curve of 270D milled ferrosilicon is shown in Fig. 5.18. Ta-
ble 5.16 summarizes the magnetic characteristics of ferrosilicon and magnetite,
as determined from measurements by a vibrating sample magnetometer.
It can be seen that atomized grades of FeSi exhibit slightly higher values of

the saturation polarization (by 5% to 7%) compared to the milled grades. The
saturation polarization of magnetite (0.45 T) is lower than that of FeSi by factor
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Magnetisation of 270D FeSi
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Figure 5.18: A hysteresis curve of 270D ferrosilicon as measured by a vibrating
sample magnetometer [B29].

Table 5.16: Saturation polarization Js, remanent polarization Jr and coercive
force Hc of various grades of ferrosilicon (Samancor) and magnetite
(Amcoal), as measured by a vibrating sample magnetometer [B29].

Material J [T] J [T] H [kA/m]
Cyclone 60 0.93 0.047 9.96
48D 0.83 0.052 10.2
65D 0.87 0.055 10.6
100D 0.87 0.048 9.33
150D 0.86 0.048 9.89
270D 0.83 0.051 9.89
Magnetite 0.45 0.063 14.3
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Figure 5.19: Relationship between the Si concentration and the saturation po-
larization of FeSi (after [B29]).

of two, and it was found to be by about 25% lower than the literature value of
0.6 T, as a result of the presence of weakly magnetic impurities. The coercive
force of magnetite is 50% higher than that of ferrosilicon. This might indicate
a need for a higher demagnetization field for magnetite.
Although the milled grades of FeSi were found to be much more susceptible

to corrosion than the atomized grades, no substantial e ect of corrosion on
the magnetic properties was observed. Also, no significant di erences in the
magnetic behaviour of various size fractions of FeSi were observed. Only a
slight reduction (less than 5%) in the saturation polarization values for fractions
smaller than 106 m was observed. Losses of fine FeSi in DMS plants can thus be
ascribed to the reduced e ciency of magnetic separators to recover fine particles
rather than to reduced magnetization.
The initial magnetic susceptibility of all grades of FeSi was approximately

2.8×10 4 m3/kg, while that of magnetite was found to be equal to 3.5×10 4

m3/kg.
It was also observed that a substantial increase in the saturation polarization

of FeSi could be achieved by decreasing the concentration of Si as is illustrated
in Fig. 5.19. It was found that the saturation polarization changed by 0.16 T
for every 1% in the Si content, in the range 14% to 16%.

Demagnetization The passage of heavy medium through magnetic separa-
tors in the medium recovery circuit induces remanent magnetization of the
medium. This may result in the formation of magnetic flocs with subsequent
deterioration of the medium properties, such as stability and viscosity.
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Figure 5.20: The e ect of the demagnetizing magnetic induction on FeSi vis-
cosity in a cone circuit at Premier Diamond Mine, South Africa
(adapted from [C17]).

It is common practice at DMS plants to install demagnetization coils on the
magnetic separator return lines. Although the need to demagnetize media has
been recognized in the static-bath processes, the usefulness of demagnetization
coils in cyclone plants has been a subject of dispute. The views range from
outright rejection to unconditional acceptance. These polarized views are part
of the DMS plant folklore, although there is an overwhelming scientific and en-
gineering evidence of the beneficial e ect of media demagnetization. In general,
the installation of demagnetization coils in DMS cyclone plants is recommended
(e.g. [N8]).

The inverse relationship between the magnetic field strength in a demagneti-
zation coil and the viscosity of the circulating medium FeSi medium in the cone
circuits is illustrated in Fig. 5.20. A similar beneficial e ect of FeSi demagneti-
zation, in a cyclone plant, was reported by Napier-Munn and Scott [N7]. They
observed that the coil had a rapid and substantial e ect on the viscosity and the
results are summarized in Fig. 5.21. The viscosity had started to drop shortly
after the coil was activated and to rise again after the coil was de-activated.

Measurements of the magnetic susceptibility of magnetized samples of fer-
rosilicon showed that the values of magnetic susceptibility were higher than
those of unmagnetized samples [B29]. After demagnetization by a coil generat-
ing the a.c. magnetic induction of 0.06 T, the magnetic susceptibility returned
to its original value.

Practical aspects of demagnetization are discussed in Section 5.5.
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Figure 5.21: The e ect of demagnetization on the viscosity of 150D FeSi medium
at the cyclone plant of the Mount Isa Mines lead-zinc concentrator,
Australia, (adapted from [N8]).

Wet magnetic drum separators for ore concentration

Wet low-intensity drum magnetic separators are also used for the concentration
of magnetite ore or other strongly magnetic minerals. Most of the low-intensity
magnetic separation technology used today was developed during the 1960s
with no significant changes taking place. The most noticeable changes over the
years have occurred with the increased diameter and length of the drum. With
each increase of the drum diameter, the process capacity of units increased and
throughputs as high as 160 t/h per meter length of the drum were recorded.
However, tests with 1500 mm diameter drum separators could not reproduce
this trend for the capacity increase, and currently not many concentrators of
this size have been installed [S13].
The improved design and more e cient permanent magnetic materials al-

lowed the magnetic field rating of the drum magnetic separators, traditionally
expressed as the magnetic induction at 50 mm (or 2 inches), to be increased,
from 0.05 T to about 0.12 T available today.
In the ore concentration applications, the separators are designed for three

basic operations, namely as cobbers, roughers (cleaners) and finishers.

Cobbers Drum separators used in cobbing operations are designed to obtain
maximum rejection of a non-magnetic fraction and maximum recovery of the
magnetic material. Most iron-ore concentrating drum separators are applied in
multi-drum, usually con-current, configurations so that the high-grade magnetic
concentrate is obtained. In cobbing operations, two drums are typical, but as
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many as four drums have been used. The diameter of the drums is either 900
or 1200 mm and the magnetic field rating, at 50 mm, of 0.1 T is standard for
cobbers.

Roughers Drum magnetic separators used in roughing or cleaning are applied
after the size of the cobber concentrate has been further reduced. Because the
cobbing has significantly upgraded the ore, magnetic loading of the drum is
usually increased considerably. The objective of roughing is to obtain a high-
grade magnetic concentrate, while maintaining high recovery. Double-drum
separators, in con- or counter-current modes of operation are typically used in
roughers and the required magnetic field at 50 mm is, as a rule, 0.07 T to 0.09
T.

Finishers Finishing drum magnetic separators are designed to produce the
highest possible iron content in the concentrate. The feed tank and feed arrange-
ments are usually of semi-counter-current design, with the objective of dispers-
ing the feed particles in order to obtain maximum rejection of non-magnetic
particles. Both 760 and 900 mm-diameter drums are used in the finisher appli-
cations, with the magnetic field strength at 50 mm lower (e.g. 0.05 T) than in
a rougher, to improve selectivity of separation. The feed size is usually reduced
to less than 75 m or 45 m.

Variables in low-intensity magnetic separation of ores Factors associ-
ated with the properties of the feed, to be considered in the selection of a wet
drum magnetic separation applied to the ore beneficiation, are [M26]:

• Feed rate (t/h/m)

• Feed particle size (max. 10 mm) and size distribution

• Feed volume (m3/h)

• Concentration of magnetic particles

• Degree of liberation

• Desired recovery into the magnetic fraction.

As shown in Table 5.17, the maximum feed rate varies with the type of
separator considered; maximum and recommended feed volumes are also given.
Typical sizes of feed particles for the three modes of operation are:
Cobbers: - 6 mm + 850 m
Roughers: - 500 m + 300 m
Finishers: - 75 m + 45 m.
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Table 5.17: Feed rates and feed volumes in LIMS, as applied to ore beneficiation
[M26].

Application Feed rate [t/h/m] Feed volume [m3/h/m]
Max. Recommended Max. Recommended

Cobber 75 45 100 70
Rougher 60 45 100 70
Finisher 15 15 35 20

Table 5.18: Number of drums and magnetic poles used in LIMS for ore benefi-
ciation [M26].

Separator Number of drums Number of poles
Cobbers 2 to 4 5 or 6
Roughers 1 or 2 5 or 6
Finishers 2 or 3 4 to 10

Magnetic content and degree of liberation The magnetic content of
iron ores to be concentrated by LIMS varies over a fairly wide range. Ores with
iron concentrations from 10% to 50% or more have been successfully treated.
Since liberation is not complete at the cobber stage, a substantial amount of
gangue is carried into the cobber concentrate. Typically, the cobber concentrate
contains 50% Fe or more and, accordingly, the magnetics content of the rougher
feed is quite high. The finisher feed contains 2% to 5% of non-magnetics and
thus has a very high concentration of the magnetic material.
Complete liberation of most iron ores that are being treated by LIMS is

usually at sizes finer than 150 m, although some ores have to be reduced to -
45 m.

Magnetic field strength and number of poles Increased magnetic field
strength achievable in modern low-intensity drum magnetic separators allows
not only more e cient recovery of fine particles, but also the throughput of a
separator can be increased without losing recovery. Such an e ect of magnetic
field strength on throughput and recovery is illustrated in Fig. 5.22.
The number of drums used in various applications varies with the individual

ores and the choice is determined by the results of pilot-plant or laboratory
tests. In addition, various types of magnetic assemblies and pole combinations
have been successfully used. Typical magnetic pole specifications and number
of drums are shown in Table 5.18.

Throughput The feed rate in a low-intensity magnetic separator a ects
its metallurgical performance, as can be seen in Figs. 5.22 and 5.23. With
increasing feed rate, the recovery of magnetic particles into the magnetic fraction
decreases, the rate of decrease being strongly dependent on the magnetic field
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Figure 5.22: Recovery of iron by LIMS, as a function of throughput, for di erent
values of magnetic induction at 50 mm (adapted from Sundberg
[S13]).

strength generated by the magnetic drum.

5.3.2 Wet high-intensity magnetic separation

Wet high-intensity magnetic separation is used in three di erent technological
processes, as shown in Fig. 5.24. These separators can thus be used either as
a magnetic filter to remove a single solid component from a suspension, or as a
magnetic separator to remove an unwanted magnetic component from a mixture
of materials, or for a concentration of valuable weakly magnetic materials from
a mixture.
The high intensity of the magnetic field in these separators is generated

either by rare earth or ferrite permanent magnets (for example in RE drum
separators or in a Ferrous Wheel separator), or by resistive electromagnets or
superconducting magnets.
Magnetic field gradient, an equally important parameter in magnetic sepa-

ration, is generated by three di erent methods. Close-gradient, open-gradient
and matrix (polygradient) techniques produce magnetic field gradients of widely
di erent magnitudes, as can be seen in Table 1.20. As a result of these di erent
attributes of high-intensity magnetic separators, a plethora of names and terms
is being used to classify them, although the operating principle of many of them
are the same or, at worst, they can address similar separation objectives. The
resulting chaos is further magnified by the advent of new magnetic materials
and advanced magnet designs that allow new approaches to high field and high
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Figure 5.23: The e ect of feed rate on the recovery of magnetite, in a low-
intensity magnetic drum separator. Drum length: 1.2 m, drum
diameter: 900 mm (adapted from [K14]).
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Figure 5.24: The range of applications of wet high-intensity magnetic separation
(adapted from Svoboda [S1]).
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Table 5.19: Nomenclature for wet high-intensity magnetic separators.

Separator Acronyms
Rare-earth drum separator REDS, REDMS, MIMS
Linear multipole open-gradient separator OGMS
Matrix continuous separator WHIMS, HGMS, HIMS
Matrix cyclic separator HGMS
Matrix cyclic magnetic filter HGMF, HIMF

gradient generation. A summary of the terms most frequently used to describe
wet high-intensity magnetic separators is given in Table 5.19.
A schematic diagram of di erent technological processes, in which wet high-

intensity magnetic separators are used, is shown in Fig. 5.24. It is clear that
conditions for successful separation in these three categories can di er widely.
Their correct selection must be based upon proper identification of the target
of the process and the definition of criteria that would distinguish successful
separation from unsuccessful. The decision-making process in such a selection
is outlined in Fig. 5.25 and its detailed discussion will be presented in subsequent
sections.

Wet rare-earth drum magnetic separators

Although dry rare-earth drum magnetic separators have been readily accepted
by the mining industry, it has taken somewhat longer to develop and implement
wet RE drum separators. One of the reasons for reluctant acceptance of wet
RE drums by the industry is the onerous problem with the removal of strongly
magnetic material from the drum, even when these particles are present in trace
concentrations. Conventional high-pressure spraying or scraping methods are
not su ciently e ective in overcoming the strong magnetic force holding the
particles on the drum, and new approaches to this problem are being investi-
gated [A23].

Magnetic filtration

Magnetic filtration is used primarily for the removal of fine and quasi-colloidal
particulates from dilute fluid suspensions. Removal is carried out by passing sus-
pensions through a magnetized matrix, which leads to the retention of particles
throughout the matrix. The fluid stream may be either liquid or gas.
The process of magnetic filtration is analogous to that of deep bed filtration,

the di erence being that an additional external force, namely the magnetic
force, contributes to the filtration e ciency in magnetic filtration. Although
the magnetic force does not significantly increase the probability of particle col-
lision with the matrix [S31, S33], the enhanced e ciency of particle attachment
caused by the presence of strong, static dipolar magnetic interaction between
the matrix and a colliding particle increases significantly the e ciency of the
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particle capture. The similarity between magnetic filtration and deep bed filtra-
tion indicates that the basic rules common to deep bed filtration are applicable
to magnetic filtration.
As the aim of magnetic filtration is the removal of a single solid component

from a suspension, a brute force approach can be used so that all particles
are collected on the matrix. Therefore, the largest possible magnetic force,
compatible with the magnetic properties of the material to be removed, should
be used. Furthermore, the maximum magnetic field, in combination with the
finest possible matrix, compatible with the particle size distribution, should be
employed.
Simultaneously, in order to ensure the highest degree of extraction of solids,

the fluid shear stress on the deposited particles should be kept as low as possible.
At the same time, however, the flow velocity of a suspension through the matrix
bed should be su ciently large to ensure a high throughput.

Matrix Although it is usually desirable to use a fine matrix in magnetic fil-
tration, mainly to increase the probability of particle collisions with the matrix,
it is also important to avoid mechanical straining. Straining leads to the forma-
tion of a surface mat of deposit on the matrix. This causes a high resistance to
the flow and ultimately the clogging of the matrix. In order to avoid straining,
the ratio of the matrix element radius to the particle radius should be
of the order of 50 or larger. Coarser matrices with = 100 to 500 often give
results comparable to those obtained with very fine matrices.

Flow velocity The choice of the flow rate is usually based on the trade-
o between the purity of the e uent and the throughput of the filter. For
the removal of ferromagnetic impurities from steel-mill waste water, where high
hydrodynamic erosion can be tolerated, interstitial velocities of up to 0.3 m/s are
used. In applications where fine weakly magnetic particles are to be collected,
the flow rate is often as low as 1×10 3 m/s.

Removal of magnetic impurities from mixtures

The removal of unwanted magnetic components from mixtures is a well estab-
lished application of magnetic separation and a wide spectrum of materials can
therefore be upgraded by the application of e cient and cost-e ective dry mag-
netic separators. Although dry separation is an answer in many applications,
finely ground feebly magnetic materials can be beneficiated only by wet high-
intensity magnetic separation. The brightening of kaolin and dolomite and the
purification of glass sand and other industrial minerals by wet high-intensity
high-gradient magnetic separation are well proven and established applications.

Matrix The common feature of all methods for the removal of magnetic ad-
mixtures is that, as in magnetic filtration, the brute force approach can, in
principle, be used. This means that a high magnetic field, fine matrix and low
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flow velocities should be used to achieve e cient removal of impurities. This
approach can lead, however, to matrix blockage and to a loss of the valuable
non-magnetic product due to its entrainment in the magnetic fraction. In most
applications, the excessive loss of the non-magnetic product into the magnetic
waste is not acceptable and careful selection of the operating conditions is re-
quired. The matrix should be su ciently coarse to avoid mechanical straining
but it ought to be su ciently fine to guarantee high recovery of the magnetic
impurities.

The concentration of materials

The concentration of valuable, weakly magnetic minerals from finely ground
ores is the largest application of wet high-intensity magnetic separation and
of high-gradient magnetic separation. The objectives of the concentration of
minerals by WHIMS and HGMS are threefold, as shown in Fig. 5.25.

a) High recovery of a valuable metal into the magnetic concentrate. In this
case a high magnetic field, in combination with low flow velocity should be
used. A fine matrix would be a natural choice, although a coarse matrix often
performs equally well or even better.

b) High quality of the magnetic concentrate. If the recovery is of secondary
importance, the operating conditions should be chosen in such a way that
selectivity of the separation process is high. Only a moderate magnetic field
combined with a high flow velocity should be used. An excessively high
magnetic field causes the formation of flocs, comprising both magnetic and
non-magnetic particles, and also increases the possibility of the formation of
the surface mat of deposit. Correct choice of the matrix is the most critical
step in achieving selective separation.

c) High recovery and high grade. This rather natural requirement poses a
problem of considerable complexity, since often contradictory requirements are
imposed on the operating conditions. The selection of the matrix, the strength
of the magnetic field and the flow velocity must be carried out in experimental
programme, in which other variables that influence the separation process (e.g.
pulp density, dispersion etc.) are simultaneously investigated.

Cyclic or continuous separation?

The choice between cyclic and continuous high-gradient magnetic separators is
dictated mainly by the concentration of the magnetically recoverable particles
in the feed. If the mass yield into the magnetic fraction is smaller than, for
example, 1%, a cyclic separator can be suitable. However, in the majority
of applications of HGMS in mineral processing, concentration of the magnetic
component is larger than 1%; furthermore, high flow rates are usually required
to achieve a high grade of the concentrate and a high throughput. Under these
conditions the matrix would be loaded within a matter of seconds and the duty
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Table 5.20: Comparison of some operating parameters for various applications
of a cyclic magnetic separator.

Application Mag. fraction
in the feed
[kg/m3]

Flow velocity
[m/s]

Feed time
[hours]

Filtration of
thermal power
plant water

0.0001 0.24 1000

Steel mill waste
water

0.1 0.12 1.5

Kaolin purifica-
tion

1 to 3 0.01 0.1

Hematite ore 250 0.16 0.0003

Table 5.21: The comparison of cyclic and continuous high-gradient magnetic
separators.

Parameter Cyclic Continuous
Duty cycle Low to medium 100%
Throughput Low to medium High
Specific processing cost High Moderate
Versatility Low High
Mechanical complexity Low High

cycle of the separator would be very short. Table 5.20 illustrates the range of
feed times for a cyclic high-gradient magnetic separator in di erent applications.
It can be seen that the main application of cyclic separators is filtration

of cooling and waste waters. For the beneficiation of weakly magnetic ores,
the utilization factor of the separator is very low. Although the situation can
be improved somewhat by the application of reciprocating technology, the use
of continuous magnetic separators is inevitable. A continuous separator which
operates with a 100% duty cycle, can treat a wide range of minerals with varying
content of the magnetic particles. The comparison of cyclic and continuous high-
gradient magnetic separators as applied in mineral processing is given in Table
5.21.

5.3.3 Magnetic field in high-intensity magnetic separators

The magnitude of a magnetic field generated by the magnet of a magnetic
separator is one of the most important parameters. It signifies the potential of
a separator for the treatment of various classes of magnetizable materials.
Various manufacturers of magnetic separators use di erent approaches upon

how to ascertain and specify the magnetic field strength, and the reported values
are often contentious and occasionally misleading. The magnetic field in mag-
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Figure 5.26: The geometrical configuration for calculation of magnetic induction
in the vicinity of a matrix element of radius .

netic separators is generally very non-uniform. Particularly in high-intensity
separators, such as rare-earth rolls or WHIMS or HGMS, the value of the mag-
netic field varies considerably over a scale of several hundred micrometers, as
has been discussed in Section 1.6. Commonly available measuring instruments
are able to measure only the mean magnetic field over a relatively large cross-
sectional area, defined by the size, for example, of the Hall sensing element,
and the reported values of the magnetic induction generated, for instance, by
a rare-earth roll separators, may range from 1.0 T to 2.0 T, depending upon
which measuring (or estimating) technique was employed. In matrix separators,
the field is measured either as a background magnetic field or in the vicinity of
a matrix element. The importance of the latter value of the magnetic field is
insignificant, as it will be very similar for low-field and high-field separators.

The total external magnetic induction in the vicinity of a matrix element is
given by the superposition of the background magnetic induction 0 and the
induction due to the matrix element :

= 0 + (5.5)

The induction causes distortion of the essentially uniform background
induction 0 in the vicinity of each matrix element. This matrix material is
magnetized to polarization , which is proportional to the background induc-
tion 0 until the material is saturated. Above its saturation value , the
polarization is constant and does not increase with further increase in 0.

Under the assumption that the matrix material is magnetically saturated,
the total magnetic induction at a point outside the matrix can thus be calcu-
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Figure 5.27: Pattern of the magnetic field outside a horizontally magnetized
steel sphere.

lated from the expression:
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(5.6)

where is the radius of the matrix element and the angle is defined in Fig.
5.26.
The pattern of the magnetic induction and the radial component of the mag-

netic induction, for = 0, in the vicinity of a magnetized steel wire, obtained
using the electromagnetic VF modelling software, are shown in Figs. 5.27., 5.28
and 5.29, for two values of the saturation polarization. It can be seen that, in
order to generate, for example, the magnetic induction of 2 T on the surface of
the matrix, a background magnetic induction of 1 T is needed. If a steel with
rather poor magnetic properties (e.g. = 1 T) is used for the matrix, the
background induction of 1.5 T is required to create 2 T on the matrix surface.
It also transpires from eq. (5.6) and Figs. 5.28 and 5.29, that with increas-

ing distance from the matrix, the role of the saturation magnetization of the
matrix material diminishes and, for a distance = 3 , the di erence between
the induction generated by = 2 T or 1 T materials is negligible.
Similarly, it is possible to plot the gradient of the magnetic induction outside

a magnetized steel wire. Figures 5.30 and 5.31 depict such patterns of the field
gradient. These graphs reveal several interesting facts. It can be seen that the
gradient is essentially independent of the values of the background magnetic
induction 0, with the exception of a case where 0 = 0.5 T and = 2 T. At
the same time, the gradient is independent of the magnetic polarization of the
wire material for distances from the wire surface greater than 2
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Figure 5.28: Distribution of the radial component of the magnetic induction in
the vicinity of a magnetized wire ( = 2.5 mm), as a function of
the normalized distance from the wire. = 1 T.

Figure 5.29: Distribution of the radial component of the magnetic induction in
the vicinity of a magnetized wire ( = 2.5 mm), as a function of
the normalized distance from the wire. = 2 T.



364 CHAPTER 5. PRACTICAL ASPECTS OF MAGNETIC METHODS

Figure 5.30: Distribution of the gradient of the radial component of the magnetic
induction in the vicinity of a magnetized wire ( = 2.5 mm). =
1 T.

Figure 5.31: Distribution of the gradient of the radial component of the magnetic
induction in the vicinity of a magnetized wire ( = 2.5 mm). =
2 T.
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Figure 5.32: Distribution of the radial component of the force index in the vicin-
ity of a magnetized wire ( = 2.5 mm), as a function of the nor-
malized distance from the wire. = 2 T.

The total magnetic force outside a magnetized steel wire, expressed as the
force index, is illustrated in Fig. 5.32. It can be seen that the force index on
the surface of the wire decreases with the decreasing background magnetic field.
However, with increasing distance from the matrix surface, the influence of the
background magnetic field diminishes and at distances greater than 3 , the force
is independent of the external background magnetic field.
A force holding already captured particles on the matrix surface increases,

therefore, with increasing background magnetic field. This force decreases for
particles captured onto more distant layers of the particle build-up. However,
the traction force that is supposed to attract particles from a distance onto
the matrix surface is, for practical purposes, independent of the background
magnetic field. These observations contradict simple models of particle capture
based on single collector-single particle approach, discussed in Section 3.4.1.

The e ect of the magnetic field strength on the performance of a
magnetic separator

The performance of a magnetic separator is, to a great extent, determined by
the magnetic field strength, as discussed in Chapters 1 and 3. Simple theoretical
models show that an increase in the magnetic induction increases the e ciency
of magnetic separation. A more realistic model of the process [S31, S32, S33],
and numerous practical applications of the technique, paint a somewhat di erent
picture and show that an increase in the magnetic field strength can have even
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Figure 5.33: The attractive and repulsive regions for paramagnetic particles,
around a magnetized matrix collector, as a function of magnetic
induction.

a negative e ect on the performance of a magnetic separator.
There are several reasons for the failure of the magnetic field to play the role

that follows from simple theoretical models. Most materials that are treated
by high-intensity magnetic separation are not paramagnetic. They usually pos-
sess some degree of magnetic ordering, which results in the field dependence of
their magnetic susceptibility, as given by the Owen-Honda equation (1.44): =
+ .
In the first phase, before the onset of magnetic saturation of the ferromag-

netic ( ) components, the magnetic susceptibility remains constant when the
field increases, since the magnetization also increases. Once the saturation is
reached, which, for most ferromagnetic materials, occurs at quite low fields of
the order of a few mT, the susceptibility decreases with increasing applied mag-
netic field and the drop in the value of magnetic susceptibility can often be
quite appreciable. At high magnetic fields, the second term in eq. (1.44) can be
neglected and the susceptibility becomes constant and equal to . Therefore,
the reduction in the magnetic susceptibility that accompanies the increase in
the magnetic field strength can often result in stagnation, or even a decrease,
in the recovery.
Another factor that adversely a ects the recovery into the magnetic fraction

is the decrease in the surface area of the matrix elements which is available
for the capture of paramagnetic particles, when the applied field is increased.
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The situation is depicted in Figs. 3.15, 3.16 and Fig. 5.33 and was discussed in
greater detail in Section 3.4.1. It is evident that by increasing the magnetic field,
the loading of material on the matrix increases as a consequence of a smaller
surface area of the matrix available for paramagnetic capture.

A high magnetic field often induces the formation of clusters of magnetic
particles through the process of magnetic flocculation. Since the formation
of such flocs is usually non-selective, the grade of the magnetic concentrate
deteriorates and the recovery can drop as a consequence of excessive matrix
loading and of increased interstitial velocity of the slurry in the matrix.

It can therefore be seen that a high magnetic field does not necessarily mean
better results. The optimum operating magnetic field must be determined in
such a manner that the recovery/grade relationship satisfies the objective of the
application.

In order to illustrate the role of the magnetic field strength in high-gradient
magnetic separation, typical examples, as observed in the laboratory or on pro-
duction scale, will be discussed.

Magnetic filtration The magnitude of the applied magnetic field is dictated
mainly by the magnetic susceptibility of the suspended solids. The usual pic-
ture in magnetic filtration is that the e ciency of the removal of solids ini-
tially increases with increasing field strength up to a certain point, after which
the filtration e ciency remains constant. In filtering ferromagnetic particles, a
magnetic induction of 0.3 T is usually su cient. Typical applications are the
purification of steel mill waste water and cooling water in power plants, and the
removal of suspended solids from municipal waste water seeded with magnetite.
A typical example of such a straightforward "all-or-none" relationship between
the magnetic field and the separation e ciency is shown in Fig. 5.34.

A similar observation was made in the application of a superconducting
magnetic separator to the purification of municipal sewage water seeded with
a ferromagnetic material. Isogami et al. [I5] reported that when a su cient
concentration of the seeding material was used, the filtration e ciency was
essentially independent of the magnetic field strength in the interval from 0.1 T
to 1.5 T. The experimental results are summarized in Fig. 5.35.

In more demanding applications, in which feebly magnetic solids are to be
removed, a much higher magnetic induction, sometimes as high as 2 T, is re-
quired. However, often little benefit is obtained with fields exceeding 1.5 T, as
is demonstrated in Fig. 5.36. It is evident that the e ciency of filtration of very
fine, weakly magnetic kimberlite particles from diamond waste water does not
improve with increasing magnetic field for a magnetic field strength exceeding
1.5 T.

These two examples typify the situation usually encountered in magnetic
filtration, namely that the removal of solids is generally not improved by in-
creasing the field strength above a certain value.
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Figure 5.34: The e ciency of the removal of solids from municipal waste water
seeded with magnetite (adapted from [A28]).

Figure 5.35: Removal of suspended solids from sewage water, seeded with a
ferromagnetic material, as a function of the magnetic induction
(adapted from Isogami et al. [I5]).
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Figure 5.36: The e ciency of magnetic filtration of kimberlite solids from three
types of diamond mine waste water (adapted from [S32]).

Removal of magnetic impurities from mixtures Although a high mag-
netic field strength is often desirable for an e cient removal of magnetic im-
purities, care must be exercised in the selection of the magnetic induction. In
contrast to magnetic filtration, where excessive magnetic field strength usually
does not a ect the performance of a magnetic filter, results of the removal of
magnetic impurities from mineral mixtures can often be impaired by undesirable
losses of the non-magnetic product.
As in magnetic filtration, the e ciency of removal of weakly magnetic im-

purities does not increase indefinitely with increasing magnetic field strength
and a leveling-o of the removal e ciency at higher magnetic fields is usually
observed.
This e ect is illustrated in Figs. 5.37 and 5.38. Figure 5.37 shows the e ect

of the magnetic field on the concentration of iron oxide in kaolin (South Africa).
It can be seen that, with a steel wool matrix, a magnetic induction greater than
0.8 T did not improve the grade of the kaolin product. With the ball matrix,
this threshold magnetic field was higher, namely 1.2 T. Moreover, the quality
of the product appears to deteriorate in the magnetic field of the order of 2 T.
An even more dramatic leveling-o of the grade of the non-magnetic glass sand
product, as a function of the magnetic field can be seen in Fig. 5.38.
It can be seen that very often there is a threshold field, which marks the

maximum field for which the grade of the non-magnetic product still improves.
Magnetic field smaller or equal to the threshold field should be used.
However, in some applications, particularly in kaolin beneficiation, very high

magnetic fields are reported to be beneficial. Figure 5.39 illustrates that with
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Figure 5.37: The e ect of the magnetic induction on the concentration of iron
oxide in kaolin (South Africa) (adapted from [S32]).

Figure 5.38: The e ect of the magnetic induction on the concentration of iron
oxide in three glass sand materials (adapted from [S32]).
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Figure 5.39: The e ect of the magnetic induction on the brightness of the Geor-
gia kaolin, for di erent values of feed velocity. Matrix length: 500
mm, matrix loading: 3.7 bed volumes (adapted from [S60]).

increasing magnetic field, the brightness of the Georgia kaolin clay improved
[S60].
In addition to the conflict between grade and recovery, there are valid eco-

nomic constraints on the selection of the magnetic field strength. In the design
of magnetic separation systems, the capital investment and processing costs
increase rapidly as magnetic induction is increased. It is, therefore, desirable
to use the lowest practical magnetic field strength consistent with acceptable
product quality.

The concentration of minerals The selection of the operating magnetic
field in the concentration of weakly magnetic minerals is a sensitive task and
only a well defined objective of separation will determine the approach taken.
The traditional conception is that an increase in the magnetic field strength will
result in an increase in recovery of weakly magnetic materials. Recovery of iron
from feebly magnetic Anshan (China) iron ore, illustrated in Fig. 5.40 exhibits
such a trend.
There are, however, certain factors, already discussed, that can cause the re-

covery into the magnetic product to decrease with increasing magnetic field, and
there is usually an optimum magnetic field strength at which recovery reaches
its maximum. With further increase in the field, recovery either remains con-
stant or even decreases. Such trends are illustrated by the beneficiation of gold
ore flotation tailings (Fig. 5.41) and manganese ore (Fig. 5.42).
Moreover, in contrast to magnetic filtration, or to many applications of the
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Figure 5.40: Beneficiation of the Anshan (China) iron ore by SLON HGMS
(adapted from Xiong [X2]).

Figure 5.41: Recovery of gold by HGMS from East Rand (South Africa) flotation
tailings (- 75 m), as a function of the magnetic field, for two values
of flow velocity (adapted from [S32]).
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Figure 5.42: Recovery of Fe and Mn from manganese ore (South Africa, - 75
m) by HGMS (adapted from [S32]).

Figure 5.43: The grade of the magnetic concentrate from HGMS of gold flotation
tailings (South Africa), as a function of magnetic induction, for
three size fractions (adapted from [S32]).



374 CHAPTER 5. PRACTICAL ASPECTS OF MAGNETIC METHODS

Figure 5.44: A typical relationship between the recovery of iron into the mag-
netic concentrate and the grade of the magnetics (based on Fig.
5.40).

removal of magnetic impurities from industrial minerals, the recovery of a valu-
able component is not the only criterion of the performance of a magnetic separa-
tor when applied to concentration. The grade of the magnetic product is usually
equally important and the magnetic field strength has, therefore, to be selected
in such a way that recovery and grade are optimized simultaneously. The grade
of the magnetic concentrate usually decreases with increasing magnetic field, as
a consequence of non-selective magnetic capture caused by the entrainment of
non-magnetic gangue particles in clusters of magnetizable particles, and by the
capture of non-liberated grains containing magnetic inclusions.

A decrease in the grade of the magnetic concentrate with increasing magnetic
field represents a characteristic feature of a majority of magnetic separation
applications to mineral concentration. Figures 5.40 and 5.43 illustrate this trend
in the beneficiation of iron ore and gold ore flotation tailings respectively.

Clearly, a selection of the applied magnetic field strength must be based on
an evaluation of the interplay between recovery and grade of the concentrate,
and on the relative importance ascribed to these two metallurgical factors. The
importance of the trade-o between the recovery and the grade is depicted in
Fig. 5.44.

It has been shown, therefore, that a higher magnetic field does not necessarily
mean better results. The optimum magnetic field has to be determined in each
particular case in such a manner that the recovery-grade relationship satisfies
the objectives of the application.
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5.3.4 Matrix in high-gradient magnetic separators

The importance of a correct choice of matrix for magnetic filtration and material
concentration cannot be overemphasized. The shape and size of the matrix play
a decisive role in the achievement of optimum recovery and concentrate grade,
and determine matrix loading.
In spite of the importance of a correct choice of matrix, little attention has

been paid to the theoretical analysis of the optimum matrix size and geometry.
The attention was mainly concentrated on maximizing the magnetic force in a
single-collector approach, with the aim of applying these rules to multi-collector
matrix.
The magnetic force has been shown to reach a maximum for the ratio of the

collector radius to particle radius equal to approximately three [O5, A29].
Further theoretical [M27] and experimental investigations have indicated that
the optimum ratio is a function of a variety of parameters, such as magnetic
induction, particle size, type of matrix and matrix loading [S1].
Although the conclusions of the single-collector-single-particle studies are

useful for a better understanding of the dynamics of a magnetizable particle in
the vicinity of an isolated magnetized collector, their validity for a real matrix
is very limited.

Straining and mechanical capture

Attempts to maximize the ratio of traction magnetic force to hydrodynamic
drag usually result in particle capture by a straining mechanism. If 10,
mechanical straining is dominant and leads to the formation of a surface mat
of deposit on the matrix. This layer of deposit causes high resistance to the
flow, and increases entrainment of non-magnetic particles in the deposit. This
phenomenon is detrimental to the e ciency of separation, irrespective of the
type of application. It either increases losses of the non-magnetic concentrate
or impairs the grade of the magnetic concentrate.
Therefore, straining should be avoided in the design of magnetic separators.

For straining to be minimized, should be larger than 10, but preferably
should range from 100 to 500. However, even for high values of , a certain
fraction of particles fed into the separator will be mechanically captured. As
a rule, mechanical entrapment increases both for coarse particles and for finer
matrices.
The presence of straining for fine matrices is demonstrated in Fig. 5.45. It

can be seen that straining is absent and particles are deposited almost uniformly
throughout the filter for a coarse matrix with = 1250, while with finer
matrices, particles are predominantly deposited in the vicinity of the filter inlet
[E4].
In addition to straining, some particles are retained by the matrix even in

the absence of the external magnetic field, as follows from the deep bed model of
magnetic separation [S31, S33] discussed in Section 3.4.2. Figures 5.46 and 5.47
illustrate that, for a given type of matrix, mechanical retention increases with
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Figure 5.45: Matrix loading as a function of distance from the inlet into a mag-
netic filter, for three types of matrices (adapted from [E4]).

Figure 5.46: Mechanical capture of uraninite particles, as a function of particle
size, for various types of matrices, at the superficial velocity of 0.02
m/s (adapted from [S61]).
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Figure 5.47: Mechanical capture, as a function of the diameter of the matrix
element, of various size fractions of uraninite particles, at a flow
velocity of 0.02 m/s (adapted from [S61]).

increasing particle size. In addition, it can be seen that mechanical capture
increases with increasing fineness of the matrix. Also in agreement with the
concept of deep bed filtration, the particle retention decreases with increasing
flow velocity of the slurry through the matrix, as depicted in Fig. 5.48.

The optimum size of a matrix

In the application of HGMS to the beneficiation of minerals, the matrix should
be matched to the feed properties in such a way that recovery and grade are at
their maximum simultaneously. The optimum collector size becomes, therefore,
a function of the size distribution of the ore, and of the hydrodynamic conditions
in the inter-matrix space. The usual practice is a trial-and-error search for the
best size and shape of the matrix.
During this process, several fundamental rules should be kept in mind. With

a decreasing collector diameter, the recovery into the magnetic fraction usually
increases, whereas the grade of the concentrate decreases. With very fine matri-
ces, the mass yield into the magnetic concentrate becomes high and the grades
too low.
Numerous experimental results show that the most satisfactory metallurgi-

cal performance is obtained with the ratio of the collector size to particle size
ranging from 100 to 300. This is demonstrated in Fig. 5.49, in which the grade
of the magnetic concentrate is plotted as a function of the diameter of the ma-
trix elements. It can be seen that, for fine matrices, the grade is very low, higher
grades being obtained for fairly coarse matrices, for which is about 350. For
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Figure 5.48: Mechanical entrapment, in assorted matrices, of uraninite particles
(- 176 m), as a function of flow velocity (adapted from [S61]).

Figure 5.49: The grade of the magnetic uranium concentrate, as a function of
the diameter of matrix elements (adapted from [S61]).
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Figure 5.50: The e ect of the ball diameter on the e ciency of kaolin purification
(the Ukraine). 0 = 1 T, particle size: - 100 m (adapted from
[S62]).

these coarse matrices, the recovery is also su ciently high.
Similar conclusions may be drawn from Fig. 5.50, which illustrates the e ect

of the diameter of steel balls on the e ciency of kaolin purification [S62]. For
the optimum operation of the separator, the ball diameter is 2 mm to 3 mm,
with being approximately 200 to 300.
Several types of production-scale high-gradient separators, such as VMS-

100 and SLON, have been using successfully rod matrices. The e ciency of
separation is a function of the rod diameter as illustrated in Fig. 5.51. Equally
e cient performance of the rod matrix, when applied to beneficiation of fine
ilmenite, was reported by Xiong [X3] and the results are summarized in Fig.
5.52.
One of the most widely used matrix magnetic separators is the Jones sepa-

rator. Vertically arranged grooved plates are used as a matrix, as is shown in
Fig. 2.37. The pattern and the magnitude of the magnetic field gradient can be
modified by using di erent types of plates and by altering the gap between the
plates. Three di erent types of plates, with varying tip radii are available and
their specifications are given in Table 5.22.
Although grooved plates performed successfully on numerous su ciently

magnetic and coarse ores, their e ciency to concentrate finely ground refractory
iron ores has often been found unsatisfactory. The width of the gaps between
the plate has frequently been too large to ensure su cient recovery of weakly
magnetic fine particles. At the same time, a decrease in the width of the gap
caused rapid clogging of the matrix and deterioration in the performance of the
separator.
In order to address this problem, Mekhanobrchermet Institute (the Ukraine)
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Figure 5.51: The e ect of the rod diameter on magnetic separation of siderite
ore (adapted from Hencl et al. [H22]).

Figure 5.52: Separation of fine ilmenite (- 45 m) by SLON magnetic sepa-
rator with rod matrices of di erent diameters. Comparison with
expanded metal matrix is also shown (adapted from Xiong [X3]).
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Table 5.22: Grooved plates used as a matrix in Jones magnetic separators.

Plate type Specification Applications
4R 4 grooves per inch For coarse material (- 3 mm),

gap width 5 mm
8R 8 grooves per inch Medium size material (- 0.5

mm), gap 1.2 - 2.5 mm
12R 12 grooves per inch Very fine material (- 100 m),

gap width 0.5 mm

Table 5.23: Beneficiation of oxidized quartzites (Krivoy Rog) by magnetic sep-
aration, using di erent matrices [M28].

Matrix Recovery [% Fe] Grade [% Fe]
Grooved plates, gap 4 mm 59.8 52.1
Grooved plates, gap 2.2 mm 66.4 52.4
Grooved plates + expanded metal,
gap 6 mm

67.9 54.0

incorporated expanded metal sheets between the grooved plates. A considerable
increase in the recovery of iron was observed when this matrix was applied to the
beneficiation of feebly magnetic, finely ground (80% - 45 m) Krivoy Rog (the
Ukraine) and (90% - 74 m) Baikal (Russia) iron quartzites, as is summarized
in Tables 5.23 and 5.24.
Another approach was taken by Turkenich [T2] and Ulubabov and Karmazin

[U2] who proposed to use inclined grooved plates so that the slurry passes over
the plate surfaces in the form of a film. These plates were designed in such
a way that the grooves on opposite sides of the gap were inclined in di erent
directions, as is shown in Fig. 5.53. Central sections of the gap are thus free of
the slurry and the e ciency of separation is determined by the thickness of the

Table 5.24: Beneficiation of Baikal oxidized quartzites by magnetic separation,
using di erent matrices [M28].

Matrix Ore Recovery [% Fe] Grade [% Fe]
Grooved plate Siderite 84.0 33.2
Grooved
plate+expanded
metal

88.2 32.8

Grooved plate Limonite 52.6 54.8
Grooved
plate+expanded
metal

68.2 54.0
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Figure 5.53: Film-flow grooved plates with inclined ridges and grooves. (1)
plates, (2) spacers [T2].

slurry film on the surface of the plate. The distance between the plates can be
increased to eliminate the matrix blockage.
This approach to the film-flow matrix has been employed in 6-ERM-35/315

magnetic separators, described in Section 2.4.2. A comparison of the perfor-
mance of conventional vertical plates and inclined plates is shown in Fig. 5.54.
Fundamental theoretical issues of the film slurry flow in this matrix were dis-
cussed by Turkenich [T2].

The optimum geometry of a matrix

The criteria for selection of the optimum shape and geometry for matrix col-
lectors are even more vaguely defined than those for the size of the collectors.
The choice of the matrix depends on the characteristics of the slurry undergoing
the separation process and is often dictated by personal beliefs, experience and
the availability of a suitable matrix type. Ideally, the matrix should o er max-
imum collection e ciency, minimum magnetic reluctance and fluid impedance,
together with good ability to be cleaned. Various shapes of a matrix are used,
such as grooved plates, balls, rods, wire mesh, expanded metal and steel wool.
Besides the size of a collector, a matrix is characterized by its filling factor

, or by porosity (or void fraction) :

=
volume of matrix

volume of separation chamber
(5.7)

and
= 1 (5.8)
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Figure 5.54: Comparison of the performance of vertical and inclined grooved
plates, as a function of the width of the gap (adapted from [U2]).

Table 5.25: Filling factors of various matrices.

Matrix Filling factor
Spheres 0.50 to 0.64
Steel wool 0.01 to 0.06
Expanded metal 0.12 to 0.28
Wire mesh 0.15 to 0.25
Grooved plates 0.50 to 0.85

The porosity of the matrix bed changes with time, as particle accumulation
within the matrix increases:

= (1 ) (5.9)

where is the specific deposit (volume of deposited matter per unit volume of
matrix), is the porosity of a deposit and is the porosity of clean matrix.
Typical values of the filling factor for assorted types of matrices are given in
Table 5.25, while Figs. 5.55 and 5.56 illustrate some more frequently used
matrices.
The performance of various shapes of matrix collectors depends primarily

on the particle size distribution and magnetic properties of the solids to be
separated. Fine matrices, such as steel wool, are suitable for the removal of
very fine and very feebly magnetic particles but in most applications in mineral
processing these matrices are not suitable owing to their non-selectivity and
susceptibility to clogging.
For the majority of applications in materials treatment, coarse matrices (e.g.

balls, expanded metal, grooved plates) are the best choice. There is, quite
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Figure 5.55: Matrices used for magnetic separation: (from right to left ) grooved
plate, expanded metal 1.9 mm, Knitmesh.

Figure 5.56: Matrices used for magnetic separation: mesh 1.6 × 5 mm (top),
mesh 2.5 × 10 mm (bottom).
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Figure 5.57: Recovery of uranium from leaching residues (70% - 44 m) by as-
sorted matrices (adapted from [S61]).

Figure 5.58: The grade of the magnetic concentrate of uranium leaching
residues, for di erent matrices (adapted from [S61]).
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Figure 5.59: The e ect of matrix length on the removal of iron from kaolin, for
various volumes of the processed slurry (adapted from [N9]).

understandably, no universal type of a matrix that meets all requirements in
all applications. Each type of matrix has its advantages and disadvantages
and detailed laboratory tests should be carried out to identify the optimum
matrix for a given application. Figures 5.57. and 5.58 illustrate the performance
of various matrices as applied to recovery of gold and uranium from leaching
residues. Although fine matrices, such as steel wool, gave high recoveries, their
selectivity was very poor. With frequently used matrices of grooved plates and
expanded metal, unsatisfactory recoveries and grades were obtained. On the
other hand, steel balls and mesh matrices gave the best results and similar
observations were made in other applications of these matrices.

The length of the matrix

The length of the matrix is an important parameter that determines the reten-
tion time of particles in the magnetic field, the probability of their collision with
the matrix collectors, and thus the probability of their capture. From numerous
experimental studies, and from theoretical description of particle capture in a
matrix, as outlined in Section 3.4.2, it is evident that the matrix length can
have an impact on the e ciency of separation at least as great as the magnetic
field strength.
In several early WHIMS or HGMS machines, the length of the matrix was 80

to 100 mm, clearly to the detriment of their e ciency. On the other hand, the
length of grooved plates in Jones WHIMS units was 220 mm. The application of
such a long matrix is understandable in view of poor filtration properties of the
grooved plates. In current cyclic or continuous HGMS separators, the matrix
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Figure 5.60: The e ect of matrix length on the brightness of kaolin at di erent
values of magnetic induction. Slurry velocity = 0.5 cm/s (adapted
from [S60]).

length is often about 200 mm, although in very demanding applications, such
as kaolin brightening, the length is as much as 500 mm. The beneficial e ect
of increasing matrix length to 500 mm, on kaolin brightening, is illustrated in
Figs 5.59 and 5.60.
For the recovery of moderately weakly magnetic minerals, a matrix length of

200 mm or less is usually su cient, as shown in Figs. 5.61 and 5.62. Figure 5.61
also illustrates a well established fact that the grade of the magnetic concentrate
often does not depend on the matrix length.
Although it is clear than a longer matrix is beneficial for overall metallurgical

performance of a matrix separator, it is important that the matrix should be
kept as short as possible, consistent with the required metallurgical results. By
reducing the matrix length, the size of pole tips of an electromagnet, or the
length of a solenoid coil can be reduced. This will result in the reduction of the
mass and the costs of the separator, and in lower input power.

Matrix loading

The matrix is able to carry only a limited amount of material particles before its
capture e ciency begins to deteriorate. Quantitatively, this capability is usually
expressed through the matrix loading. There are several ways to express this
quantity, none of them strictly correct, but acceptable if used in a consistent
manner.
In kaolin brightening, the matrix loading is often expressed through the num-

ber of bed (or canister) volumes processed in the separator. Other definitions
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Figure 5.61: The recovery of iron and the grade of the magnetic concentrate,
as a function of matrix length, for a matrix of rods of di erent
diameters (adapted from [H22]).

Figure 5.62: The recovery of uranium from uranium-gold leaching residues, as
a function of matrix length, for various matrices (adapted from
[S61]).
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Figure 5.63: The e ciency of iron removal from kaolin, as a function of the
number of bed volumes of slurry processed (adapted from [N9]).

Figure 5.64: The concentration of iron oxide in the non-magnetic concentrate of
silica sand, as a function of matrix loading (after [S29]).
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Figure 5.65: The recovery of uranium from cyanidation residues, and the grade
of the concentrate, as a function of matrix loading 3 (adapted
from [S61]).

that are occasionally used are expressed by eqs. (5.10) to (5.12).

1 =
Feed mass
Matrix area

[kg/m2 or g/cm2] (5.10)

2 =
Feed mass

Matrix volume
[kg/m3 or g/cm3] (5.11)

3 =
Mags mass

Matrix volume
[kg/m3 or g/cm3] (5.12)

Figure 5.63 illustrates the e ciency of removal of iron from kaolin, as a
function of the volume of the kaolin slurry processed. The deterioration of
the matrix performance with an increasing number of bed volumes processed
is marked. Similarly, the matrix loading curve for beneficiation of silica sand,
shown in Fig. 5.64, illustrates a trade-o between the quality of the final product
and the throughput per cycle.
In the concentration of minerals, matrix loading a ects not only the recovery,

but also the grade of the product. As a rule, with increasing loading, the
recovery decreases and the grade of the concentrate increases. This trend is
demonstrated in Fig. 5.65, where the recovery of uranium from cyanidation
residues, and the grade of the magnetic concentrate are shown. Similarly, in
beneficiation of siderite iron, illustrated in Fig. 5.66, the same behaviour is
observed.
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Figure 5.66: The recovery of iron from siderite ore, and the grade of the mag-
netic concentrate, as a function of matrix loading 2 (adapted from
[H22]).

The trends described above can be explained by realizing that, at a higher
matrix loading, the magnetic and entrained "non-magnetic" particles or unlib-
erated grains in higher layers of the material build-up are not held su ciently
strongly and can be stripped o from the matrix by fluid shear stress. With in-
creasing matrix loading, the importance of the erosion wash-o force increases,
in comparison with the magnetic attractive force. Although such a process re-
duces the recovery of magnetic particles, the grade of the magnetic fraction and
the selectivity of the process is improved.
We have seen that matrix loading is an important parameter that allows a

magnetic separator to be operated in a regime of maximum recovery or maxi-
mum grade of a concentrate. Matrix loading also determines the throughput of
a separator, the duration of a duty cycle of a cyclic separator, and the rotational
velocity of a continuous separator. Typical values of matrix loading for various
applications are summarized in Table 5.26.

Magnetic properties of matrix material

There is ample experimental evidence that magnetization of the matrix mater-
ial plays a minor role in the metallurgical performance of a magnetic separator
[S1]. This is in contrast to predictions of simple single-collector single-particle
theoretical models, described in Section 3.4.1. On the other hand, these exper-
imental findings do agree well with predictions of theory of HGMS based on
deep bed filtration approach [S31, S33]. As has been discussed in Section 5.3.3,
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Table 5.26: Matrix loading in di erent applications.

Application Matrix Matrix loading ( 2)
Hematite ore grooved plates 180 to 300
Siderite ore rods 200 to 600 ( 1)
Steel mill waste water steel wool 9000
Power plant cooling water steel wool 4000
Uranium leach residues mesh or balls 300 to 3000
Coal desulphurization steel wool 50 to 250
Silica sand steel wool 350 to 700 ( 1)
Kaolin purification steel wool 1 to 20 bed volumes

the modelling of the magnetic field pattern around a matrix collector has shown
that the di erence between magnetic induction generated by matrix materials
with polarization equal to 1 T or 2 T is, for practical purposes, negligible.
Experimental investigation [S63] of the e ect of the saturation polarization of

the matrix material on the metallurgical performance revealed that, for matrices
with magnetic polarizations greater than 0.5 T, the curves of recovery and grade
versus magnetic field were essentially identical. For a weakly magnetic steel
matrix with a polarization of 0.1 T at the working magnetic field, the recovery
was strongly dependent on the external magnetic field. At the background
magnetic induction of 1 T, the recovery approached that achieved with strongly
magnetic matrices. The results are shown in Fig. 5.67.
Matrices with very feebly magnetic properties (such as austenitic stainless

steel or aluminium) can be used, for example, for magnetic scalping of ferro-
magnetic impurities from a pulp. The aluminium matrix was used by Riley and
Watson [R21] for filtration of ferromagnetic particles and the beneficial e ect of
such matrices on the recovery of uranium was demonstrated by Watson et al.
[W23] and by Svoboda [S61].

Clogging of the matrix

Probably the most important problem encountered in pilot or production-scale
HGMS separators is a permanent retention of particles in the matrix. Indus-
trial slurries always contain various extraneous materials (wood, plastics, tramp
iron), oversize grains and ferromagnetic admixtures. Their presence and fre-
quent shut-downs of the separator for the replacement of a blocked matrix caused
by such particles, severely impair the economic and metallurgical performance
of the unit.
The basic measure to eliminate matrix clogging is to avoid straining using

su ciently coarse matrices compatible with size distribution of the solids in the
feed. Preliminary screening, low-intensity magnetic scalping or desliming to
remove fine ferromagnetic particles, are steps that help to minimize retention of
particles in the matrix.
However, none of these measures completely eliminates the clogging of the
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Figure 5.67: The recovery and grade of the magnetic fraction of siderite ore
versus magnetic induction, for strongly ( = 2 T) and weakly (
= 0.1 T) magnetic matrices (adapted from [S63]).

Figure 5.68: The principle of a continuous ball cleaning system (after Corrans
and Levin [C20]).
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Figure 5.69: Removal of hematite particles from a ball matrix as a function of pH
of the flush water, for various volumes of the flush water (adapted
from [S64]).

matrix and several e cient long-term solutions to the problem have been in-
troduced over the years. Continuous removal from a separator and external
cleaning of steel balls, proposed by Karmazin [K21] and developed by Corrans
and Levin [C19, C8], was successfully used in several production-scale applica-
tions. The principle of the system is shown in Fig. 5.68.
A back-flushing system [A30] that was introduced into the cyclic and con-

tinuous Sala separators was later improved by introduction of a vertical rotor
with matrix reversal and back-flush [C7]. Introduction of a flexible self-cleaning
matrix with back-flush [C18, S14] and of slurry pulsation in vertical rotor sep-
arators [Y2, X1], further reduced susceptibility of matrix to blockage.

Removal of particles from the matrix It was observed by Svoboda and
Corrans [S64] that total wash-o of particles from the matrix could not be
achieved without a ecting the surface interactions between the adsorbed parti-
cles and the matrix. It was shown that the removal of hematite particles smaller
than 44 m from the matrix was dependent on the pH value of the flush wa-
ter, as depicted in Fig. 5.69. It can be seen that the removal is not complete,
even under the most favourable conditions. Fractions adhering to the matrix,
after ten bed volumes of flush water had been used, amounted to 8% of the
feed mass. A substantial increase in volume of flush water resulted in only a
marginal improvement.
Flush water is usually pH 7 in practice, and adjustment to pH between

10 and 11 can result in removal improvement by about 7%. Alternatively, a
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Figure 5.70: Removal of hematite particles (- 44 m) from a ball matrix, as a
function of velocity of flush water (pH 7), for di erent volumes of
flush water (adapted from [S64]).

reduction in the volume of flush water, for a constant removal e ciency, can be
achieved by pH adjustment.

Rinse and flush water

The metallurgical performance of a matrix magnetic separator can be signifi-
cantly controlled by varying the volumes of rinse and flush water.
Rinse water is added at the end of the magnetic head of a continuous sep-

arator or at the end of the feed cycle in a cyclic separator. The rinse water is
used to wash out mechanically entrained non-magnetic particles and unliberated
middling particles.
Flush water is used to remove the magnetic fraction from the matrix. Matrix

flushing is performed outside the magnet station in continuous separators, or
when the magnetic field is switched o in cyclic machines.
An increase in the volume of rinse water normally results in a decrease in the

mass of the magnetic fraction, while the grade of the magnetic fraction increases.
These trends are often quite dramatic for small volumes of rinse water, although
beyond a certain limit this e ect becomes negligible. The optimum volume
and flow velocity of the rinse water must be determined experimentally since
a wide array of factors a ect the influence of rinse water on the metallurgical
performance of a magnetic separator.
The function of flush water is to remove captured magnetic material from the

matrix. As a result of stray magnetic fields, remanent magnetism of the matrix
collectors, and surface interactions between the particles and the matrix, the
flow velocity of flush water should be quite high to keep the matrix clean for
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Table 5.27: Water consumption (per tonne of feed) in commercial continuous
WHIMS machines.

Separator Rinse water [m3/t] Flush water [m3/t]
Jones 0.5 - 1.0 1.0 - 1.7 [L13]
VMS 0.75 0.80 [C7]
VMS for kaolin 6.0 (total water) [Z3]
Reading 0.54 1.0 - 1.4 [F22], [M29]
6-ERM-35/135 2.5 (total water) [U2]
SALA HGMS 2 - 3 1 - 2.5 [F22]
Ferrous Wheel 1 (total water) [A36]

Table 5.28: Consumption of wash water in cyclic HGMS.

Consumption of wash water expressed in terms of
Application Bed volumes % of processed slurry volume
Power plant cooling water 11 0.01 - 0.02
Kaolin beneficiation 10 125 - 250

a su ciently long time. Some typical values of rinse and flush water volumes,
employed in commercial continuous matrix separators are summarized in Table
5.27, while data for a cyclic HGMS are shown in Table 5.28.
Laboratory-scale investigations [S64] have shown that, while the flow velocity

of flush water has, up to a point, a dramatic e ect on particle desorption from
the matrix, the volume of flush water appears to be of secondary importance.
The results are summarized in Fig. 5.70.

5.3.5 Flow velocity of the slurry

The metallurgical performance of a magnetic separator varies with the flow
velocity of a slurry to such an extent that this variable is one of the primary
factors a ecting the e ciency of magnetic separation. Moreover, flow velocity
determines the throughput of a separator and thus a ects the economics of the
process.
The velocity of the slurry flowing through the matrix bed determines the

shear stress acting on the particles deposited on the surface of the matrix col-
lectors, and thus controls the recovery and the grade of the products. Simulta-
neously, flow velocity controls the retention time of the slurry in the magnetic
field and thus the e ciency of particle capture onto the matrix.
The superficial velocity 0, given by eq. (5.13), is defined as the average

linear velocity the slurry would have in the separation chamber if no matrix was
present.

0 = (5.13)
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where is the volumetric flow rate (in [m3/s]) and is the cross-sectional area
of the matrix (in [m2]).
The mean flow velocity of the slurry within the matrix is the interstitial

velocity , which is related to the superficial velocity by

=
0 (5.14)

where is the porosity of the matrix bed.
The e ective length of a particle trajectory is greater than the matrix length

, because the slurry travels a tortuous path . The velocity
0

along the
tortuous path is

0

= =
0 (5.15)

If Karman’s assumption / = 2 is used [S65], we obtain

0

= 2
0 (5.16)

The e ect of flow velocity on separation e ciency

An increase in flow velocity results in a decrease in the probability of particle
collision with matrix, as illustrated by Fig. 3.35. At the same time, the hy-
drodynamic drag on particles already retained on the matrix increases. The
increase in flow velocity, therefore, results in a deterioration in the e ciency of
magnetic filtration as shown in Fig. 5.71, which illustrates filtration of PWR
cooling water. Removal of magnetite (- 16 m) from an industrial waste water,
as a function of flow rate, is shown in Fig. 5.72.
A similar trend applies to the removal of impurities from mixtures of materi-

als. The lower the slurry flow velocity, the greater is the removal of magnetizable
particles from a mixture. This e ect is shown in Fig. 5.73 for coal desulphuriza-
tion by HGMS. Similarly, in kaolin purification, the concentration of magnetic
impurities in the product increases, as is shown in Fig. 5.74, and brightness de-
creases with increasing flow rate, as shown in Fig. 5.75. In contrast to magnetic
filtration, the flow rate must be specified with due regard for product recovery,
and a compromise must be reached between product quality, product recovery
and throughput of a separator.
The selection of the slurry flow velocity in the application of matrix sepa-

ration to concentration of minerals is dictated by whether the main emphasis
is to be placed on the recovery or on the quality of the magnetic product. An
inverse relationship between product grade and recovery implies that in order
to achieve a high recovery, low flow rates should be used, while a high grade can
be obtained at high flow rates. Magnetic separators can, therefore, be run in a
regime of maximum recovery or in a regime of maximum grade of the concen-
trate, or any regime in between. Typical dependences of the recovery and grade
upon the flow velocity are shown in Figs. 5.76 and 5.77.
The rate of decrease in recovery and increase in grade with increasing flow

velocity are determined by the size distribution and di erences in the values of
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Figure 5.71: The filtration e ciency of PWR cooling water, as a function of flow
velocity (adapted from [T7]).

Figure 5.72: The concentration of magnetite (- 16 m) in the filtrate from a
chemical plant e uent, as a function of filtration rate (adapted
from [S66]).
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Figure 5.73: The e ect of flow velocity of slurry on sulphur and ash removal
from coal (adapted from [W24]).

magnetic susceptibilities of the minerals in the slurry, by the strength of the
magnetic field and by the length of the matrix.
If the di erence between the magnetic susceptibilities of a useful mineral

and the gangue is small, an increase in flow velocity will result in a sharp drop
in recovery, while the improvement in grade will be small. If the di erence is
great, the drop in recovery will only marginal, as only feebly magnetic gangue
particles will be swept from the matrix, and the selectivity of separation will
improve.
Similarly, if the applied magnetic field is su ciently strong, an increase in

flow velocity will not a ect the captured magnetizable particles, while mechani-
cally entrained gangue particles will be stripped from the matrix surface, thereby
increasing the grade of the magnetic product.
When excessive amounts of slimes are present in the feed, recovery usu-

ally drops rather sharply with increasing flow velocity, while the grade of the
concentrate does not improve appreciably.
Although flow velocity is an important parameter which considerably a ects

the performance of a magnetic separator, most industrial-scale continuous sep-
arators are not equipped with flow control and their operation is often below
optimum.

5.3.6 Slurry density

Although the slurry density, or the percentage of solids, a ects the throughput
of a separator and the matrix loading, its e ect on metallurgical results is usually
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Figure 5.74: Concentration of impurities in the non-magnetic kaolin concentrate,
as a function of flow rate. Matrix: 2 to 3 mm balls, 0 = 1 T
(adapted from [S62]).

Figure 5.75: Brightness of the kaolin concentrate, as a function of flow velocity,
at di erent values of the applied magnetic induction. Matrix: 75
m steel wool, matrix length: 500 mm (adapted from [S60]).
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Figure 5.76: The e ect of slurry velocity on the recovery of Cu and Pb, and the
grade of the magnetic concentrate from Tsumeb flotation tailings.
Matrix: mesh, = 1.2 T (adapted from [S67]).

Figure 5.77: The e ect of flow velocity on recovery and grade of magnetic con-
centrate of siderite ore (- 75 m). Matrix: 3 mm rods, matrix
length: 150 mm, = 0.5 T (adapted from [H22]).
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Figure 5.78: The e ciency of removal of solids from rolling mill e uent, as a
function of feedrate (adapted from [F23]).

small. Recovery often does not depend on the slurry density over a wide range
of densities, although in some cases recovery has been found to increase with
increasing slurry density. The grade of the magnetic concentrate frequently, but
not always, decreases with increasing slurry density.
As the e ect of slurry density on the metallurgical performance of a mag-

netic separator is small, it is advantageous to use the highest possible slurry
density, compatible with permissible matrix loading and feed rate. As a rule, in
beneficiation of ores, it is possible to vary slurry density between 20% and 50%
solids, while with fine clays the upper limit is probably about 30% solids.

5.3.7 Feed rate

The feed rate, which is closely associated with matrix loading, is an important
variable in determining the cost-e ectiveness of a magnetic separator. The
higher the feed rate, the higher the tonnage treated, resulting in lower capital
and operating costs per tonne treated. At low and moderate feedrates, where
the matrix is not flooded and the continuity of the slurry flow has not yet been
established, the interstitial velocity of the slurry and the erosion force acting
on deposited particles are high. With increasing feed rate recovery into the
magnetic fraction decreases and the grade of the magnetic product increases.
This trend is shown in Fig. 5.78, which illustrates the e ect of the volumetric
flow on the filtration e ciency of rolling mill e uent water. Figure 5.79, on
the other hand, shows the e ect of feed rate on the reduction of impurities in
fluorspar by a continuous WHIMS machine.
At high feed rates, when the matrix is flooded, interstitial velocity is reduced
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Figure 5.79: Recovery of P2O5 from fluorspar, and the grade of the non-
magnetic product, as a function of feed rate. Matrix: 7 mm balls
(adapted from [J6]).

due to the resistance of the matrix, and recovery can increase with increasing
feed rate. However, the grade of the magnetic product decreases as a result of
the reduced selectivity of the process and of the carry-over of gangue into the
magnetic fraction.

5.3.8 The e ect of particle size

In Chapter I, the performance of a magnetic separator was shown to be deter-
mined by the interplay of the forces acting on a particle, namely between the
magnetic dipolar force on the one hand and the fluid drag, inertial, gravitational
and centrifugal forces on the other. All these forces depend, in various ways,
on particle size which is a crucial factor that limits the applicability of various
types of magnetic separators. The approximate particle-size ranges of di erent
classes of magnetic separators are depicted in Fig. 5.80. It can be seen that
each magnetic separator operates in a limited particle size range and the upper
and lower limits of this range are determined by the relative importance of the
magnetic and competing forces.
The upper size limit of particles that can be treated is determined also by the

construction characteristics of the separator and, in WHIMS/HGMS machines,
by the type of matrix used. Of considerable relevance is the establishment
of the lowest size limit of particles that can be recovered, and of the role of
slimes since the e ciency of particle capture decreases with decreasing particle
size. The lower size limit of particles that can be recovered a ects not only
the recovery and the selectivity of the magnetic separation process, but has
a significant impact on the e ciency of the overall technological flowsheet, of
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Figure 5.80: Particle size and magnetic susceptibility ranges of magnetic sepa-
rators.

Figure 5.81: The e ect of particle size on the recovery of iron from goethite ore,
at di erent values of the magnetic induction, = 2×10 3 (SI),
(adapted from [S68]).
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Figure 5.82: Recovery of iron by Readings WHIMS, from a hematite ore, as a
function of particle size (adapted from [M29]).

which magnetic separation usually is a part. The reduced ability of a magnetic
separator to recover fine particles is illustrated in Figs. 5.81, 5.82 and 5.83.

5.3.9 Pre-treatment of slurry

When an ore is to be beneficiated by magnetic separation, it often requires
preliminary treatment in order to improve the e ciency of separation. The
most useful operations used to prepare the ore are magnetic scalping, dispersion,
preliminary magnetization, magnetizing roasting and desliming.

Magnetic scalping

Strongly magnetic impurities which are often present in ores, and other material
mixtures, cause blockage of the matrix in WHIMS and HGMS machines and of
the separation gap in induced magnetic roll separators. Adhesion of such impu-
rities to the roll in belt roll separators causes misalignment and early wear of the
belt. The presence of these impurities also impairs the grade of the magnetic
concentrate as a result of entrainment of gangue and unliberated particles in
the ferromagnetic clusters.
The detrimental e ect of ferromagnetic impurities and tramp iron can be

reduced by magnetic scalping, usually using low-intensity drum or roll mag-
netic separators. On a laboratory scale, magnetic scalping of very fine strongly
magnetic impurities can be carried out using a high-gradient magnetic separator
equipped with a paramagnetic matrix, e.g. aluminium.
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Figure 5.83: Recovery of U3O8 from leach residues, for di erent size fractions,
as a function of magnetic induction (adapted from [S69]).

Dispersion

The degree of selective magnetic separation that can be achieved with finely dis-
persed particles depends on the liberation of individual particles from each other.
Therefore, complete dispersion of all particulate components is an essential pre-
requisite for the selective separation that follows. In this way, non-selective flocs
originally present in the slurry must be broken down and the colloidal stability
of the dispersed state must be established.
As has been discussed in Section 3.6, selective interactions between particles

of valuable material in a mixture with other material components are based on
the following criteria:

• Particles of valuable material should carry an electrical charge of the same
sign and magnitude as the gangue material, so that the probability of
flocculation between them is minimized.

• The electrical charge on the particles of the valuable material should be
such that the repulsive interaction energy between them will be smaller
than the attractive energy.

Dispersion of natural ores is often di cult, owing to interference from dis-
solved ions and because it is not possible to draw reliable conclusions for selective
aggregation or dispersion behaviour of a slurry from results obtained with pure
minerals [S70]. Although dispersion is an inherent part of most flotation and
flocculation flowsheets, its application to magnetic separation is limited mainly
to kaolin purification by HGMS. Dispersion by sodium hydroxide and sodium
silicate is a vital part of the pulp preparation.
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Figure 5.84: The grade of the magnetic concentrate from the -12 m fraction of
uranium-gold cyanidation residues, as a function of the concentra-
tion of dispersants (adapted from [S69]).

Dispersion has been found to be very beneficial in the upgrading of uranium-
gold leaching residues by WHIMS [S69]. The use of a dispersant increased the
grade of the magnetic concentrate by 35% for the full - 150 m sample, and by
55% for the fraction smaller than 12 m. Figure 5.84 illustrates the e ciency
of various dispersants and the role in their concentration of the grade of the
uraninite concentrate.

Preliminary magnetization

Several experimental studies have indicated that preliminary magnetization of
magnetizable materials can result in improved recovery and selectivity of mag-
netic separation. This phenomenon is related to the increase or decrease of
magnetization with time, in a constant magnetic field, the so-called magnetic
viscosity. The change of magnetization is generally proportional to the log-
arithm of time that has elapsed since the last change in the field [D15].
The rate of increase or decrease of a magnetization is determined by the

viscosity coe cient

'
ln

(5.17)

which is strongly dependent on the particle size. It has been shown [D15] that
for iron particles

= 300 (5.18)

where and are single domain and multidomain viscosity coe cients,
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Figure 5.85: The e ect of roasting temperature on the magnetizing reduction of
two types of iron ore (adapted from [U5]).

respectively. A strong increase in the viscosity coe cient can thus be expected
with a decrease in the grain size.

The viscosity coe cient is also dependent on the magnetic field strength. At
low fields the coe cient is usually proportional to the field, while at moderate
fields the coe cient becomes independent of the field.

Fraas [F24] exposed a wide spectrum of coarse (- 0.4 + 0.2 mm) magnetizable
minerals to a homogeneous magnetic field before these minerals were separated
in a belt separator. Fraas found that the pre-magnetization of samples resulted
in increased recovery and improved selectivity of separation.

Pre-magnetization of magnetite ore by a magnetic induction of 0.03 T was
implemented at the Magnitogorsk Metallurgical Plant (Russia) to improve the
metallurgical performance of dry magnetic separators [R22]. By exposing a
weakly magnetic iron ore from Krivoy Rog (the Ukraine), to a pre-magnetizing
pulse magnetic field of 1.9 T and pulse duration of 1.2×10 3 s , the recovery
increase and selectivity improvement were reported by Špaček and Dočkal [S74].
The e ect was particularly noticeable in the - 10 m size fraction.

Preliminary magnetization of fine fractions of hematite ore prior to HGMS
resulted in an improvement in the recovery and grade of the magnetic concen-
trate [S75]. For a pre-magnetization time as short as 10 s, the iron recovery
from the - 12 m fraction increased from 44.5% to 49.2% Fe at 0.4 T, and the
grade of the concentrate increased from 16% Fe to 21% Fe. Although a higher
pre-magnetization magnetic field improved recovery, selectivity of magnetic sep-
aration was better at low fields.
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Figure 5.86: Magnetic susceptibility of roasted hematite as a function of roasting
temperature. Mass magnetic susceptibility of hematite: 0.95×10 6

m3/kg (adapted from [C21]).

Magnetizing roasting

Many weakly magnetic minerals can be converted to more strongly magnetic
compounds by subjecting the ore to a reducing or oxidizing atmosphere at el-
evated temperatures. Magnetizing roasting is, for example, a very e ective
process in treatment of iron ores, which are poorly responsive to conventional
beneficiation techniques such as flotation, gravity separation and magnetic sep-
aration. It involves conversion of feebly magnetic iron minerals in the ore to
a strongly magnetic form. In most magnetizing reduction systems, the ore is
reduced at a particular temperature and then quenched in water. The result-
ing maghemite ( -hematite) is strongly magnetic and can then be recovered by
low-intensity magnetic separation.
The e ect of the roasting temperature on the recovery of iron from roasted

iron ore (Agbaja) into the magnetic concentrate is shown in Fig. 5.85 [U5]. It
can be seen that the optimum recovery was reached at a temperature of about
500 0C. A similar observation was made by Nasr and Youssef with Bahariya
Oasis (Egypt) iron ore [N10].
The variation in magnetic susceptibility of hematite (Hoyt Lake, Michigan)

as a function of reduction roasting time and temperature is illustrated in Fig.
5.86. It can be seen that at temperatures above 500 0C, the magnetic suscep-
tibility increases significantly and reaches that of magnetite at 800 0C to 1000
0C, depending on the charcoal dosage [C21]. However, oxidizing roasting of
hematite did not change its magnetic susceptibility.
The practice of oxidized roasting of ilmenite is well established and it is
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Figure 5.87: Oxidizing roasting of ilmenite: magnetic susceptibility of ilmenite
as a function of roasting time and temperature (adapted from
[C21]).

used routinely in the magnetic separation of mineral sands. For instance, il-
menite concentrates from heavy mineral deposits in northern Kwazulu-Natal
(South Africa) and Mozambique often contain as much as 0.3% Cr2O3, which
would contaminate the final high-titanium slag. While the magnetic suscepti-
bility of iron-poor chrome-rich spinel is similar to that ilmenite, it is not signif-
icantly a ected by oxidizing roasting [N11]. However, six-fold increase in the
magnetic susceptibility of ilmenite, by oxidizing roasting, enabled the removal
of chromium-bearing spinel from ilmenite concentrates by magnetic separation
[N11]. This process is practiced at Richards Bay Minerals (South Africa) where
the ilmenite concentrate from WHIMS is roasted in a fluidized bed at a tem-
perature of 800 0C for 40 minutes. The mass magnetic susceptibility increases
from 2.4×10 6 m3/kg to 15×10 6 m3/kg.
A detailed laboratory investigation of the roasting behaviour of ilmenite

(St. Urbain, Quebec, Canada) was conducted by Ciu et al. [C21]. The test
results indicated that oxidizing roasting of ilmenite ( = 2.18×10 6 m3/kg)
could increase its magnetic susceptibility within limited temperature and time
ranges. As is evident in Fig. 5.87, at 500 0C, even extended heating (up to
2 hours) did not change the magnetic susceptibility of ilmenite. At higher
temperatures between 650 0C and 700 0C, the susceptibility started to increase
after about 30 minutes of roasting. After reaching its maximum at = 5.5×10 5

m3/kg, the susceptibility dropped sharply to 4×10 7 m3/kg, lower than that of
the original ilmenite.
However, reduction roasting of ilmenite exhibited a considerably more sig-



5.3. WET MAGNETIC SEPARATION 411

Figure 5.88: Magnetic susceptibility of ilmenite as a function of temperature, for
oxidizing and reduction roasting. Roast time: 30 min. (adapted
from [C21]).

nificant increase in magnetic susceptibility, approaching that of magnetite ( =
2×10 3 m3/kg), as is illustrated in Fig. 5.88.
Allen [A31, A32] conducted a thorough experimental study of the e ect of

oxidizing roasting on the magnetic properties of ilmenite. He observed that
the ilmenite particles behaved as though they contained discrete ferromagnetic
components within a paramagnetic matrix. Magnetic changes at the roast tem-
perature up to 450 0C were ascribed to small changes in size and shape of
small magnetic cells. Although magnetic susceptibility was found to increase
in the range around 500 0C, the di erences were not su ciently convincing.
At temperatures above 550 0C, the growth of the magnetic cells and magnetic
susceptibility appeared to be time and temperature-dependent.
The de-coppering of galena and molybdenite concentrate by the removal of

chalcopyrite can be significantly improved by roasting the chalcopyrite. It was
reported by Makarow et al. [M30] that by heating chalcopyrite in an oxidizing
atmosphere to a temperature between 250 0C and 500 0C for 10 minutes, the
magnetic susceptibility of the product increased by three orders of magnitude.

5.3.10 The selectivity of separation

It was shown in Section 1.2 that a separation process will be selective only when
the magnitudes of the magnetic and competing forces are of comparable mag-
nitude, compatible with conditions expressed by eqs. (1.1). The relative values
of the magnetic and competing forces are thus critically important in determin-
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ing the selectivity of magnetic separation. Because some of these forces have
di erent dependence on particle size, their relative importance will vary with
particle size, as has been outlined in Section 1.2.2. It is also important to recall,
as shown in Section 1.2.2, that particle size is a more important discriminating
factor in magnetic separation than magnetic susceptibility and that a magnetic
separator is also a particle size classifier.
Some investigators have tried to determine the threshold ratio of magnetic

susceptibilities of the components of a material mixture, for which their sep-
aration will be e cient. Such a threshold ratio is generally of limited value
because of the significant e ect of particle size distribution on the balance of
forces. Classification or desliming can alleviate the negative e ects of wide size
distribution. In addition, magnetic susceptibilities of numerous materials de-
pend on the magnetic field strength, to which they are exposed, as discussed in
Section 1.4.7.
Of significant importance but particular di culty is the selective separation

of fine materials. Large amounts of fines and ultrafines are generated during the
mining and milling of large tonnages of low-quality ores. A direct consequence
of this situation is an increasing need for e cient technologies to beneficiate
the fines. It has been shown in Section 3.6 and in [S1] and [S31] that the
complexity of selective beneficiation of finely dispersed materials rests in the fact
that volumetric forces present in a separator, viz. magnetic, gravitational and
erosion forces, have to compete with surface forces. The question of whether a
quasi-colloidal particle will be captured by a matrix element covered by particles
previously deposited is thus determined, inter alia, by the surface characteristics
of the particles.
In practice, therefore, fine particles to be separated should be colloidally

unstable, i.e. they should not repel each other and thus prevent contact. On
the other hand, particles of the gangue minerals should not coagulate with those
of the valuable mineral lest they become entrained in the magnetic concentrate.

The e ect of pH of the slurry

An experimental study of the e ect of pH on magnetic separation of weakly
magnetic iron ores [S38, S72] has shown that in order to achieve high recoveries
of iron and a high grade of the magnetic concentrate, the pH of the slurry must
be adjusted in such a way as to correspond to the point of zero charge (PZC) of
the oxide mineral. This behaviour was ascribed to a combination of ionic and
magnetic flocculation in the primary and secondary minima, and to a higher
retention probability of particles on the matrix [S72, S1].
Similar observations were made in the magnetic separation of uranium and

gold from cyanidation residues [S73]. As shown in Fig. 5.89, the grade of the
magnetic concentrate, as a function of pH, reaches its maximum at a pH of
1.2, and decreases continuously to the alkaline region. It can be seen that pH
adjustment from the usual operating value of about pH 9 can result in a gold
content increase by 25%.
Control of surface interactions can also result in selective coating of mineral



5.3. WET MAGNETIC SEPARATION 413

Figure 5.89: The grade of the magnetic concentrate from gold and uranium
cyanidation residues, as a function of pH (adapted from Svoboda
et al. [S73]).

and metallic particles with magnetite, followed by magnetic separation. It can
be used as a method of particle separation, as demonstrated, for example, by
Parsonage [P13].

Energetic and kinetic criteria for selective separation

In order to correlate quantitatively the rules for selective separation with the
results of experimental investigations, energetic and kinetic criteria, based on
DLVO theory, for selective magnetic separation of a useful mineral from a system
of containing several mineral species, were derived by Svoboda et al. [S76]. It
was shown that the onset of destabilization of a suspension and, consequently,
the critical condition for selective magnetic separation, is determined from the
energy condition = 0, where is the total energy of interaction of two
particles and is given by eq. (3.123). At the same time, the residence time
of particles in the magnetic field must be such that 1 2, where 1 2 is

the half time of coagulation, given by eq. (3.126). This condition imposes a
restriction on stability ratio , given by eq. (3.124), for a given concentration
of particles in a slurry. The stability ratio for a suspension containing and
mineral species can be re-written as:

=

Z
0

exp( )
+

( + + )2
(5.19)

where and are the radii of particles of species and , respectively, and
is the distance between the surface of the interacting particles.
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Figure 5.90: Total potential energy of interacting uraninite and quartz particles
(2 = 5 m), as a function of pH, at 0 = 1 T (adapted from [S76]).

If a particle of a useful mineral is denoted by 1, and the gangue particle as
2, high recoveries will be achieved if 11 0 and 11 1. Simultaneously, for
the grade of the magnetic concentrate to be high, one must ensure that valuable
and gangue particles do not coagulate mutually, and thus 12 0 and 12

1. Furthermore, to avoid the mechanical entrainment of large clusters of gangue
particles, it would be preferable to work under the condition 22 0 and 22

1. These conditions for selective magnetic separation of fine particles can be
summarized as [S76]:

High recovery: 11 0; 11 1 (5.20)

High selectivity: 12 0; 12 1 and 22 0; 22 1 (5.21)

The validity of these conditions was confirmed experimentally by magnetic
separation of uranium-gold cyanidation residues [S1, S73, S76]. The curves of
total potential energy of interaction of uraninite and quartz particles are shown
in Fig. 5.90. It can be seen that selective separation can be expected when 12

0, which occurs at pH 1.2. With further increase of pH, 12 decreases and
the selectivity is reduced. This trend is confirmed by the experimental results
shown in Fig. 5.89. Poor selectivity of separation in the alkaline region is a
consequence of heterocoagulation into a deep secondary minimum [S76].

Carrier magnetic separation

E cient recovery of fine particles can be aided by promoting mutual interaction
between fine and coarse particles. In carrier (or piggy-back) magnetic sepa-
ration, coarse particles serve as carriers for fine particles. Carrier magnetic
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Table 5.29: Magnetic separation of mixtures of di erent size fractions of
uranium-gold leach residues [S69].

Mixture Head Theoretical Experimental
5:1 [ m] U308

[ppm]
Grade
[ppm]

Recovery
[%]
U3O8

Grade
[ppm]

Recovery
[%]
U3O8

-17+(-53+25) 185 820 30 1033 52
-17+(-75+53) 173 700 29 850 40
-17+(-150+106) 159 616 27 600 22

separation makes use of the fact that the frequency of particle collisions is much
greater when there are particles of di erent sizes, which is the result of di erent
trajectories in the accelerating fluid. The rate of adhesion of fine particles (
2 m) to coarse ones ( 30 m) is 103 to 104 times higher than the rate of
adhesion between fine particles [S77].
The results of the investigation of the possible e ect of carrier magnetic

separation on the e ciency of separation are summarized in Table 5.29 [S69].
It can be seen that the presence of fractions - 53 + 25 m and - 75 + 53 m
considerably enhanced the recovery of uranium from the fine (- 17 m) fraction,
and the grade of the magnetic fraction.
The presence of the coarse fraction (- 150 + 106 m) neither improved the

selectivity of the process nor increased the recovery of uranium from the fine
fraction. Moreover, no dependence of recovery or grade on pH was observed, in
contrast to the mixtures of finer fractions, where pH played an important role.
Since the value of pH did not a ect the e ciency of separation of individual size
fractions, it is obvious that pH influenced mutual interaction of fine and coarser
particles.
A detailed investigation of carrier magnetic separation was carried out by

Yanmin Wang et al. [W25] and the results confirmed the trends observed by
Svoboda [S69, S1]. A purified chromite concentrate and chromite ore slime were
used in that investigation. A very fine fraction (- 10 m) was mixed with coarse
fractions, - 53 + 38 m, - 75 + 53 m and - 106 + 75 m. It was found that the
fine particles coagulated onto the coarse ones and the cluster thus formed was
recovered in the matrix of a magnetic separator. The fraction - 53 + 38 m was
found to be the most e ective in improving the process e ciency, as shown in
Fig. 5.91. The process of carrier separation was also found to be dependent on
pH and the highest e ciency was achieved at a pH near the point-of-zero-charge
of the valuable mineral.

The matrix vibration and slurry pulsation

The vibration of a matrix, either by mechanical or electromagnetic means, was
proposed by several investigators, to assist in the flushing of the matrix, to
propel the ore through the matrix in dry high-gradient magnetic separation and
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Figure 5.91: The e ect of pH and carrier size on the mass recovery of chromite (-
10 m) by magnetic separation (adapted from Wang et al. [W25]).

Figure 5.92: Vibration-assisted magnetic separation of wolframite-quartz mix-
ture as a function of the vibration current (adapted from [S78]).



5.3. WET MAGNETIC SEPARATION 417

to improve the e ciency of separation [K5, L14]. Mechanical vibration can be
provided, for instance, by an eccentric rotating shaft driven by a variable speed
motor. Longitudinal electromagnetic vibration is provided by a coil mounted
on the chamber and energized with alternating current. A vibratory force is
exerted on the coil by the interaction of the d.c. field generated by the magnet
of the separator, and of the a.c. field in the coil.
The vibration of the matrix reduces the mechanical entrainment of gangue

particles in the magnetic product and facilitates their desorption from the matrix
by fluid flow. For instance, matrix vibration was found to improve the selectivity
of wet high-gradient magnetic separation of wolframite-cassiterite slimes and of
wolframite-quartz mixtures, as is shown in Fig. 5.92 [S78], and of Cu-Pb and
Cu-Mo flotation concentrates [Y3]. The application of matrix vibration also
resulted in an increased recovery of kaolin in wet [L15] and dry [Y4] high-
gradient magnetic separation.
Pulsation of a slurry proved to be a useful approach to improving selectivity

of separation and reducing matrix blockage in HGMS. When applied to a low-
intensity drum magnetic separator, the slurry pulsation resulted in an improved
quality of the magnetic concentrate [K22]. Slurry pulsation, developed by Liu
Shuyi et al. [Y2] is being successfully used, on production scale, in SLON high-
gradient magnetic separators [X1].

5.3.11 Comparative tests with wet high-intensity magnetic
separators

As discussed in Chapter 2, the development and commercialization of high-
gradient magnetic separation as a viable technique for mineral beneficiation
resulted in the design and manufacture of a wide range of wet high-intensity
magnetic separators.
Most wet high-intensity magnetic separators di er in those technical and op-

erational characteristics that can significantly a ect their performance and cost-
e ectiveness. Any comparison of these separators should, therefore, take into
consideration, in addition to the feed properties and the product requirements,
the size of the operation and the capability of the machine to be scaled-up, if
necessary.
Magnetic separation equipment, and particularly WHIMS and HGMS ma-

chines, cannot be readily miniaturized for bench-scale testing. The bench-scale
testing is, therefore, often focused on characterization of the feed and of the
separation products, as a function of those variables that can be controlled in
pilot-scale testing. Without proper understanding of these characteristics it may
be impossible, except by luck, to end up with a successful process.
On the other hand, pilot-scale tests are usually carried out using commercial

equipment, at full feed rates and over an extended time scale. Reliable technical
and economic assessment of the operation can then be made.
Comparative pilot-scale tests of several wet matrix high-intensity magnetic

separators were described by Forssberg and Kostkevicius [F22]. Five models,
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Figure 5.93: Recovery as a function of particle size for assorted wet matrix high-
intensity magnetic separators (adapted from [F22]).

representing three distinct principles of magnetic circuit design, with three dif-
ferent types of matrices were tested. A mixture of hematite and quartzite, with
97% of the particles being smaller than 300 m and 21% smaller than 15 m,
was used as a test material. The mean magnetic susceptibility of the mixture
was approximately 2.5×10 6 m3/kg.

The technical data of the separators used in the tests are summarized in Ta-
ble 5.30. The e ect of particle size on iron recovery is given in Fig. 5.93. For fine
particles smaller than 50 m, the Sala HGMS was most e cient, followed by the
Jones and Reading machines. The e ciency on coarser material was comparable
among these separators, although the Jones separator showed a fall-o in the
recovery in coarse fractions associated with the middlings flushing. The energy
consumption was lowest in the Jones separator (0.5 kWh/t), followed by the
Reading and Boxmag-Rapid machines, although the value of this information is
limited as the rating is likely to change for large-scale machines. The optimum
metallurgical results obtained with these separators are shown in Table 5.31.
Although these results indicate the potential these various machines have,

their direct translation into large-scale applications must be done with caution.
Di erent separators have di erent potential for scale-up and the metallurgical
performance, consumption of energy and water, and resistance to matrix clog-
ging, will vary with the size of the machine. The assessment of the technological
and economic potential of each machine must be based on a detailed analysis
of their performance with a wide range of ores of di erent magnetic suscepti-
bilities and size distributions, taking into account the anticipated magnitude of
the operation.
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Table 5.30: Specifications of magnetic separators used in tests [F22].

Parameter Jones
P71

Boxmag
SHW1

Reading
16 pole

Sala
HGMS
MkII

Matrix Grooved
plates

Triangular
bars

Salient
plates

Expanded
metal

Rotor dia. [mm] 710 800 1800 1720
Capacity [t/h] 1 - 2.5 1.5 - 6 15 - 30 1 - 3
No. of separation
zones

2 1 8 1

Matrix width [mm] 75 25 66 120
Matrix length [mm] 220 150 205 140
Mass [t] 7.1 3.8 7.1 6

Table 5.31: Representative metallurgical results obtained with di erent wet ma-
trix high-intensity magnetic separators [F22].

Separator Grade [% Fe] Recovery [% Fe]
Sala HGMS Mk II 66.0 94.0
Jones P71 66.0 92.0
Reading WHIMS-16 65.0 91.5
Boxmag-Rapid SHWI 64.5 85.5
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5.4 Magnetic flocculation

5.4.1 Magnetic flocculation of ferromagnetic materials

As discussed in Section 3.6.1, magnetic flocculation of strongly magnetic materi-
als is a process commonly encountered in wet low-intensity magnetic separation
of finely ground ferromagnetic (s.l.) materials. It arose from a detailed study
of mechanisms of particle capture in wet drum magnetic separators [R20, R23]
that the dominant mechanism by which the magnetic particles are captured in
wet drum magnetic separators is the formation of flocs by magnetic flocculation.
This process, characterized by the rate of flocculation and by the flocculation
time, is thus a ected by the pulp density and the volumetric flowrate through
the separation zone of the separator.
Magnetic flocculation is used to enhance the e ciency of numerous other

processes. Magnetic flocculators are often used, for instance, to increase the
settling rate of solids in dewatering equipment, to improve the performance
of centrifuges that remove solids from steel e uent plants, and to reduce the
addition of flocculating reagents.
Magnetic flocculation of strongly magnetic materials is largely an empirical

technique. Owing to their simplicity, magnetic flocculators are generally used
without any extensive research, although selection of variables such as magnetic
field strength, solids concentration and particle size distribution is governed by
a few basic rules.

Magnetic field strength

The onset of agglomeration of natural magnetite, as illustrated in Fig. 3.37,
appears to take place at a magnetic induction as low as 10 mT (100 G), while
40 mT (400 G) seems to be necessary to generate stable flocs [B30]. In magnetite
ores of various origin, the threshold magnetic induction was found to range from
8 mT (80 G) to 80 mT (800 G) [K14], and an empirical formula to describe a
relationship between the threshold flocculation magnetic field strength and
the coercive force was proposed:

= 123
p

(5.22)

The strength of the magnetic field required to induce flocculation is also
determined by the residence time of a suspension in the field and by the concen-
tration of solids. The higher the flow velocity and the lower the concentration of
suspension, the higher is the magnetic field strength required to form magnetic
flocs. Benson et al. [B31] state that for e ective flocculation, slurries with more
than 1% of natural magnetite should be exposed to a 60 mT (600 G) magnetic
field, for a period of not less than 0.07 s. The best results were obtained after
a residence time of 0.2 s [B30]. Rayner and Napier-Munn [R23] observed that
in a low-intensity drum separator the magnetic flocs were formed in the field of
0.2 T in less one second, a substantially shorter time than the typical residence
time in the separator.
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Figure 5.94: Tensile strength of FeSi and magnetite flocs as a function of particle
size and concentration of the magnetic fraction in a suspension
(after Karmazin et al. [K14]).

Concentration of solids

As the concentration of solids in a suspension increases, the characteristic time
of flocculation 1 2, given by eq. (3.126), decreases and the probability of particle
collision and adhesion increases. If the retention time of particles is su ciently
longer than 1 2, which is, in turn, determined by the concentration of solids
in a suspension, then a high degree of agglomeration can be expected. It was
observed [R23] that at a high solids content in the feed, the magnetic particles,
independently of their size, began to flocculate rapidly on the entry into the
magnetic field of a drum separator. At low slurry densities, for example in
secondary drum magnetic separators used to recover dense media, flocculation
is slow and the fines are increasingly getting lost.

The influence of the concentration of solids and of particle size on tensile
strength is shown in Fig. 5.94. It is evident that the tensile strength of mag-
netic flocs increases with increasing pulp density and particle size, the latter
dependence having the same pattern as the dependence of magnetic susceptibil-
ity on particle size. This is the consequence of the fact that the tensile strength
of a floc is determined by the magnetic moment of the interacting components
of the floc, rather than by coercive force, as claimed by Rainer et al. [R23].
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5.4.2 Magnetic flocculation of weakly magnetic minerals

In contrast to the magnetic flocculation of strongly magnetic minerals, the
application of this process to feebly magnetic materials has been limited to
laboratory-scale investigations. The first experimental observation of the mag-
netic flocculation of weakly magnetic minerals was reported by Hencl and Svo-
boda in 1979 [H16]. It was observed that magnetic flocculation of fine siderite
particles (51% - 20 m), with a magnetic susceptibility of 0.75×10 6 m3/kg,
took place at a magnetic field as low as 0.4 T, and the rate of agglomeration
increased with increasing field strength.
Experimental investigations into the magnetic flocculation of paramagnetic

and diamagnetic particles were subsequently carried out by Watson [W26] and
Parker et al. [P8, V5], while a more detailed systematic study of agglomeration
of hematite was conducted by Ozaki and Matijevic et al. [O6, O7].
An extensive and thorough theoretical and experimental investigation of

flocculation of weakly magnetic minerals in a magnetic field was conducted by
Wang, Forssberg and Pugh [P10, W17, W18, W19]. The results illustrated in
Figs. 3.43 and 3.44 confirm that flocculation of feebly magnetic materials takes
place at moderate magnetic fields.

The possibility of industrial applications of magnetic flocculation

Selective chemical flocculation of mineral slimes provides an e cient means of
recovering very fine particles. However, this method is rather costly and envi-
ronmentally problematic. However, no chemical agents are required in magnetic
flocculation and the flocculation time can be reduced by increasing the magnetic
field. Magnetic flocculation would thus allow creation of clusters of very fine
particles that could be readily recovered in a high-gradient magnetic separa-
tor. Detailed analysis of the potential of incorporating magnetic flocculation
into magnetic separation circuits was presented by Svoboda [S79, S1]. Figure
5.95 illustrates two possible proposals for the inclusion of magnetic flocculation
in a magnetic circuit for the recovery of very fine, weakly magnetic minerals.
However, commercial large-scale exploitation of this technique will require in-
volvement of industry with academia and their commitment to develop further
innovative ideas and transfer them into production.

5.5 Demagnetization

Exposure of ferromagnetic (s.l.) materials to external magnetic fields often
results in the formation of magnetic flocs that interfere with their further ma-
nipulation. In order to break the flocs and to improve dispersion of magnetic
particles in suspension, the material must be demagnetized. The demagneti-
zation process is often applied, for instance, to preparation of feed for sizing,
filtration, magnetic separation and for heavy media suspensions. It is usually
not possible to demagnetize fully a ferromagnetic (s.l.) material, such as mag-
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Figure 5.95: Possible applications of magnetic flocculation to the beneficiation
of weakly magnetic ores (adapted from [S1]).

netite or ferrosilicon, at temperatures below the Curie temperature (570 0C for
natural magnetite).
There are three main methods of demagnetization. Thermal demagnetiza-

tion, commonly used with permanent magnet materials, consists of heating a
material to a temperature above its Curie temperature and then allowing it
to cool in zero magnetic field. Caution must be exercised to avoid chemical
changes or sintering induced by temperature [L16, H23]. This rather impracti-
cal method is being used as a benchmark to compare the e ectiveness of simpler
demagnetization methods.
In d.c. field demagnetization, a particle must be exposed to a magnetic field

greater than its intrinsic coercivity (Fig. 1.7), which, when the magnetic
field is returned to zero, will result in zero magnetization. Practically, however,
because the field inside a single particle depends in a rather complicated manner
on the form of individual particles, the shape of the clusters, and the density
of the slurry, it is not possible to demagnetize powdered material by use of a
constant demagnetizing field [L16].
The practical method of demagnetization is by use of a time-varying magne-

tizing field of gradually decreasing amplitude, produced by a coil energized by
an a.c. power supply. As a result, the particle magnetization traces a series of
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minor hysteresis loops and ultimately converges towards zero. The magnetiz-
ing field must start at a value appreciably greater than the coercive force and
be gradually reduced with each alteration until it reaches a very low value. A
well established rule of thumb is that the field amplitude should be five times
the coercive force and the rate of decrease should be about 10% per cycle [H23].
For rough demagnetization, at least four alterations should be applied, although
when demagnetizing di cult materials, as many as a hundred alterations may
be needed [M19].
Demagnetization of magnetized particles by an a.c. field is based on the

assumption that the body has a fixed position in the field. In practice, however,
the particles and clusters are free to move in the slurry. When exposed to a
rotating magnetic field, under suitable conditions, particles can rotate rather
than become demagnetized. This problem becomes particularly pronounced for
materials with a high value of intrinsic coercive force unless the strength of the
demagnetizing field is greater than the coercive force and the particles are non-
spherical. An approximate criterion for particle rotation is that if the external
rotating field is smaller than the coercive force , the particles will rotate. If
is greater than and , the magnetic moment of the particle will rotate

but the particle will probably not. Whether a particle will rotate or not depends
also on the viscosity of the slurry: high viscous drag can prevent particles from
rotating fast enough to achieve a synchronous motion. This phenomenon will
be even more pronounced at high frequencies of the applied demagnetizing field.
Several observations, essential for e cient demagnetization, can thus be sum-

marized:

1. The flow rate may be high but should preferably be laminar. This follows
from the observation that the probability of rotation of particles is smaller for
laminar flow than for turbulent flow, as a result of rod-like clusters of particles
being aligned along the streamlines in the laminar flow.

2. The minimum residence time of the slurry in the magnetic field should be of
the order of 0.24 s to 0.28 s, which corresponds to 12 to 14 cycles of the a.c.
magnetic field.

3. For feebly coercive materials, such as natural magnetite or ferrosilicon, a
magnetic induction ranging from 0.03 T to 0.06 T is usually su cient.

4. For highly coercive materials (e.g. maghemite, titano-magnetite ores) a field
of high frequency (400 Hz to 600 Hz) and high magnitude (0.07 T to 0.1 T)
should be used. Some magnetite ores could not be demagnetized even at a
magnetic induction of 0.18 T [K14].

5. Demagnetization of very fine particles, close to single-domain size, is
increasingly di cult. This observation is related to a trend of increasing
coercive force with decreasing particle size, as shown in Fig. 1.13 and
expressed by eq. (1.45).
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Demagnetizing coils

The demagnetizing unit is usually an air-core a.c. solenoid wound on a pipe,
preferably arranged vertically, through which the slurry flows. The pipe section
through the coil is made from non-metallic material to eliminate the shielding
of the slurry from the magnetic field and the eddy current generation. The
sample to be demagnetized may be gradually withdrawn from the solenoid, or
the sample can be left in a position with a damped sinusoidal field applied.
In mineral processing, a method of continuously demagnetizing particles in a
flowing slurry is preferred. The particles in the slurry experience a decreasing
a.c. field as they flow out of the solenoid.
Semi-empirical equations were developed [B20] to calculate the design para-

meters of a demagnetizing coil:

=
1 03

[( + )2 + 2]
1 2

(5.23)

=
7 88 2( + )2

(3 + 9 + 13 )
× 10 6 (5.24)

where is the magnetic field strength (in [ m]), is the inductance (in [H]),
is the inside diameter of the winding (in [m]), is the length of the coil (in

[m]), is the radial depth of the winding (in [m]), is the number of turns and
is the current in the coil (in [ ]).

5.6 Separation in magnetic fluids

Separation in magnetic fluids is one of those techniques that o er a unique ap-
proach to material manipulation over a wide spectrum of applications. This
sink-and-float separation technique exploits di erences in densities of the mate-
rials to be separated. As has been explained in Sections 2.8 and 3.8, a magnetic
fluid placed in a non-homogeneous magnetic field exhibits an apparent density
di ering from its natural density. This apparent density can be controlled in a
wide range of values, exceeding the densities of all known elements and materials.
An important feature of this method is the very high selectivity of separation,
whereby mixtures comprising particles with very small density di erential can
be separated from each other.
Density is a unique physical property of materials and, in contrast to other

physical properties, it is, in most cases, well-defined for each mineral or material.
Because of this, and in spite of the rather limited sophistication of gravity
separation equipment, separation of materials based on density is a universal
and fundamental technique, and is one of the oldest forms of mineral processing.
In principle, density separation is a very accurate way of material processing,
particularly if one can operate in a wide range of densities and if the technique
is capable of distinguishing a small density di erence.
The e ciency of separation of particles having several properties of similar

magnitude (for instance density, magnetic susceptibility, electrical conductivity
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Figure 5.96: Mass magnetic susceptiblity and magnetic polarization of paramag-
netic liquids, as a function of their densities. The polarization was
determined at the external magnetic induction of 0.25 T [S8].

and others) can be increased by simultaneous exploitation of two or more of these
properties. The precision and the separation rate can be increased in comparison
with conventional processes, in which a single property is exploited. Separation
in magnetic fluids is based on such a combination of two widely di erent physical
properties of materials and o ers a unique technique for material manipulation.

5.6.1 Magnetic fluids

Paramagnetic liquids

Magnetic fluids can be divided into two broad classes, namely solutions of para-
magnetic salts and ferrofluids. Paramagnetic liquids, as the name indicates, are
paramagnetic in their behaviour: their magnetization increases linearly with
increasing magnetic field and their magnetic susceptibility is quite low, of the
order of 5×10 7 m3/kg (40×10 6 cm3/g), and field-independent. The values
of magnetic susceptibility and magnetic polarization, for two types of paramag-
netic liquids, as a function of their density, are shown in Fig. 5.96. The values
of magnetic polarization were measured at the applied magnetic induction of
0.25 T, which is a typical magnetic field strength used in laboratory-scale fer-
rohydrostatic separators to achieve the apparent density of approximately 4000
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Table 5.32: Magnetic susceptibilities and viscosities of manganese chloride and
holmium nitrate solutions (adapted from [A33]).

Density 1400 kg/m3 Density 1850 kg/m3

MnCl×4H2O
[m3/kg] 6×10 7

[Pa×s] 1.5×10 3

Ho(NO3)3×5H2O
[m3/kg] 7.2×10 7 14.2×10 7

[Pa×s] 2×10 3 12×10 3

Figure 5.97: Magnetization curve of a kerosene-based ferrofluid, with average
particle size of magnetite of 9 nm [K23].

kg/m3. It can be seen that polarization is very low (2×10 4 T or 2 G).
Andres [A33] compared magnetic properties of aqueous solutions of rare-

earth salts with those of manganese chloride. He observed that magnetic suscep-
tibility of holmium nitrate, the most magnetic of the solutions of the rare-earth
salts, at its limit of solubility, is approximately three times higher (1.6×10 6

m3/kg) than that of manganese chloride (0.5×10 6 m3/kg).
Although the solutions of rare-earth salts do extend the range of achievable

apparent densities somewhat, their high cost compared to manganese chloride
(by a factor of 50 for pure compounds) hardly justifies their industrial-scale
application. A comparison of magnetic susceptibilities and viscosities of man-
ganese chloride and holmium nitrate is given in Table 5.32.
In addition to low magnetic susceptibility, some paramagnetic liquids tend

to degrade in the presence of light; others tend to crystallize at lower temper-
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Figure 5.98: Magnetization curve of a ferrofluid with an average particle diam-
eter 6 nm [K23].

atures, while others decompose at elevated temperatures. All such liquids are
rather expensive and their recycling is essential, although not easy. The para-
magnetic liquids have a high surface tension and do not wet the particles surface
adequately.

Ferrofluids

A magnetic ferrofluid is a stable suspension of sub-domain magnetic particles,
often magnetite, in a carrier fluid. Water, hydrocarbons and silicones are used
as carrier liquids. The particles, which have an average size of 10 nm, are coated
with a stabilizing dispersing agent, which prevents particle agglomeration, even
when a strong magnetic field gradient is applied to the ferrofluid.
In the absence of an external magnetic field, the magnetic moments of indi-

vidual particles are randomly distributed and the fluid has no net magnetization.
When exposed to an external magnetic field, the ferrofluid becomes magnetized
and reaches magnetic saturation at moderate magnetic fields. When the applied
field is removed, the particles demagnetize rapidly and exhibit typical superpara-
magnetic behaviour characterized by the absence of coercivity and remanence.
A typical magnetization curve of a ferrofluid is shown in Fig. 5.97, while Fig.
5.98 illustrates the magnetization curve of a ferrofluid with a smaller average
particle size of 6 nm. It can be seen that a high magnetic field is required to mag-
netically saturate a ferrofluid containing very small magnetite particles. This is
a consequence of the di culty in aligning the magnetic moments of very small
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Figure 5.99: Saturation polarization of ferrofluids as a function of average par-
ticle size [K23].

particles [C23]. Although very small dimensions of magnetite particles improve
the stability of a ferrofluid, the value of saturation magnetization decreases with
decreasing particle size, as shown in Fig. 5.99.
In weak magnetic fields the main contribution to magnetization is made by

the larger particles which are more easily oriented by a magnetic field, whereas
the approach to saturation is determined by fine particles, the orientation of
which requires large fields [R16, C22].

Viscosity of ferrofluids The viscosity of a ferrofluid is one of the most im-
portant parameters that a ects selectivity of separation in ferrofluid. In the
absence of a magnetic field, the viscosity of a ferrofluid is greater than that
of the carrier liquid as a result of the perturbation of the streamlines by sus-
pended particles. Einstein [E5] showed that the dependence of the viscosity of
a suspension of rigid spheres on the volume fraction is represented by

= 0(1 + 2 5 ) (5.25)

where 0 is the viscosity of the carrier liquid. At volume fractions greater than
0.01, higher order terms in have to be introduced into eq. (5.25) and the
viscosity can be described by the Vand relation [V6]:

= 0[1 + 2 5 + 7 349 2 + ] (5.26)

On application of a magnetic field, a torque × is introduced, which
hinders the rotation of the particles about axes perpendicular to the magnetic
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Figure 5.100: Viscosity of a kerosene-based ferrofluid, as a function of the ap-
plied magnetic field, for three densities of the ferrofluid. Viscos-
ity of kerosene 0 = 1.75×10 3 Pa×s (adapted from Gubarevich
[G17]).

field. As a result, an additional frictional coupling between fluid layers is intro-
duced thereby increasing the viscosity [C22]. The fractional increase in viscosity
is larger when the field is applied parallel to the stream, e.g. in a capillary, than
when it is applied perpendicular to the stream [C23].

By including the rotational component in the Einstein formula, several au-
thors have shown that the saturation values of the viscosity parallel (

q
) and

perpendicular ( ) to the field direction are given by:

k = (1 +
3

2
), = (1 +

3

4
) (5.27)

where is given by eq. (5.25).

The dependence of the viscosity of a kerosene-based ferrofluid on the applied
magnetic field, for three values of the ferrofluid density, is shown in Fig. 5.100.
The measurements were made at the constant viscosity of kerosene and shear
stress. It can be seen that at a magnetic induction greater than 0.4 T, the
viscosity of ferrofluid is constant.
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Figure 5.101: Preparation of a ferrofluid by chemical precipitation (adapted
from [R16]).

Preparation of ferrofluids

There are two basic methods of preparing a ferrofluid - size reduction and pre-
cipitation. Size reduction by wet grinding of ferrite in a ball mill, for a period of
1000 hours or longer, in the presence of a surfactant, was originally investigated
by Papell [P5], while Rosensweig et al. [R16] developed the technique further
and produced kerosene-based ferrofluids. The technique has been extended even
further by Kaiser and Rosensweig who succeeded in dispersing magnetic parti-
cles in other groups of solvents, including hydrocarbons, water, aromatics and
esters [R16, C22, R24].

Magnetite particles can also be prepared by precipitating the magnetite from
a solution of ferric and ferrous ions using an excess of an alkali hydroxide so-
lution. The process is schematically shown in Fig. 5.101. In the peptization
step, the particles are transferred from the aqueous phase to an organic phase
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containing a dispersion agent, such as, for instance, oleic acid. Subsequently,
the particle dispersion in an organic phase is separated from the aqueous salt
residue, filtered, and solvent adjusted to give the desired product concentration
[R16, B32].

Stability of ferrofluids

The stability of ferrofluids in gravitational and magnetic fields is one of the
fundamental parameters that ensures high selectivity of separation of materials
in ferrofluids. Basic criteria for such stability can be obtained by investigating
the balance of forces acting on the colloidal magnetic particles suspended in
the carrying fluid. The relationship between the randomizing action of the
thermal energy and the destabilizing e ect of the gravitational field, surface
forces, magnetic interaction between the particles and the non-homogeneous
magnetic field, and between the particles themselves, determines the conditions
under which a ferrofluid is stable.

It is fairly easy to show [R16] that while the force of gravity is of limited
threat to the segregation of ferrofluids, the e ect of magnetic agglomeration
and of the field gradient can be eliminated only when the particle diameter is
smaller than approximately 8 nm. However, molecular van der Waals forces that
arise as a result of fluctuating electric dipole-dipole forces are always present in a
colloidal system. It transpires from eq. (3.121) that infinite energy is required to
separate a particle pair. Therefore, contact between individual particles must
be prevented in order to obtain a stable colloidal suspension. Such a steric
stabilization can be achieved by adding a chemical, for instance oleic acid, that
can both adsorb on the surface of the particle and be solvated by the carrier
liquid. Such long-chain molecules are chosen in such a way that their tails have
dielectric properties similar to these of the surrounding carrier fluid. This results
in the formation of a bound liquid sheath around each particle [K24]. The most
commonly used surfactants give a surface layer thickness of 2 nm to 3 nm.

The stability of kerosene-based ferrofluids used in ferrohydrostatic separators
extends over periods as long as one year or longer [G17, S8]. Rosensweig [R16]
reported that the properties of a ferrofluid prepared in kerosene did not deteri-
orate after 18 years. However, water-based ferrofluids usually contain particles
somewhat larger than the particles in organic carriers. The destabilizing e ect
of magnetic agglomeration and the influence of the gravitational field might
reduce the long-term stability of such ferrofluids. Moreover, the highly polar
nature of the carrier means that dispersants are not as e ective as in organic
carrier fluids.

A simple instrument that can be used to observe the long-term stability
of ferrofluids was developed by Bissell et al. [B33]. In a scanning column
magnetometer ferrofluid samples are introduced into glass tubes that are placed
in a gradient magnetic field. The behaviour of particles as a function of time
can be observed and the stability of the fluid determined.
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Figure 5.102: The dependence of the apparent density of ferrofluid on tempera-
ture, for various physical densities of the ferrofluid (adapted from
[G17]).

The e ect of temperature on the physical properties of a ferrofluid

A ferrofluid placed in a separation chamber of a ferrohydrostatic separator is,
over a period of time, exposed to an increasing temperature as a result of the
temperature increase in the windings of the electromagnet. The temperature
increase results in an increase in the volume, and a decrease in the physical and
apparent densities of the ferrofluid, at a constant concentration of magnetite.
The change of the apparent density of the kerosene-based ferrofluid with tem-
perature variation is illustrated in Fig. 5.102. It can be seen that when the
temperature increased from 20 0C to 50 0C, the apparent density of 3800 kg/m3

of a ferrofluid with a physical density of 960 kg/m3 decreased by 14%.

In addition to density, magnetic susceptibility also undergoes changes when
the temperature of the fluid changes. It was observed [G17] that a temperature
increase by 15 0C results in the reduction of the magnetic susceptibility of the
kerosene-based ferrofluid by 7% to 15%, depending upon the magnetic field
strength to which the ferrofluid is exposed.

It is clear that temperature control of the ferrofluid and of the working
environment in which a ferrohydrostatic separator operates, are essential for
accurate performance of the equipment. Continuous detection of density varia-
tions and automated adjustment of the operating parameters of the separator
are essential components of modern ferrohydrostatic separators.
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Table 5.33: Typical physical properties of ferrofluids, at 300 K.

Property Hydrocarbon Water Ester
Saturation polarization [T] 0.01-0.1 0.01-0.04 0.01-0.08
Density [kg/m3] 850-1250 1100-1400 1150-1400
Viscosity [Pa×s] 0.003-0.01 0.007-0.01 0.014-0.04
Boiling point [K] 350 299 422
Surface tension [10 3N/m] 25-28 26 26
Thermal conductivity [W/m/K] 0.15 0.59
Electrical resistivity [ m] 1.5×107 50-1000

Review of physical properties of ferrofluids

The chemical, mechanical and physical properties of ferrofluids correspond closely
to those of the carrier liquid. All commercially available ferrofluids utilizing or-
ganic carrier liquids are essentially electrically non-conductive. Their magnetic
saturation can be proportionately varied by dilution with the carrier fluid. Most
ferrofluids can be freeze-thawed without damage. Table 5.33 lists various phys-
ical properties of commercially available ferrofluids.

Selection of a magnetic fluid for material separation

When exposed to a non-homogeneous external magnetic field, a paramagnetic
liquid will exhibit an apparent density given by eq. (3.144): = +

0

.
In order to achieve the apparent density equal, for instance, to the density of
diamond, that is 3500 kg/m3, in a saturated solution of manganese chloride (
= 1450 kg/m3, = 5.65×10 7 m3/kg and = 8.2×10 4 (SI)), the product of
the magnetic induction and its gradient must be equal to 30.8 T2/m. In a
magnet that can generate 2 T, the field gradient must be 15.4 T/m or 1.54×103

G/cm. This is a very high value indeed. In a superconducting magnet, at the
field induction of 20 T, the required field gradient is 1.54 T/m, or 154 G/cm.
The application of paramagnetic liquids is more feasible on a small laboratory

scale [P14] using, for example, a Frantz laboratory isodynamic separator. In
this separator, the product can reach maximum value of 100 T2/m and
an apparent density of 10 000 kg/m3 was achieved with maximum throughput
of the separator at 40 g/h and a maximum particle size of 1 mm [P14].
It is clear, therefore, that for separation in paramagnetic liquids very high

magnetic fields are required. This requirement results in high capital and run-
ning costs, and in the need to remove even very feebly magnetic material from
the feed. In addition, the working volume of such a separator would necessar-
ily be very small, which would limit the upper particle size, and its throughput
would be very low. Even in a massive and expensive installation, the throughput
would not exceed a few kilograms per hour.
These practical di culties make separation in paramagnetic liquids (usually

termed magnetohydrostatic separation - MHS) an intriguing curiosity rather
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Figure 5.103: Saturation polarization of several types of ferrofluids, as a function
of their physical density [S80].

than a viable technique. It was realized a long time ago [L17] and not without
disappointment, that separation in paramagnetic liquids would never become
a widely used processing technique. Only under special circumstances would
production of a high-value concentrate from a small volume of coarse feed be
economically justified.
In contrast to paramagnetic liquids, ferrofluids are moderately strongly mag-

netic and modest magnetic fields and gradients are required to generate apparent
densities over a wide range of values. Figure 5.103 reviews the saturation mag-
netization of various ferrofluids used for material separation, as a function of
their physical density.
When exposed to a non-homogeneous magnetic field, ferrofluids exhibit an

apparent density that is given by eq. (3.145). For example, the apparent density
of 3500 kg/m3 can be obtained with a kerosene-based ferrofluid of density 1000
kg/m3, having magnetic polarization of 0.02 T (200 G), at a field gradient
of 1.54 T/m (154 G/cm). Such a gradient can be fairly easily generated by
laboratory or pilot-scale FHS units at a magnetic field as low as 0.2 T. Table
5.34 compares conditions required to achieve an apparent density of 3500 kg/m3

in paramagnetic liquids and ferrofluids
Table 5.34 illustrates the considerable advantage of ferrofluids over para-

magnetic liquids, while Fig. 5.104 compares the operating density ranges of
various sink-and-float techniques. The potential of ferrohydrostatic separation
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Table 5.34: Typical parameters required to achieve an apparent density of 3500
kg/m3 in laboratory or pilot-scale separators with a paramagnetic
liquid and a ferrofluid. The costs of liquids are for the same value
of magnetization, i.e. 0.0016 T (16 G).

Parameter MnCl2·4H2O Kerosene FF
Polarization @ 2 T 16×10 4 T
Saturation polarization 200×10 4 T
Density [kg/m3] 1400 1000
Apparent density [kg/m3] 3500 3500
Viscosity @ B = 0 1.5×10 3 Pa×s 2.5×10 3 Pa×s
Magnetic induction 2 T or 20 T 0.2 T
Field gradient 15.4 T/m @ 2 T 1.54 T/m

1.54 T/m @ 20 T
Cost (US$/ ) 10 0.7 (commercial)

0.07 (in-house)

Figure 5.104: The operating density ranges of various sink-and-float separation
methods.
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Table 5.35: Comparison of MHS and FHS separation techniques.

MHS FHS
High magnetic field (2 T or higher) Modest magnetic field (0.2 - 0.5 T)
High field gradient (10 - 20 T/m) Modest field gradient (1 - 2 T/m)
Maximum density: 10 000 kg/m3 Maximum density 22 000 kg/m3

High-intensity magnetic scalping Low-intensity magnetic scalping
Low throughput (max. 1 kg/h) Easy scale-up to 1 t/h
Narrow size fractions Limited sensitivity to particle size
Max. particle size approx. 1 mm Max. particle size 20 mm
High cost of liquid Moderate cost of ferrofluid
High capital and running costs Moderate capital and running costs
Large mass and floor space Modest mass and floor space
Di cult handling of liquids High stability of ferrofluids
Di cult re-concentration of liquids Recovery and recycling of FF simple

in ferrofluids is obvious. The main advantages of ferrohydrostatic separation
compared to magnetohydrostatic separation in paramagnetic liquids are sum-
marized in Table 5.35.

Water-based or kerosene-based ferrofluid? For separation purposes, water-
based and kerosene-based ferrofluids are commercially available. Generally
speaking, ferrofluids with hydrocarbon carrier fluids tend to have a high de-
gree of monodispersity and a minimum level of aggregation. A wide range of
dispersants is available for such ferrofluids, the cost of which can be very modest
as a result of a range of iron-containing low-cost waste materials available from
the petrochemical industry. Given this wide range of available materials, it is
possible to make relatively low-cost kerosene-based ferrofluids having a wide
range of saturation magnetization and viscosity. These ferrofluids can be fairly
easily removed from the products of separation, recycled and re-concentrated,
and returned to the separation circuit.
As can be seen in Fig. 5.103, kerosene-based ferrofluids with saturation

polarization as high as 0.05 T (500 G) can be produced. In a typical range of
apparent densities from 3000 kg/m3 to 9000 kg/m3, a fluid with a saturation
polarization of the order of 0.0150 T to 0.02 T (150 G to 200 G) is required. Such
a fluid can be obtained by diluting the concentrated ferrofluid, which further
reduces the viscosity and the cost of the process. Such a dilution must, however,
be carried out with a certain level of caution. Excessive dilution could result in
desorption of the protective surfactant from the surface of the particles in order
to maintain the equilibrium between adsorbed and free surfactant. This could
considerably reduce the colloidal stability of the fluid and change its magnetic
and physical properties [C24].
Waste water resulting from the production of kerosene-based ferrofluid con-

sists mainly of organic waste such as kerosene and oleic acid. Disposal of such
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Table 5.36: Selected physical and chemical properties of kerosene.

Property Value
Boiling point 200 0C to 260 0C
Freezing point - 45.6 0C
Density 800 kg/m3 (at 15 0C)
Reactivity with water no reaction
Reactivity with common materials no reaction
Flammable limits in air 0.7% to 5%
Ignition temperature 229 0C
Fire combustible
Exposure irritating to skin and eyes
Protective equipment gloves, goggles

a waste either by incineration or by applying an aerobic reactor system, using
microorganisms obtained from activated sludge, can be easily achieved [V7].
Some physical and chemical properties of kerosene are shown in Table 5.36.

The alternative separation medium is a water-based ferrofluid. In water-
based colloids, the highly polar nature of the carrier renders dispersants less
e ective than in hydrocarbon fluids. Long-term stability and stability in high-
gradient fields is, therefore, limited Furthermore, the inclusion of a higher
concentration of dispersant, possibly of a more complex nature, tends to increase
the viscosity of the water-based ferrofluid compared with a hydrocarbon-based
material of the same concentration.

As illustrated in Fig. 5.103, because of the complexity of water-based fluids,
it is somewhat di cult to obtain a wide range of magnetization, and the satura-
tion polarization of 0.02 T (200 G) is typical for water-based ferrofluid used in
material separation. Such a concentrated fluid must be used undiluted, in con-
trast to kerosene-based fluid. This results in an increased viscosity and cost of
water-based ferrofluid. In addition, because of greater volatility of water, com-
pared to hydrocarbons, the values of magnetization and other parameters are
susceptible to greater variations with time and temperature. Recycling and re-
concentration of water-based ferrofluids, for instance by evaporation, although
seemingly simple, are rather costly, and time and space consuming.

The image of kerosene-based ferrofluids as hazardous and environmentally
unfriendly, resulted, in some instances, in exclusion of the FHS technique from
production-scale application. Nevertheless, certain obstacles that such fluids
present can be fairly easily contained within a beneficiation circuit. Moreover,
water-based ferrofluid, as a result both of the increased level of dispersants and
their complexity, may not be as non-polluting as imagined from a simplistic
point of view. However, the entire material separation circuit can be made
simpler when water-based ferrofluids are used [F25].
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Figure 5.105: The 1983 cost of kerosene-based ferrofluid as a function of the pro-
duction rate. Spent hydrochloric acid pickle liquor was considered
as the source of iron ions (adapted from Farkas [F26]).

The cost of ferrofluid

If the ferrohydrostatic separation technology is to be successful on a produc-
tion scale, ferrofluids must be available in su ciently large quantities and at
reasonable cost.
The current situation in the market is not conducive to the introduction of

FHS on large scale. There are several small suppliers who provide speciality
ferrofluids in small quantities and at high cost. Technical-grade kerosene-based
ferrofluids for ferrohydrostatic separation are manufactured in larger quantities
by one or two suppliers in Russia. The 2000 price for a 0.04 T (400 G) ferrofluid
was US$40 or more per litre. Ferrotec (Japan), formerly Ferrofluidics Corp.,
supplies, on a larger scale, water-based ferrofluids for separation applications.
The 2002 price for 0.017 T (170 G), 1230 kg/m3 ferrofluid was US$45 per litre.
Although these prices are acceptable for laboratory and possibly for pilot-

scale applications, a large industrial application of FHS requires reliable supply
of low-cost ferrofluid of consistent quality. Union Carbide Corp., in the early
1970s, developed a pilot plant for kerosene-based ferrofluid for their separation
application [F26]. The capacity of the plant was 4.3 /h of 0.035 T ferrofluid.
Based on manufacturing experience, su cient information was obtained

which permitted calculation of the cost of ferrofluid in an automated plant
of expanded capacity. The 1983 cost data shown in Fig. 5.105 were based on
the cost of materials, labour and supervision, and utilities [F26]. The diagram
illustrates that, as the production rate increases, the unit labour cost diminishes
and the production cost per litre, for large volumes, approaches the costs of the
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chemicals. At the production rate of 82 /h of 0.035 T fluid, which can be
diluted to 143 /h of 0.02 T fluid, the 1983 cost of the 0.02 T ferrofluid would
be less than US$1.00/ .
A batch pilot-plant with capacity of 6 /h was constructed in 1998 at De

Beers Consolidated Mines (Pty.) Ltd. (South Africa) to evaluate the process
scale-up for the manufacture of kerosene-based ferrofluid. The raw material cost
for 1 litre of 0.04 T ferrofluid was, in 2002, US$1.25 [K23]. The manufacturing
cost of this fluid, at the production rate of 6 /h, was approximately US$2.50 for
the 0.04 T fluid or US$1.35 per litre for the 0.02 T fluid. Further cost reduction
was obtained in the automated continuous plant with a capacity of 10 /h, as a
result of cheaper chemicals and lower labour costs [V7].

5.6.2 Ferrohydrostatic separation

As has been discussed in Sections 3.8 and 4.8, the e ciency and selectivity of
separation in a ferrofluid depends upon the pattern of the magnetic field in the
working gap of a magnet. This pattern is determined by the shape of the pole
tips. If the gradient of the magnetic field is not constant along the vertical axis
of the system (see Figs. 4.51 and 4.54), the apparent density of the fluid along
the vertical will also vary and several density fractions can be obtained, as is
shown in Fig. 4.53. Such an approach to material separation is acceptable only
if the density di erential between the components of a mixture is large and the
required accuracy of separation is limited.
For accurate separation into two well-defined density fractions the field gra-

dient must be constant along the vertical. Such a pattern of the field gradient
can be achieved using hyperbolic shapes for the pole tips, as shown in Section
4.8.2.
The fundamental relationship that defines the required field gradient is given

by eq. (2.9). For the required range of apparent densities, and for the range
of saturation polarizations of available ferrofluids, the field gradient can be de-
termined from eq. (2.9). Once the gradient of the magnetic field has been
determined, the shape of the pole tips can be designed using the procedure
outlined in Section 4.8.3.
A typical relationship between the apparent density, magnetic field strength

(or the electrical current in the coil) and the physical density of the ferrofluid
is shown in Fig. 5.106. It can be seen that, in this specific case, the apparent
density ranges from 2500 kg/m3 to 5500 kg/m3, depending on the density (and
magnetization) of the ferrofluid. The lower limit of the apparent density that
can be obtained in FHS, for a given shape of the pole tips, is determined by
the magnetization of the ferrofluid that can still be held in the separation gap
of the magnet. The upper limit of the apparent density is given either by the
maximum magnetization of the ferrofluid and/or by the acceptable viscosity of
the ferrofluid The e ects of the ferrofluid polarization and of the field gradient
on the apparent density, are shown in Figs. 5.107, and 5.108, respectively.
It can be seen, therefore, that for a given shape of the pole tips only a

relatively narrow range of apparent densities can be generated. In order to
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Figure 5.106: The apparent density of the ferrofluid as a function of the electrical
current, for various physical densities of the ferrofluid and for a
particular shape of the pole tips.

achieve higher (or lower) apparent densities, the shape of the pole tips has to
be re-designed, as described in Section 4.8.3. To obtain low apparent densities,
at which the ferrofluid is too weakly magnetic to remain in the working gap of
the separator, special measures must be introduced to restrain the fluid in the
separation space. In principle, it is essentially impossible to design a separator
operating e ciently over the entire range of apparent densities [G4].

Optimization of the pole-tip profile

A simplified approach to the pole-tip design required that the vertical compo-
nent of the field gradient be constant (eq. (4.60)). As has been discussed earlier,
most ferrofluids are not likely to be saturated at the magnetic field usually used
in ferrohydrostatic separators, (as shown in Fig. 5.98). In order to obtain the
shape of a pole tip that would ensure truly constant apparent density of the
ferrofluid along the vertical, it follows from eq. (2.9) that the product
must be constant, at the working magnetic induction of the ferrohydrostatic
separator:

= (5.28)

It is obvious that the shape of the pole tips thus obtained will ensure a
constant apparent density only for a ferrofluid of a specific density with known
details of its magnetization curve.
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Figure 5.107: The e ect of polarization of the ferrofluid ( 0 = 1000 kg/m
3) on

its apparent density when exposed to the field gradient of 2 T/m.

Figure 5.108: The e ect of magnetic field gradient on the apparent density of
ferrofluid ( = 0.02 T, 0 = 1000 kg/m

3).
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A well optimized shape of pole tips will generate an apparent density that
will be constant along a limited region along the vertical, at the centre of the
separation gap, as is shown in Fig. 4.57.

Feed preparation

Magnetic scalping In order to prevent blockage of the separation chamber,
strongly magnetic components must be removed from the feed by magnetic
scalping using, for instance, a permanent magnet roll. Selection of the type of
the magnet in the roll and of the operating conditions, is determined mainly by
the magnetic field strength generated by the ferrohydrostatic separator. FHS
units operating at high densities, or high-throughput separators, in which the
gap between the pole pieces is large, usually generate a magnetic field of the
order of 0.5 T or higher and an RE magnet roll should be used. Smaller units,
with throughputs up to 100 kg/h, usually use a magnetic field as low as 0.2 T
to 0.3 T, and scalping using a strontium ferrite roll is su cient. Material with
a magnetic susceptibility as high as 6×10 6 m3/kg (500×10 6 cm3/g) can be
fed into such a FHS machine without any problems.

As has been discussed in Section 3.8.4, materials with non-zero magnetic
susceptibilities, immersed in a ferrofluid, exhibit an e ective density that is
greater than their physical density. This density di erence, given by eq. (3.159),
increases with increasing magnetic susceptibility and external magnetic field, as
shown in Fig. 3.59. In those applications where accurate density separation
of materials, which di er in their magnetic properties, is required, accurate
magnetic scalping should be carried out. On the other hand, density di erential
as a result of di erences in magnetic susceptibilities can be advantageously used
to separate materials with similar physical densities. Using magnetic tracers,
the cut-point magnetic susceptibilities can be set quite accurately. Cut-point
magnetic susceptibilities down to 10×10 7 m3/kg can be set with strontium
ferrite rolls, while an NdFeB roll can remove materials with susceptibilities as
low as 2.5×10 7 m3/kg.

The e ect of moisture The presence of moisture has an e ect on the ef-
ficiency of separation and the degree of this influence depends on the type of
ferrofluid used, and on the size, wettability and porosity of particles to be sep-
arated. When a kerosene-based ferrofluid is used, the presence of moisture
reduces the e ective density of the material, which is reflected in a decreasing
amount of material reporting into the sink fraction, as can be seen in Fig. 5.109.
For highly selective separation of relative fine materials with close densities, it
is important, therefore, to feed the material into the FHS separator in a dry
form. However, a mixture of coarse materials, particularly with a large density
di erential, can be treated wet.
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Figure 5.109: The e ect of moisture on the FHS recovery of materials into the
sink fraction. Apparent densities for kimberlite, = 3500 kg/m3,
and for ferrochrome slag, = 5700 kg/m3 [S8, D16].

Separation chambers

Numerous designs of separation chambers have been used over the years and
their description can be found in a review article by Fujita [F8]. More recent
ferrohydrostatic separators usually use an open-ended stainless steel trough po-
sitioned between the hyperbolic pole tips of the magnet, as is shown in Figs.
2.103 and 4.56. Such a separation chamber shown in Fig. 5.110, is usually in-
clined at a small angle to facilitate movement of particles through the fluid. The
chamber can also be vibrated to assist in propelling particles into usually two
discharge outlets, where the float and sink fractions are collected. A splitter is
often installed to separate the sink and float fractions, and its judicious position
is important for accuracy of separation.
The most frequently employed separation chambers use a solid bottom, as

shown in Fig. 5.111, while the front end of the chamber is opened to allow con-
tinuous removal of the separation products. Although the bottomless chamber,
shown also in Fig. 5.111, allows simple removal of the sink fraction, the dis-
advantage is often a considerable sagging of the ferrofluid outside the working
space of the separator. Gubarevich [G4, G17] showed that, in equilibrium, the
balance of forces acting on the ferrofluid placed in a non-homogeneous magnetic
field is expressed by

=
1

0

Z ( 2)

( 1)

(5.29)
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Figure 5.110: Separation chamber of a ferrohydrostatic separator.
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Figure 5.111: Designs of separation chambers in FHS.
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Figure 5.112: Graphical determination of the equilibrium length of the fer-
rofluid column. The slope of the straight line is given by: =

0 (after [G4]).

where is the length of the column of the ferrofluid, and its density and
polarization, respectively. ( ) is the magnetic induction at position ( = 1,
2) as shown in Fig. 5.111. While an analytical solution of the above equation is
di cult, it is fairly easy to develop a graphical technique to solve the equation
and to determine the length of the ferrofluid column that can be held within
the magnetic field of the separator.
Figure 5.112 depicts a pattern of the magnetic induction along the vertical

axis with the origin at the lower edge of the pole pieces. If we assume that the
polarization is independent of the magnetic induction and thus = , then eq.
(5.29) can be re-written

=
0 (5.30)

where = ( 2) ( 1).
The tangent of the straight line in Fig. 5.112 is thus given by the right-

hand side of eq. (5.30) and intersections of the straight line = 0

with curve = ( ) determine the coordinates 1 and 2 of the end points of
the ferrofluid column. By shifting this line along the axis it is then possible
to determine the sagging of the ferrofluid, for a given length of the ferrofluid
column.
It is clear that only a limited length of the ferrofluid column can be retained

in a bottomless chamber before the fluid starts running out of the chamber.
Several methods have been proposed to address this problem. A layer of a
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Figure 5.113: Retention of a ferrofluid in a separation chamber by a more
strongly magnetic ferrofluid.

strongly magnetic ferrofluid based on a carrier liquid (e.g. kerosene) that is
immiscible with the working fluid (water) can be introduced into the separation
chamber [G4]. As can be seen in Fig. 5.113, such a strongly magnetic fluid
will form a "liquid bottom" that will support a su ciently high column of the
working fluid. Discharge of the sink fraction through the supporting layer is
facilitated by the fact that it is positioned in a zone with an inverted magnetic
field gradient, below the point at which = 0, as can be seen in Fig. 4.57.
An alternative technique to prevent sagging of the ferrofluid is the applica-

tion of a water column as shown in Fig. 5.114. This technique is particularly
suitable for the separation of materials of low density where a relatively feebly
magnetic ferrofluid is placed in a low-gradient magnetic field. The height
of the hydraulic support column, for a given ferrohydrostatic separator, can be
determined from a relationship

= (
1

0

Z
2

1

+ ) (5.31)

where is the density of the supporting liquid.

The mode of feeding

It is well established that the way in which the particles are fed into the ferrofluid
a ects significantly the results of separation. Particles can be dropped into
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Figure 5.114: Schematic diagram of a hydraulic support of a ferrofluid column
in FHS (adapted from [G17]).

the ferrofluid directly from a certain height or introduced indirectly into the
ferrofluid at essentially zero initial velocity from a ramp that determines the level
of the ferrofluid in the chamber. In the direct method, shown in Fig. 5.115, the
selectivity of separation is strongly dependent on the drop height, particle size
and on the depth of the ferrofluid pool, particularly for materials with small
density di erentials. Introduction of particles into the ferrofluid at non-zero
velocity, on the other hand, improves considerably the wetting of the particles
with ferrofluid, and partially eliminates the e ect of surface tension, which is of
importance in the separation of fine particles or particles of large aspect ratio.
In the indirect mode, the e ect of particle size is less pronounced, particu-

larly when the depth of the ferrofluid pool is su cient. However, the adverse
e ect of surface tension of the ferrofluid does not allow selective separation of
fine particles, particularly with a small density di erential. The e ciency of
separation, when the direct and indirect modes of feeding material onto the up-
per level of the ferrofluid are employed, is impaired by considerable interparticle
interactions within the pool of the ferrofluid, particularly when high feedrates
are used.
A comparison of trajectories of particles that were introduced directly into

the ferrofluid from a height of 10 mm and from essentially zero height (2 mm)
is given in Fig. 5.116. It can be seen that for a small drop height (2 mm),
a particle with density of 3500 kg/m3 will hover within the fluid of apparent
density of 3500 kg/m3, while a particle with density of 3400 kg/m3 dropped
into the fluid from 10 mm will sink.
Disadvantages of feeding material onto the top of the ferrofluid can be re-

duced by introducing the feed horizontally and directly into the centre of the
pool of the fluid. Such an approach was employed in the early AVCO, NASA
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Figure 5.115: Direct mode of feeding material into ferrofluid. Drop height: 40
mm [K23].

Figure 5.116: Comparison of trajectories of particles introduced in FHS from
di erent heights. Apparent density: 3500 kg/m3
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Figure 5.117: The experimental and theoretical partition curves for two modes
of feeding: directly onto the top of the fluid and directly into the
centre of the fluid [M14].

and US Bureau of Mines FHS machines [F8]. Particle flow modelling of such
a feeding mode has shown that in addition to the control of the initial velocity
of particles entering the fluid, interactions among particles can be reduced to a
minimum [M14]. In this mode, float and sink particles move in opposite direc-
tions, their interactions, leading to misplacement, are reduced and selectivity of
separation is improved, as illustrated in Fig. 5.117.

The selectivity of FHS

As has been discussed in Section 4.8.2, conditions of constant field gradient
along the vertical axis and zero gradient in transverse directions, as expressed
by eqs. (4.61), can be met only in the plane of symmetry passing through the
centre of the interpolar gap. In a real situation the field gradient along the
horizontal axis ( -axis, as denoted in Fig. 4.55) is always di erent from zero.
The horizontal component of the magnetic field increases from the centre of the
gap towards the pole tips and as a result of the field gradient thus created the
surface of the ferrofluid forms a meniscus. The particles are pushed towards the
centre of the gap, where the gradient and thus the apparent density, are lower.
While, in principle, this phenomenon improves the accuracy of separation, it
increases the crowding of the particles and the rate of interparticle interactions,
it reduces the e ective volume of the separation chamber in which separation
takes place.
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Figure 5.118: The experimental partition curve of Rhomag
R°
ferrohydrostatic

separator (De Beers) with hyperbolic pole tips, determined with
2 mm density tracers. Cut point density: 4450 kg/m3 [S8].

It is evident, therefore, from the foregoing discussion that the upper limit
of selectivity of separation can be achieved only when particles are fed into the
centre of the interpolar gap at a very low feed rate. Figure 5.118 illustrates the
partition curve of an FHS separator equipped with hyperbolic pole tips. The
curve was obtained using 2 mm density tracers and kerosene-based ferrofluid.
It can be seen that the separator could "see" a density di erence as small as 30
kg/m3 (0.03 g/cm3), which corresponds to the probable error of separation ,
defined by eq. (5.32), as low as 0.007.

= 75 25

2
(5.32)

where 75 and 25 are the densities of particles, 75% and 25% of which report
into the sink fraction.

The e ect of fluid level

From the analysis of particle trajectories in a ferrofluid outlined in Section 3.8,
the accuracy of separation depends on the depth of the fluid. The degree of
influence of the fluid depth depends on the mode of feeding, drop height, design
and length of the separation chamber, position of the splitter, particle size, and
density di erential between the materials to be separated. Typical dependence
of the e ciency of separation on the depth of the ferrofluid pool is shown in
Fig. 5.119. It can be seen that the accuracy of separation of tracers of density



452 CHAPTER 5. PRACTICAL ASPECTS OF MAGNETIC METHODS

Figure 5.119: The e ciency of separation of 2 mm density tracers in a ferrofluid
with cut-point density of 3450 kg/m3, as a function of the fluid
level. Comparison with 6 mm tracers of density 3400 kg/m3 is also
shown [D16, S8].

higher than the cut-point density is not a ected by the fluid level. However,
misplacement of the floating tracers increases with decreasing fluid level and
this misplacement becomes more pronounced for near-density tracers.
Such a behaviour of particles in the ferrofluid can be explained by realizing

that the gradient of the magnetic field, and thus the apparent density of the
ferrofluid are constant only in a limited region along the vertical as shown in Fig.
4.57. In a region closer to the bottom section of the pole tips the field gradient
rapidly decreases and so does the apparent density. Float particles that happen
to reach this low-density region, as a consequence of their parabolic trajectories,
will report into the sink fraction. This misplacement becomes more pronounced
with increasing size of the particles, as shown in Fig. 5.119.

The e ect of particle size

It is a well-confirmed fact that particle size plays an important role in any
type separation, and ferrohydrostatic separation is no exception. As has been
discussed in Section 3.8.5, the motion of particles in a ferrofluid is determined by
the interplay of assorted forces acting on the particles, and the balance of these
forces determines the trajectory of a particle in the ferrofluid and ultimately
the fraction into which the particle will report. The force of gravity, and the
magnetically and gravitationally-derived buoyancy forces, depend on the cube
of the particle size, while the hydrodynamic drag depends only on the first power
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of the diameter. It is clear, therefore, that the separation e ciency will depend,
to some extent, on particle size.
It has been shown in Section 3.8.3, that for particles smaller than 1 mm,

the e ective cut-point density is dependent on particle size, and the selectivity
of separation is, therefore, impaired. For particles smaller than 0.1 mm the
e ect of hydrodynamic drag becomes so pronounced that accurate separation
of materials with a narrow density di erence is virtually impossible.
For particles greater than 1 mm, the influence of hydrodynamic drag is negli-

gible and separation should be fairly accurate. The performance of a separator,
however, becomes a ected by design parameters, such as depth of the fluid,
length of the separation chamber, position of the splitter and mode of feed-
ing. As in any separation technique, classification into reasonably narrow size
fractions improves the e ciency of separation.
The upper limit of particle size that can be treated by FHS is determined

by the width of the bottom part of the tapered separation chamber which, in
turn, is determined by the width of the air gap of the magnet. Ferrohydrostatic
separators designed to treat particles up to 100 mm in diameter have been built
[G4].

The e ect of feed rate

The processing capability of a ferrohydrostatic separator is of considerable eco-
nomic importance. The feed rate a ects the separation e ciency and the op-
timum value of the feed rate is in turn a function of particle size and shape,
density di erence between the materials to be separated, mass split between
the sink and float fractions, design of the separation chamber and of the feeding
system, and on metallurgical requirements.
In general, as the feed rate through the separator increases, the separation

e ciency decreases. Interparticle collisions, particularly among the sinking and
floating particles, result in the change of their trajectories and thus in their mis-
placement. In addition, an increase in the feed rate shortens the residence time
of particles in the fluid pool and leads to further misplacement of the particles.
These e ects are more pronounced for feeds with a narrow size distribution, for
particles with a small density, di erence and for particles with densities close to
the apparent density of the ferrofluid.
The maximum feed rate acceptable from a metallurgical point of view is thus

determined by so many variables that no general rule can formulated and only
experimental tests can give information on the optimum operation of a ferro-
hydrostatic separator. Experience with separation of a wide range of materials
in a separation chamber, shown in Fig. 5.110, with direct feed onto the top of
the fluid, indicates that the approximate maximum feed rate is frequently of the
order of 400 kg/h per 100 mm of width of the feeder tray [S8].
A similar feed rate was used in the Hitachi FHS [N4] for an easy separation

of aluminium ( = 2700 kg/m3) from zinc ( = 7140 kg/m3) and copper ( =
8960 kg/m3) from metal scrap, in the particle size range - 50 + 6 mm.
The Tohoku University and Nittetsu Mining Co. (Japan) ferrohydrostatic
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separator for metal scrap recovery was operated at a feed rate of 700 kg/h/100
mm [S50, F8], while a feed rate as high as 1000 kg/h per 100 mm width of the
feeder tray was employed in the US Bureau of Mines FHS [K17], in a similar
application. The width of the feeder trays and of the separation chambers
ranged from 100 to 200 mm in these applications, corresponding to throughputs
between 500 kg/h and 2t/h.

Density stability and its control

For the accurate and selective separation of materials with small density dif-
ferences it is necessary to maintain accurate control over the apparent density.
Over a period of operation of FHS, the apparent density and the level of fer-
rofluid changes, as a result of temperature variations, ferrofluid evaporation and
changes in the operational characteristics of an electromagnet. One approach
to achieving high stability of the apparent density is to use a PC-based control
system that allows an operator to select the desired cut-point density from a
computer screen and the system then automatically controls the separator at
the set point. The apparent density can be continuously monitored, for exam-
ple, with the aid of a strain gauge. Any change in the apparent density, sensed
by the strain gauge, is used as an input into the closed loop control system that
manages the power supply operation so that a constant apparent density of the
ferrofluid is maintained.
Such an automated control of the system requires the separator to be accu-

rately calibrated. The calibration procedure is carried out using density tracers.
Once the system is calibrated and the apparent density has been determined,
the closed loop system automatically adjusts the apparent density to suit the
required cut point density.

5.6.3 Ferrofluid recovery and recycling

In order to keep the running costs of ferrohydrostatic separators low, it is es-
sential, for most applications, that the ferrofluid be recovered and recycled. At
the same time, from the environmental point of view, it is imperative to remove
tracers of ferrofluid from the products of separation. Several methods, usually
e cient and cost-e ective, have been developed for the recovery and recycling
of water-based and kerosene-based ferrofluids.

Recovery of a water-based ferrofluid

A water-based ferrofluid adhering to the products of separation can be easily
removed by washing the material with water. Fujita et al. [S50, F8] developed
a process for ferrofluid recovery outlined in Fig. 5.120. After the products of
separation are washed with water, the diluted suspension is acidified to change
the surfactant (sodiumdodecyl-benzene sulphonate), providing the secondary
adsorption layer, to free acid. A thickener and a centrifugal separator can then
be used to separate flocs from the excess water due to the washing process. The
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Figure 5.120: Recovery of water-based ferrofluid (adapted from Fujita [F8]).

concentrated flocs thus obtained are re-dispersed as a concentrated ferrofluid
by adding alkali and the lost surfactant. The loss of ferrofluid in this process is
claimed to be about 0.1% of the feed by weight. Diluted water-based ferrofluid
can be re-concentrated also by ultrafiltration, a slow and potentially onerous
process.

Recovery of a kerosene-based ferrofluid

A well-established procedure for recovering kerosene-based ferrofluid from the
products of separation is to wash particles with water. As this ferrofluid is
immiscible with water, the resulting emulsion can be separated either by set-
tling [R9, F27] or in a magnetic field [G17, D16, S81]. The latter approach is
very e cient and quick, and numerous designs of the magnetic-field-based fer-
rofluid recovery systems have been proposed [G19, G20, G21, S81]. A schematic
diagram of such a recovery system is shown in Fig. 5.121.
After the water wash, the emulsion is passed over a permanent magnet circuit

where the concentrated ferrofluid is separated from the wash water. A chamber
situated between the magnet pole pieces allows water to be displaced to the
top of the chamber, while the ferrofluid is attracted to the bottom part where
the magnetic field is strongest. The rate of drainage of the ferrofluid from the
chamber is determined by the ratio between the weight of the ferrofluid and
the holding strength of the magnetic system. The e ciency of recovery of the
ferrofluid by this method is, for particles bigger than 0.5 mm, usually greater
than 99%, even for rather porous materials,
In those applications where the final product(s) of separation have to be very
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Figure 5.121: Schematic diagram for recovery of kerosene-based ferrofluid.

clean, for instance for visual inspection, or where the value of the final product
is to be enhanced, the traces of hydrocarbon and magnetite must be removed
from the surface of the grains. This can be accomplished, for instance, by using
a biodegradable detergent [K23]. The inclusion of the detergent washing stage
in the ferrofluid recycle circuit is shown in Fig. 5.121. This additional step is
also essential for the cleaning of small particles, as the water wash alone is not
su ciently e cient for particles smaller that 0.5 mm [F27].

Although the kerosene-wash is more e cient than the water wash, partic-
ularly for small particles [F27], its e ciency is still unsatisfactory, mainly for
porous materials. It has been observed that, for instance, petrol can recover
more ferrofluid, by at least a factor of two, compared to kerosene [S8]. Straight-
chain aliphatics including petrol, are much less sterically hindered and have
enhanced solvating power. This results in better dissolution of the ferrofluids
from the pores and crevices for petrol compared with kerosene.

It is well-established experimentally, that the temperature of water does
not a ect the e ciency of ferrofluid recovery in the temperature range from
20 0C to 60 0C [S8, K25, F27]. Similarly, a high water flow rate was not
found to be advantageous in removing ferrofluid from particles [F27]. However,
pre-treatment of grains, for example by pre-wetting with water or other fluids,
resulted in more e cient removal of ferrofluid from the material and thus in
reduced losses of the fluid [G17].
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Figure 5.122: Kerosene-based ferrofluid drawn from FHS at di erent apparent
densities (adapted from [D16]).

Losses of ferrofluid

Although the methods of ferrofluid recovery, which have been discussed, are
very e cient, some ferrofluid is always lost during the separation and recovery
processes. This loss, and the e ciency of the ferrofluid recovery, depend mainly
on particle size, moisture content, surface preparation and porosity of particles.
Figure 5.122 shows that the amount of ferrofluid drawn by the products of
separation from the FHS separator depends mainly on the particles size and on
the operating apparent density of the ferrofluid. It can be seen that the amount
of ferrofluid drawn decreases with increasing apparent density, for a ferrofluid of
constant magnetization. At a higher apparent density, and thus higher magnetic
field, more fluid is held back by the magnetic field as the products of separation
emerge from the separator.

Typical losses of ferrofluid for various sizes of kimberlite are summarized in
Table 5.37. These values agree well with those reported by Gubarevich [G17]
for various non-ferrous ores and coal, at a size range, as a rule, of - 25 + 1 mm.
For materials with low porosity, such as metals, the losses are much lower.

Solodenko and Karmazin [S71] investigated the e ect of pre-treatment of the
feed material on losses of ferrofluid. They observed that by wetting the material
with water, losses of kerosene-based ferrofluid can be reduced by a factor 4 to 7.
In addition, a novel method of material pre-wetting was proposed, and it was
found that ferrofluid losses as low as 0.005 to 0.01 kg per tonne of the feed can
be achieved.
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Table 5.37: Loss of kerosene-based ferrofluid after water-wash of kimberlite
[D16, F20, S8, S82]).

Size fraction [mm] Loss of ferrofluid [kg/t of feed]
-1 + 0.85 0.7
- 1.7 + 1 0.58
- 4 + 2.8 0.28
- 8 + 4 0.27
- 12 + 8 0.12

5.6.4 Separation in a rotating ferrofluid

Magstream

It has been discussed in Sections 2.8.3 and 3.8.6 that a serious limitation of
ferrohydrostatic separation is the ine cient separation of fine particles. A pro-
posal to replace the force of gravity by a centrifugal force as the competing force
to the magnetically derived buoyancy force resulted in the development of the
rotation-based Magstream process [W7].
Numerous experimental investigations into the operational characteristics of

Magstream showed that the selectivity of this separator is 100 kg/m3 or worse
[K26]. In the application of Magstream to the separation of beach sands [K26]
the probable error Ep, defined by eq. (5.33) ranged from 0.14 to 0.43.

= 90 10

2
(5.33)

Based on experimental results with materials in the size range from 1 mm to
45 m, Kojovic [K26] proposed that the e ciency of separation Ep of Magstream
could be approximated by an expression

= 0 04 + 0 05
4 ( )2

10 10 (5.34)

where is the cut-point density and is the ferrofluid density, both expressed
in kg/m3, while the saturation polarization of the ferrofluid in given in T.
It is clear from eq. (5.34) that a greater precision of separation is achieved

for lower cut-point density and with a fluid of higher magnetic polarization. It
can also be seen that selectivity of Magstream is at least an order of magnitude
lower than that of ferrohydrostatic separation.
An important disadvantage of Magstream is that it is not possible to measure

the apparent density of the ferrofluid and thus to calibrate the instrument. The
apparent density and thus the cut-point density can be only calculated from eq.
(3.173) and their determination is thus as accurate as the theory from which
such an equation was derived.
A significant problem that a ected the accuracy of Magstream was the low

magnetization and high viscosity of the biodegradable water-based Magstream
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ferrofluid. A rather steep dependence of the fluid magnetization on its density
resulted in a high sensitivity of the fluid density and thus of the cut-point density
to the ambient temperature and to the temperature of the ferrofluid within the
separation space.

In view of the fact that the Magstream concept is potentially advantageous
compared to static techniques such as ferrohydrostatic separation, exploitation
and further development of this concept would be worthwhile and it could result
in a really accurate separation technique.

Separation in a hydrocyclone using magnetic fluids

Another innovative concept how to eliminate the poor separation e ciency of
fine particles in ferrohydrostatic separators was proposed by Lin and Fujita
[L18, L19]. A cyclone was placed between the pole tips of a magnet that gen-
erated a non-homogeneous magnetic field. The apparent density of a ferrofluid
introduced into the cyclone could be controlled by pressure di erential and flow
rate. This concept combined the principles of centrifugal and ferrohydrostatic
levitation. Selective separation of material as fine as 38 m into the overflow
and underflow fractions was achieved in a continuously variable density range
up to 5000 kg/m3.

5.7 The application of magnetism in other areas
of material handling

The e ciency of separation of a mixture of materials into individual components
which have properties of similar magnitude (for instance density, magnetic sus-
ceptibility, electrical and thermal conductivity, and others) can be increased
by simultaneous exploitation of two or three of these properties. By providing
such additional external forces, which can vary over a wide range of values, it
is possible, in principle, to manipulate a material more e ciently under a wide
spectrum of experimental conditions.

Magnetic forces o er a unique approach to material manipulation. One
of the main advantages of material treatment in a magnetic field is that the
magnetic force can be superimposed on other physical forces and several physical
properties of materials can, therefore, be exploited simultaneously. There are
numerous examples where innovative combinations of forces, including magnetic
force, were attempted, albeit with varying degree of success. The most natural
approach to synergetic application of multiple forces in material handling is a
combination of a magnetic force with the force of gravity. Magnetic force has
been applied to spirals, tables, jigs and hydrocyclones. Attempts have also been
made to apply magnetism to vacuum filtration and column flotation. A brief
review of these attempts is given below.
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Figure 5.123: Magnetic cyclone for beneficiation of iron ores (adapted from
Yurov [Y5, Y6]).

5.7.1 Magnetic cyclone

The concept of a magnetic cyclone was developed in the late sixties of the last
century as a natural extension of a conventional hydrocyclone with the objective
of providing an additional external force to supplement the gravitational and
centrifugal forces that cause classification and separation. Iron ore beneficiation
and heavy media manipulation are two areas in which the magnetic cyclone was
applied on production scale. A review of some of the concepts and applications
of a magnetic cyclone can be found in [F29].

Iron ore beneficiation

Probably the first magnetic cyclone was developed and applied in mineral process-
ing on a production scale in the former Soviet Union [Y5, Y6]. A schematic
diagram of such a magnetic cyclone is shown in Fig. 5.123. A slurry of roasted
magnetite passing through the first ferrite permanent magnet system became
magnetized and the flocs thus formed reported into the underflow. In the vicin-
ity of the overflow, moderately magnetic unflocculated particles were exposed to
another magnet. Additional flocs thus created also reported into the underflow.
The diameter of the cyclone was 2500 mm and a throughput of up to 190 t/h
of solids was achieved. At least 24 such cyclones were in operation in 1986 at
the CGOK plant.
Freeman et al. [F30] emulated the above approach simply by replacing the
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Figure 5.124: Schematic diagram of a heavy media magnetic cyclone for the
control of density di erential [S84].

ferrite magnets with rare-earth NdFeB permanent magnets. Improved recovery
of magnetite, compared to a standard hydrocyclone, was reported.
A straightforward improvement of the Russian concept was proposed by

Watson et al. [W27]. The magnetic circuit used in this cyclone consisted of
a two-coil 0.2 T electromagnet which attracted the magnetizable particles to
the walls of the cyclone from where they were directed to the underflow. The
system was found to separate magnetic particles e ciently into the underflow
and reject "non-magnetic" particles to the overflow only for small-diameter (
100 mm) cyclones. For larger-diameter cyclones, the results were disappointing.
Fricker [F28] proposed a di erent system for the magnetic circuit with the

objective of attracting magnetizable particles to the centre of the cyclone and
then through the overflow. An electromagnet of horseshoe cross-section, with
the magnetic field gradient increasing radially inwards, was used and the hy-
drocyclone section was fitted between the two poles of the magnet. The device
was applied, with modest success, to the beneficiation of iron sands.
Boxmag-Rapid Ltd. have improved the above described designs by em-

ploying a quadrupole electromagnet [A34, A35]. The quadrupole arrangement
generates a higher magnetic field gradient and thus a stronger magnetic force
compared to the dipole configuration. However, theoretical analysis of the mul-
tipole magnetic cyclones [G22] revealed that the quadrupole arrangement is not
su ciently powerful for successful separation and the eight-pole configuration
is optimum.
The Boxmag-Rapid device was designed as a thickener for de-watering the
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dilute medium from the rinse screens in heavy media recovery plants, where
the higher recovery of the magnetic cyclone can lead to a smaller size of the
wet drum magnetic separators. In iron-ore treatment the magnetic cyclone was
intended to replace conventional large-diameter thickeners and cyclones, to give
higher unit throughputs and magnetic recoveries.
In order to increase the magnetic force in a cyclone, Savitzky et al. [S83]

proposed to incorporate ferromagnetic rings on the outside of the conical part
of the cyclone, along its vertical axis. These rings become magnetized by the
externally positioned coils and generated, therefore, a higher magnetic field and
field gradient. The presence of several coils and the ferromagnetic rings, allowed
optimization of the patterns of the magnetic force in di erent zones along the
axis of the cyclone. A similar design, based on permanent magnets, was used,
on laboratory scale, for beneficiation of beach sands [P24].
Despite these e orts, the concept of the magnetic cyclone as applied to iron

ore beneficiation and thickening has not been accepted by the mining industry.
Insu cient understanding of the theoretical principles of magnetic cycloning
and rather unsophisticated design of the magnetic circuits are the main reasons
for the disappointing performance of such devices. Typically, the performance of
magnetic cyclones has been characterized by ine cient mineral recovery, unde-
sirable flocculation of magnetic particles, poor concentrate grades, and product
accumulation in the cyclone.

Heavy media manipulation

In order to a ect the distribution of the particles of the magnetic medium
and thus the density di erential (di erence between the underflow and over-
flow medium densities) within the cyclone, Svoboda [S84] proposed to apply
a vertically oriented magnetic field generated by a solenoid wound around the
cyclone. The arrangement is shown in Fig. 5.124. By adjusting the magnetic
field strength and by suitable positioning of the magnet, it is possible to control
the density distribution of the heavy media and to set an optimum density dif-
ferential, cut-point density and Ep for the Tromp curve of the cyclone. Figure
5.125 illustrates the e ect of the magnetic field on the density di erential in the
cyclone. It can be seen that, by applying the magnetic field, the density di er-
ential between the overflow and underflow decreases until it reaches a minimum.
With a further increase in the field, the density di erential begins to rise. This
is the result of the onset of magnetic flocculation of the ferrosilicon particles,
increased settling of the magnetic flocs and distortion of the flow pattern within
the cyclone. The greatest reduction in the density di erential was achieved with
the magnet close to the overflow because the closer the magnet is to the over-
flow, the more uniform the distribution of ferrosilicon within the cyclone. It is
even possible to induce inversion of the density, resulting in a negative density
di erential.
The ability to vary the density di erential enabled the density di erential

to be related to the mean probable error. By determining the minimum Ep
it was possible to identify the density di erential at which the cyclone should
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Figure 5.125: Density di erential as a function of the magnetic field strength,
for various positions of the magnet and for two feed densities.
Ferrosilicon: 270D (adapted from [S85]).

operate to provide the highest selectivity of separation. It can be seen in Fig.
5.126 that the minimum value of Ep, for 270D ferrosilicon, occurred at a density
di erential of 250 kg/m3, in agreement with the plant experience [F31].

Subsequent test work was carried out on production scale by Myburgh [M31].
She observed that the magnetic field had a similar e ect on the operation of a
small (100 mm) and large (510 mm) cyclone, shown in Fig. 5.127. It was also
found that the e ect of the field was the same whether medium alone or medium
plus diamondiferous gravel feed was used. It was observed that by applying a
magnetic field, the medium was stabilized, which resulted in a reduction in the
underflow density with increasing magnetic field strength. It was also found that
by direct manipulation of the underflow density, the cut point can be directly
controlled. As a consequence, the yield to the concentrate was reduced with
concomitant reduction of the volume of material to be processed downstream.

Additional pilot-plant scale test work was conducted at De Beers [V8], in a
well-defined fully instrumented dense medium system, shown in Fig. 5.128, to
verify observations acquired in a long-term industrial plant environment, The
feed, underflow and overflow densities were recorded on-line and the e ect of
the magnetic field on the latter two densities is clearly noticeable in Fig. 5.129.
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Figure 5.126: Mean probable error Ep and density di erential, as a function of
magnetic induction, for 270D ferrosilicon (adapted from [S85]).

Figure 5.127: A cyclone with solenoid in a bottom position.
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Figure 5.128: The fully instrumented DebTech (De Beers Consolidated Mines,
Ltd.) pilot-scale DMS plant, equipped with 100 mm cyclone [V8].

Figure 5.129: The on-line observation of the e ect of the application of the mag-
netic field on the underflow and overflow densities.
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Figure 5.130: Comparison of performance of various processes for the benefici-
ation of magnetite ore (30.4 % Fe, 94% - 44 m), (adapted from
Yalcin [Y7]).

The results confirmed the previous pilot-plant and production-scale obser-
vations of the e ect of the magnetic field on the density di erential, cut-point
density and Ep. It was also observed that for a specific selection of the magnetic
field strength, to give a suitable density di erential, the yield to the concentrate
was reduced [V8].

5.7.2 Magnetic gravity separation, flotation and vacuum
filtration

Although the initial e orts to combine the force of gravity with a magnetic force
in spirals and shaking tables date back to the middle of the last century, success
has been limited. The modification of a gravity separator usually consists of
placing permanent magnets under the separating surface. The magnets can be
arranged so that an intermittent or a moving magnetic field permits removal
of the magnetic material to the concentrate discharge slot [M32]. In spite of
obvious advantages and often promising results, the technique has not found a
wide-spread application in material processing. A more sophisticated approach
to the understanding of the physical principles of the process and to magnetic
circuit design is required for this method to fulfil its potential.
The application of a magnetic force to column flotation was investigated

by Yalcin [Y7]. The device consisted of a conventional flotation cell with a
column attached to one side. The column was fitted with an array of rare-earth
permanent magnets. The top of the flotation cell was sealed o and the froth was
forced to flow over the magnets. Magnetic particles that may be carried with the
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froth were then captured and returned to the cell. This technique, designed to
prevent the recovery of magnetic materials to froth products while non-magnetic
minerals were floated, produced a high-grade magnetite concentrate at high
recovery, compared to alternative processes, as illustrated in Fig. 5.130.
Watson et al. [W28, W29] demonstrated that a magnetic force can enhance

solid/liquid separation of magnetic slurries in drum or disk vacuum filters. A
laboratory vacuum drum filter, equipped with rare-earth permanent magnets
(with a magnetic induction of 0.16 T at the cloth), was applied to the filtration
of magnetite pulp and steel plant waste sludge. It was observed that the capacity
of the filter could be increased by up to 300% without significantly increasing
the moisture content of the cake.
The filtration results using an industrial disk filter equipped with ferrite

permanent magnets (magnetic induction at the filter cloth of 0.035 T), demon-
strated that the filter capacity could be increased by a factor of two, with a
slight increase of 1% to 4% in the cake moisture content.

5.7.3 Magnetic jigging

The basic idea of combining gravitational and magnetic fields in the jigging
process for separation of fine particles was proposed and the physical principles
of such a process outlined by Lin et al. [L20]. A mathematical model of a batch
magnetic jig was developed, and the bed dynamics were analyzed and compared
with the theoretical predictions [L20]. Lin et al. [L21, L22] further expended
the theory of magnetic jigging and described particle motion and separation in
a continuous magnetic jig
This analysis indicated that the superposition of gravity and relatively weak

magnetic forces principally changes the character of jigging, and enables the
separation of mixtures that are di cult to beneficiate. It was shown that the
introduction of additional magnetic force in the range of 0.2 to 0.4 of the
magnitude of the gravitational force (i.e. = 0.2 to 0.4 ) allows separa-
tion of particles of small density di erential for particle diameter smaller than
0.04 mm. For larger particles, with diameters in the range - 0.2 + 0.04 mm, the
additional magnetic force providing the separation increases to 0.5 to 0.8 .



 

 

 

 

 



Chapter 6

Industrial Applications of
Magnetic Methods of
Material Treatment

During the last forty years of the 20th century, magnetic separation evolved from
a simple technology for manipulation of strongly magnetic coarse materials into
a powerful technique for the treatment of weakly magnetic, finely dispersed par-
ticles. Development of magnetic separators based on powerful new permanent
magnets, construction of reliable superconducting magnets, design of e cient
eddy-current separators and production of magnetic carriers and low-cost mag-
netic fluids enabled the extension of this technology from mineral processing to
diverse areas of science and engineering. The spectrum of applications of the
magnetic techniques to material manipulation is formidable. The concentration
of various ferrous and non-ferrous minerals has become an important applica-
tion, as has the removal of low concentrations of magnetizable impurities from
industrial minerals. Removal of impurities from waste water, the recycling of
metals from industrial wastes and the concentration or removal of biological
objects in medicine and biosciences, have become important areas of applica-
tion of magnetic technology. In view of the enormous wealth of information on
various current applications of magnetic techniques to material handling, only a
cursory review of these applications can be given in this monograph. A detailed
description of some of the earlier industrial applications of magnetic separation
to minerals beneficiation can be found in [S1].

469
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Figure 6.1: Schematic illustrations of the trommel magnet system [S86] (cour-
tesy of Eriez Magnetics, Inc.).

6.1 Treatment of minerals

6.1.1 Recovery of grinding ball fragments from SAG and
ball mills

Grinding ball fragments from SAG and ball mills cause serious wear to down-
stream processing equipment. These fragments, recirculating in a milling circuit,
cause wear to sumps, pumps, hydrocyclones and interconnecting piping. Mag-
netic separation systems designed to remove grinding ball fragments from the
mill discharge have been developed and successfully applied in milling circuits.
Trommel and trunnion magnet systems developed by Eriez Magnetics were

applied at the Escondida Copper Concentrator in Chile and subsequently at
other concentrators, including Los Pelambres [S86].
The trommel magnet shown in Fig. 6.1 consists of an arc of permanent mag-

nets mounted at the discharge end of an existing trommel screen. The magnet
removes the grinding ball fragments from the oversize material allowing the
oversize ore to be returned to the circuit for processing. As can be seen in Fig.
6.1. the system consists of a blind trommel, magnet sector, support structure
and a discharge hopper. The function of the blind trommel is to provide a flange
to transport the trommel oversize material through the magnetic field.
During operation, the trommel screen oversize material moves across the

blind trommel prior to discharging into a sump. Any strongly magnetic mater-
ial will be attracted to the magnetic arc and held to the rotating blind trommel.
This material is then released as it rotates past the end of the magnet sec-
tor. Figure 6.2 shows an installed trommel magnetic system mounted on the
discharge end of a trommel screen.
After the installation of the trommel magnet in the Escondida concentrator
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Figure 6.2: Trommel magnet (foreground) mounted at the discharge end of a
trommel screen (courtesy of Eriez Magnetics, Inc.).
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Figure 6.3: Block flowsheet of a dense medium plant.



472 CHAPTER 6. INDUSTRIAL APPLICATIONS

126 tonnes of grinding ball chips were removed on the first day. This amount was
progressively decreasing with each subsequent day and after the fifth day the
recovered fragments stabilized at about 7 tonnes per day [S86]. When installed
at the Los Pelambres Copper Concentrator (Chile) on a SAG mill, on average
16.6 tonnes of ball chips per day were collected.
The trunnion magnet was subsequently designed to collect magnetically the

grinding ball fragments directly from the mill discharge stream without the use
or requirement of a trommel screen. The magnet installed at a ball mill at Los
Pelambres collected, on average, 34.8 tonnes of ball chips per day.
Installation of these magnetic systems for the removal of grinding ball frag-

ments resulted in extension of the lifetime of pumps by 300%, the milling
throughput increased by 5% and the energy consumption decreased by 10%.

6.1.2 Heavy medium recovery circuits

Dense medium separation has been practised for a long time in the coal, iron
ore and diamond industries and in spite of its long history and relative matu-
rity the process is being steadily improved. The DMS plant block diagram is
shown in Fig. 6.3, while Fig. 6.4 illustrates the medium recovery circuit with
water recycling. Since the major component of the total loss of heavy medium
is the magnetic loss, significant emphasis has been placed on the development
of the magnetic circuits and their operation. Improved drum and tank designs
provide better recoveries and correct adjustment and optimization of variables
a ecting operation of magnetic separators also provide more e cient and eco-
nomical operation of the circuit. Implementation of rare-earth drum magnetic
separation, with important consequences for better recoveries of heavy media
and for simplification of the entire circuit, will be the next step for improvement
of this mature process.

6.1.3 Beneficiation of iron ores

EVTAC Mining Co., Minnesota, USA

EVTAC Mining, the magnetite concentrate and pellet producer, has recently
faced a problem of the reduced feed grade and the need to move into mining areas
of lower-grade ore with a higher silica content and lower magnetic susceptibility
iron minerals. In order to reverse the losses of the magnetic minerals, low-
intensity magnetic separators developed during the 1960s were replaced by more
e cient Metso Minerals machines.
The original 98 concurrent Stearns low-intensity magnetic drum separators

(900×2400 mm) in the rougher circuit were replaced in 2001 by 20 Metso Min-
erals counter rotation LIMS, shown in Figs. 6.5 and 6.6. In addition to consid-
erable reduction in floor space, the replacement separators o ered advantages
such as a longer pick-up zone, increased retention time and self-adjusting level
control. The metallurgical performance of the new separators exceeded not only
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Figure 6.4: Dense medium recovery circuit with water recycling (adapted from
Dardis [D13]).

Figure 6.5: Metso Minerals low-intensity counter-rotation permanent magnet
drum separator (courtesy of Metso Minerals).
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Figure 6.6: Metso Minerals low-intensity permanent magnet drum separator
(courtesy of Metso Minerals).

Table 6.1: Metallurgical results of rougher optimization at EVTAC Mining [E6].

Parameter Metso LIMS Stearns LIMS
Feed [% solids] 30 - 35 42.3
Davis Tube concentrate [%] 6.5 13.1
Recovery [% Fe] 99.6 96.9
Davis Tube total conc. [%Fe] 68.9 68.5
Davis Tube total tails [%Fe] 54.9 57.5
Silica in conc. [%Si] 19.3 18.0
Silica rejection [%] 26.8 27.3

that of the original separators but also the set target. The metallurgical results
from the optimized rougher circuit are summarized in Table. 6.1.
Following the success of the rougher circuit optimization, the Metso LIMS

machines were tested in the cobber position. The new cobbers improved the
recovery and grades in both the concentrate and tails streams and their in-
stallation resulted in a reduction of 75% in the original equipment [E6]. The
metallurgical improvements are recorded in Table 6.2, while Fig. 6.7 illustrates
the pattern of the iron recovery and the feed grade as a function of time.

Iron ore beneficiation by the Ferrous Wheel magnetic separator

Ferrous Wheel magnetic separators, described in Section 2.4 have been applied
to the beneficiation of weakly magnetic iron ores at several mining operations.
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Table 6.2: Metallurgical results of cobber optimization at EVTAC Mininig [E6].

Parameter Metso LIMS Stearns LIMS
Feed [% solids] 35 - 40 43.7
Feed grade [% Fe] 21.6 20.8
Concentrate grade [% Fe] 33.1 32.4
Recovery [% Fe] 97.2 92.4
Mass recovery [%] 63.9 59.5
Davis Tube total conc. [% Fe] 68.8 69.1
Davis Tube total tails [% Fe] 53.8 61.9
Silica in conc. [% Si] 33.7 34.2
Silica rejection [%] 22.2 22.7

Figure 6.7: Magnetic iron recovery and the feed grade at EVTAC (adapted from
[E6]).
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Figure 6.8: Installation of sixteen Ferrous Wheel magnetic separators to recover
hematite from tailings ponds (courtesy of Eriez Magnetics, Inc.).
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Figure 6.9: Magnetic separation circuit at the Mutuca Plant, Minas Gerais,
Brazil (courtesy of S.C. Amarante).
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Table 6.3: Production-scale results at the Hercules Mine [P15].

Product Mass [%] Grade [% Fe] Recovery [% Fe]
LIMS 0 - 8 55 - 61 0 - 9
FW Rougher magnetics 18 - 35 57 - 60 22 - 41
FW Scavenger magnetics 13 - 34 55 - 57 15 - 38
Combined concentrate 49 - 58 56 - 58 58 - 68

Hercules Iron Mines, Coahuila, Mexico In 1995 the Grupo Acerero del
Norte’s Hercules Mine expanded its concentrator to recover iron values from mill
tailings. The expansion incorporates low-intensity drum magnetic separators
and matrix magnetic separators as a pre-concentration stage. Flotation is then
used to produce the final iron concentrate for pelletization.

Approximately 6 million tonnes of flotation tailings, averaging 50% Fe, mostly
hematite, are contained in tailings ponds. The tailings are relatively fine at 93%
-75 m and 72% - 25 m. The non-magnetic fraction from the low-intensity
drum magnetic separator is treated by 15-ring Ferrous Wheel (FW) separators,
with 2.44 m diameter rings, equipped with the 14 mesh screen cloth matrix.
The ferrite permanent magnets generate a magnetic induction of 0.1 T in the
open air in the upper rougher stage, while the magnets in the lower scavenger
zone produce a background magnetic induction of 0.22 T.

The results of the production-scale tests at Hercules are summarized in Ta-
ble 6.3. The best combined results of LIMS and Ferrous Wheel separators were
obtained at a feed rate of 26 t/h at 37% to 38% solids. As a result of success-
ful pilot-scale and production-scale tests, additional three low-intensity drum
magnetic separators (1220 mm diameter and 3170 mm drum width) and sixteen
Ferrous Wheel separators, shown in Fig. 6.8, were installed [P15].

Mutuca Plant, Minas Gerais, Brazil Four 15-ring Ferrous Wheel sepa-
rators were installed in 2001 at the Mutuca plant of MBR, Minas Gerais, the
second largest Brazilian iron ore producer, to treat 240 t/h of cyclone under-
flow at the iron ore beneficiation plant. A schematic diagram of the magnetic
separation circuit of the MUT plant is shown in Fig. 6.9. The plant expan-
sion followed extensive laboratory and pilot-scale tests [A36]. The results of the
tests confirmed that significant reduction in concentration of aluminium-bearing
minerals and of silica could be achieved at high iron oxide recovery. It was also
observed that loss on ignition and concentration of manganese and phospho-
rus also decreased significantly. Figure 6.10 illustrates the performance of the
Ferrous Wheel separator at the Mutuca plant. The Ferrous Wheel separator
installed at the Mutuca Iron Ore Plant is shown in Fig. 6.11, while Fig. 6.12
illustrates the positioning of the magnetics/non-magnetics splitter within the
Ferrous Wheel machine.
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Example of results for 75% TAM + 25% MUT
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Figure 6.10: Performance of Ferrous Wheel magnetic separators at the Mutuca
Iron Ore Plant, Brazil (courtesy of S.C. Amarante).

Figure 6.11: Ferrous Wheel magnetic separator installed at Mutuca Plant,
Brazil (courtesy of S.C. Amarante).
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Figure 6.12: The positioning of a magnetics/non-magnetic splitter in the Ferrous
Wheel separator at Mutuca Plant (courtesy of S. C. Amarante).

Fábrica Mine, Forteco Minerac̨ão SA, Brazil

The concentrator plant of Fábrica Mine, which started beneficiating itabirite ore
in 1977, was using nine Jones wet high-intensity magnetic separators DP317,
with 1.5 mm gap and a magnetic induction of 1.2 T, to produce a concentrate
for pelletization. These WHIMS units were operating in parallel at a feed rate
of 110 t/h, with a feed grade of 47% Fe, of which maximum 0.8% was magnetite.

The increasing production rate and decreasing grade of the ore in the nine-
teen eighties resulted in the increase of the magnetite content, up to 3%, in
the feed to magnetic separators. This, combined with the need to increase the
magnetic field strength to treat finely disseminated hematite, resulted in partial
clogging of the separation boxes.

After extensive pilot-scale testwork the WHIMS plant was modified into
a two-stage process using the existing nine Jones separators. The width of
the gap of the first stage, with four machines, was increased to 3.5 mm, which
corresponded to a magnetic induction of 0.7 T. This first medium intensity stage
was followed by a higher intensity WHIMS stage, with five machines operating
at 1 T and 1.5 mm gap width. Feed rates of up to 320 t/h in the first and 240
t/h in the second stages could be achieved [H24].

The new circuit, the flowsheet of which is shown in Fig. 6.13, allowed an
increase in the overall production rate from 832 t/h to 1200 t/h, and an increase
in the recovery of iron from 65% to 70%.
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Figure 6.14: Flowesheet of the BHP (Australia) three-stage WHIMS plant for
the beneficiation of hematite ore (adapted from [H25]).

BHP, Australia

A three-stage Jones WHIMS separation circuit, shown in Fig. 6.14, beneficiates
hematite ore at the rate of 190 t/h at one of the BHP plants in Australia
[H25]. The grade of the feed into the circuit is approximately 63% Fe and 8%
SiO2+Al2O3. The grade of the final product from the circuit, at a recovery of
71% Fe, is 67.7% Fe and the content of SiO2+Al2O3 is less than 2%.
At another BHP Iron Ore (Goldsworthy) plant, three Reading WHIMS ma-

chines have been used to recover iron from - 100 m hematite ore [M29]. The
upgrading of the feed (50.5% Fe, 19.7% SiO2 and 4.80% Al2O3) is achieved by
rejection of silica and alumina into the tailings. At an overall recovery of 73.7%
Fe the grade of the final concentrate amounts to 61.5% Fe, 6.2% SiO2 and 2.09%
Al2O3. The flowsheet of the process is shown in Fig. 6.15.

The application of SLON WHIMS to the beneficiation of iron ores in
China

The first SLON wet high-intensity magnetic separator was developed in 1988
and since its introduction into the market it has been successfully installed at
numerous mineral processing plants in China. At present SLON separators of
various sizes are operating at more than 30 beneficiation plants.
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Figure 6.17: SLON-1500 separators operating in Meishan Iron Ore Plant (cour-
tesy of the Ganzhou Non-ferrous Metallurgy Research Institute,
China).
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(adapted from [X5]).
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Figure 6.19: SLON 1750 wet high-intensity magnetic separators operating at the
Qi Dashan Beneficiation Plant, China (courtesy of Xiong Da-he).

Meishan Iron Ore Mine, China Meishan Iron Ore Mine processes 4 mil-
lion tonnes of iron ore and produces about 2.6 million tonnes of iron concentrate
annually. Because of a relatively high content of phosphorus, the iron concen-
trate did not meet market requirements. In recent years 18 SLON Model 1500
WHIMS machines have been applied to reduce the concentration of phospho-
rus. The Meishan Mine circuit is the largest application of SLON separators in
China.
In the flowsheet shown in Fig. 6.16, the iron concentrate from sulphide

flotation (70% - 75 m) is first exposed to low-intensity magnetic separators to
remove magnetite. SLON 1500 machines, shown in Fig. 6.17, are then used as
roughers and scavengers to recover hematite and siderite.

Qi DashanMineral Processing Plant, China Qi DashanMineral Process-
ing Plant in Liao Ning Province, China, processes 8 million tonnes of low-grade
iron ore per annum. Hematite, magnetite and limonite are the main iron min-
erals. The original beneficiation process for the coarse fraction (- 75 + 20 mm)
was based on roasting, grinding and low-intensity magnetic separation. Since
the final concentrate could not meet the metallurgical requirement of 67% Fe,
the flowsheet was re-designed and six SLON separators Model 1750 were im-
plemented, as is shown in Fig. 6.18. Figure 6.19 depicts SLON separators in
operation.
In the new flowsheet the ore is ground to 60% - 75 m and classified in a

hydrocyclone. While the underflow is treated by spirals, the overflow is upgraded
by LIMS, SLON WHIMS and flotation. Compared to the original roast-LIMS
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plant (adapted from [M33]).

flowsheet the grade of the concentrate is higher by 3.6% and the recovery of iron
is higher by 5.6% [X5].

Beneficiation of iron ore in Krivoy Rog, the Ukraine

Oxidized ferruginous quartzites of deposits in the Krivoy Rog Basin consist
mainly of magnetite (4.5%), hematite and martite (38.4%), iron hydroxides
(9.5%) and quartz (44.9%). The mineral grains are liberated at - 45 m, al-
though hematite is liberated at - 15 m. Various beneficiation methods were in-
vestigated when the Krivoy Rog Mining and Beneficiation Complex (KGOKOR)
was designed [M33, M34,U3]. The ultimate flowsheet includes 11 sections, each
having a capacity of 2.4 Mt of ore per annum. High-intensity three-rotor separa-
tors 6-ERM 35/315 with grooved plate matrix form the core of the beneficiation
circuit [M33]. Throughput of the separator is 100 t/h, rotor diameter 3150 mm,
magnetic induction 1.35 T and the gaps between the grooved plates 4 mm. The
non-magnetic fractions from the top rotor are re-cleaned in the middle and lower
rotors. The flowsheet of the KGOKOR beneficiation plant is shown in Fig. 6.20
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Figure 6.21: Geographical positions of the Krivoy Rog, Nikopol and Marganets
(the Ukraine) iron and manganese ore deposits.

Figure 6.22: The grade of the magnetic concentrate from the Ordzhonikidze
Basin manganese slimes, as a function of the magnetic field
strength, as obtained with Jones and VMS separators (adapted
from [V9]).
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Figure 6.23: The recovery of manganese into the magnetic concentrate of the
Ordzhonikidze Basin slimes, as a function of the magnetic field
strength, obtained with Jones and VMS separators (adapted from
[V9]).

and the geographical location of the plant in Fig. 6.21.

Treatment of tailings from the Krivoy Rog GOK The Krivoy Rog bene-
ficiation plant generates more than 60 million cubic meters of tailings annually.
By employing wet high-intensity magnetic separation iron-rich and iron-poor
products are obtained. These products are then used in the building industry:
the iron-rich fraction, containing up to 38% Fe is used as a correction component
in the production of portland cement clinker, while the non-magnetic fraction
with an iron concentration of 7% is used for the manufacture of bricks [K27].

6.1.4 Beneficiation of manganese ores

The exhaustion of high-grade oxide manganese ores and gradual introduction
of the increasing volumes of low-grade oxide and carbonate manganese ores
into the beneficiation process result in the reduction of the e ciency of their
upgrading. In addition, during the beneficiation process, large quantities of
tailings are generated, with manganese minerals usually smaller than 20 m.
The slimes are the main source of losses of manganese.
Extensive research at the Mekhanobrchermet Institute (the Ukraine) demon-

strated wet high-intensity magnetic separation as a promising method of increas-
ing the e ciency of beneficiation of refractory manganese ores and their slimes
from the Nikopol basin in the Ukraine. Laboratory and pilot-scale tests were
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Figure 6.24: Flowsheet of the Chkalovsky manganese ore beneficiation plant,
the Ukraine (adapted from [V9]).

conducted using Jones WHIMS with the plate matrix and VMS high-gradient
separator with rod and grid matrices. The results of the tests are summarized in
Figs. 6.22 and 6.23. The results confirm that the VMS separator equipped with
rod and grid matrices produced the manganese concentrate with a considerably
higher recovery [V9].
The production-scale circuit for the treatment of the manganese slimes,

which included full-scale VMS 100/2 magnetic separators was installed in 1988
at the Tchkalov beneficiation plant of the Ordzhonikidze GOK in the Nikopol
Basin (the Ukraine) [L23, L24]. The geographical position of the basin is shown
in Fig. 6.21 and the flowsheet of the 400 kt per annum pilot plant at the
Tchkalov beneficiation plant is illustrated in Fig. 6.24. The VMS separator
installation at the Tchkalov plant is shown in Fig. 6.25. Two VMS magnetic
separators are also in operating at the Marganets plant.

6.1.5 Beneficiation of ilmenite ores

Pang Zhi Hua Processing Plant, China

The Pang Zhi Hua ilmenite processing plant is the biggest producer of ilmenite
in China. The deposit contains vanadium, titanium and iron minerals. The
processing plant recovers magnetite and vanadium and the tailings from the
iron recovery plant represent the feed into the ilmenite processing plant. In the
original process the coarse fraction (+ 45 m) of the ore was beneficiated using
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Figure 6.25: VMS-100 separators at the Tchkalov manganese ore beneficiation
plant (the Ukraine), (courtesy of Ore Research Institute, Czech
Republic).

spirals and electrostatic separators. The fine fraction (- 45 m) was discarded
for the lack of suitable beneficiation technology. The total recovery of ilmenite
amounted to only 17% to 20%.
To increase the ilmenite recovery, a magnetic separation-flotation flowsheet

was tested and applied in production in 1997. A SLON-1500 magnetic separator
was installed as a rougher, to treat the - 45 m fraction, with a grade of 11%
TiO2, followed by flotation as a cleaner. The process flowsheet is shown in Fig.
6.26.
As can be seen, the ilmenite concentrate with a grade of more than 47% TiO2

is being obtained at a recovery of 44%. In 1999 20 kt of the ilmenite concentrate
were produced from the fine fraction, and another 20 kt/a of the concentrate
were recovered from the tailings dump [X3]. After installation of four more
SLON separators to complete five ilmenite processing lines, the production has
increased to 80 kt/a.

Rooiwater ilmenite ore (South Africa)

Magnetic separation was found to be an e cient technique for concentration of
ilmenite and for rejection of silica from Rooiwater (Limpopo Province, South
Africa) ilmenite ore, as is demonstrated in a flowsheet shown in Fig. 6.27. The
coarse fraction (+ 106 m) was upgraded from the head grade of 13% TiO2 to
44.3% TiO2 at an overall recovery greater than 68%. The concentration of silica
was reduced from 53.1% SiO2 in the feed to about 7% in the final concentrate.
The role played by magnetic separation at di erent stages of the process is well
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demonstrated. Since wet high-intensity magnetic separation failed to produce
smelter-quality ilmenite concentrate, mainly because of a high concentration
of silica, dry magnetic beneficiation was investigated [E7]. Figure 6.28 shows
the dry beneficiation flowsheet applied to the treatment of the heavy mineral
concentrate, assaying 43% TiO2 and 6% to 8% SiO2. Rare-earth drum magnetic
separators were used in two stages. The grade of the combined + 500 m
magnetic fraction and - 500 m conductors from electrostatic separators was
48.5% to 50.0% TiO2 and less than 1% SiO2. The overall recovery of TiO2 was
greater than 90%.

The grade of the fine fraction - 106 m was increased from 9.5% TiO2 in
the feed to 42.1% TiO2 in the final concentrate, while silica was rejected from
47.9% SiO2 to about 9.6% in the concentrate.

A hard ore from another Rooiwater deposit was upgraded using a combina-
tion of WHIMS and spirals, as can be seen in the flowsheet shown in Fig. 6.29.
The grade of the final ilmenite concentrate was 44.69% TiO2 and 0.40% SiO2

at an overall TiO2 recovery of 50%.
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Figure 6.29: Flowsheet for the treatment of the - 0.6 mm fraction of the Rooi-
water ilmenite ore by magnetic separation.

6.1.6 Beneficiation of ores of non-ferrous metals

Boliden Mineral AB, Sweden

Boliden Mineral AB is a producer of concentrates of sulphide minerals and base
metals. The metals are recovered, as a rule, by flotation. However, the flotation
concentrates usually contain small concentration of other metal sulphides. The
lead concentrate, for instance, contains copper and zinc. To recover zinc lost to
the lead concentrate, a Sala carousel HGMS is used as a cleaner, as is shown in
Fig. 6.30. The non-magnetic product from the HGMS is the final lead concen-
trate, while the magnetic fraction, containing mainly sphalerite, chalcopyrite,
galena and iron-rich silicates, is further treated by flotation [W30].
It can be seen that HGMS reduces the zinc concentration in the lead con-

centrate from 10% to 6%, with little loss of silver. The removal of sphalerite
and the fact that the iron-containing silicates are also recovered, reduces the
amount of material in the galena concentrate.
High-gradient magnetic separation was also successfully applied, on pilot-

plant scale, to the upgrading of complex sulphide flotation concentrates from a
Chinese beneficiation plant [Z8]. A Cu-Pb-Zn bulk flotation concentrate from a
polymetallic sulphide ore was treated in a high-gradient magnetic separator with
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Figure 6.30: Flowsheet of the HGMS circuit at the Boliden Garpenberg concen-
trator, Sweden (adapted from [W30]).
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Figure 6.31: Magnetic separation flowsheet at the Black Mountain, South
Africa, beneficiation plant (adapted from [H26]).
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Table 6.4: HGMS of a sulphide flotation concentrate (China) [Z8].

Parameter Feed Magnetics Non-magnetics
Grade [%]

Cu 8.97 18.68 3.24
Pb 3.64 0.72 5.36
Zn 40.30 18.47 53.18

Recovery [%]
Cu 100 77.28 22.72
Pb 100 7.34 92.66
Zn 100 17.01 82.99

Table 6.5: HGMS of the black ore Pb concentrate, Dowa Mining, Japan [K28].

Parameter Feed Magnetics Non-magnetics
Grade [%]

Cu 7.6 46.8 3.2
Pb 58.2 3.5 64.3

Recovery [%]
Cu 100 62.1 37.9
Pb 100 0.6 99.4

a pulsation mechanism. Typical results of the investigation are shown in Table
6.4. It can be seen that, in one pass, the copper concentrate was upgraded from
8.79% Cu to 18.68% Cu at a recovery of 77.28% Cu. Lead was concentrated
into the non-magnetic fraction with a recovery of 92.66%, while the recovery of
zinc was 82.98%.

Pb flotation concentrate, Dowa Mining, Japan

In the flotation process of black ore, the lead concentrate contains a small
amount of unfloatable copper minerals. Kim et al. [K28] found that the Pb
flotation concentrate, containing 5% to 8% of Cu, can be upgraded by removing
copper by HGMS. The removal of copper minerals is facilitated by the relatively
high values of magnetic susceptibility of copper minerals compared to diamag-
netic galena. Typical results of the removal of copper by HGMS are summarized
in Table 6.5. It can be seen that the Cu grade in the non-magnetic Pb concen-
trate decreased from 7.6% to 3.2% while the losses of lead into the magnetic
fraction were as low as 0.6%.

Black Mountain Mineral Development Co., Aggeneys, South Africa

The concentrator of Black Mountain Mineral Development Company produces
three concentrates, namely copper, lead and zinc in a di erential flotation
process. A large portion of the Broken Hill ore body consists of magnetite
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Figure 6.32: Magnetic separation plant for the recovery of vanadium from
vanadiferous magnetite (Limpopo Province, South Africa).

(20% to 30%) and pyrrhotite (10% to 15%). Since a significant amount of the
magnetic material can be removed by magnetic separation prior to flotation, a
magnetic separation plant was installed during 1990.
Inclusion of the magnetic separation circuit, shown in Fig. 6.31, allowed an

increase in the monthly milling rate of 24 kt, from 102 kt to 126 kt. As a result
of the increased tonnage milled, the concentrate production increased and the
operating costs per tonne milled decreased.

Vanadiferous magnetite ore, South Africa

A three-stage low-intensity magnetic separation circuit is used to upgrade vanad-
iferous magnetite at a beneficiation plant in Limpopo Province of South Africa.
The flowsheet of the magnetic separation plant is shown in Fig. 6.32. The size
distribution of the feed into the plant is 100% - 300 m and 35% - 74 m. The
mass recovery into the magnetic concentrate amounts to 65% while the recovery
of vanadium exceeds 97%.

Chromite gravity tailings, Üçköprü, Turkey

While most chromite ores are easily beneficiated using gravity concentration
methods, magnetic separation is usually unsuitable as a result of close values
of magnetic susceptibilities of chromite and the gangue minerals. Nevertheless,
close control of the operating conditions of a magnetic separator can result in
e cient upgrading of the chromite tailings by removing e.g. olivine and serpen-
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Figure 6.33: Flowsheet of the magnetic separation circuit for the beneficiation
of the Üçköprü chromite gravity tailings (adapted from [A37]).

tine minerals [A37]. A three-stage wet high intensity magnetic circuit, shown
in Fig. 6.33, was applied to gravity tailings assaying 8.94% Cr2O3. After a
roughing stage and two cleaning stages the final concentrate containing 39.84%
Cr2O3 was obtained with 77.49% recovery. A combination of magnetic sepa-
ration with flotation yielded the final concentrate assaying 46.17% Cr2O3 with
64% recovery [A37].

6.1.7 Mineral sands

Mineral sands deposits are mixtures of commercial minerals such as ilmenite,
rutile, leucoxene, zircon, monazite and xenotime coexisting with sub-economic
minerals such as kyanite and staurolite and gangue such as quartz and clay.
Magnetic properties of the major heavy minerals are given in Table 6.6. The
heavy minerals content of the commercially viable ore bodies varies between 5%
to 20%. The principal producers of these minerals are South Africa, Australia
and the USA.

Richards Bay Minerals, South Africa

Richards Bay Minerals (RBM) in KwaZulu-Natal Province is a major world
producer of zircon and rutile raw materials together with titanium slag produced
from ilmenite by the on-site smelter. To feed the smelter, ilmenite is produced
in a wet high-intensity magnetic separation circuit.
RBM operates two mining plants, both incorporating dredging and gravity

concentration, as is shown in Fig. 6.34. The gravity concentrate, which contains
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Table 6.6: Typical values of mass magnetic susceptibility of heavy minerals.

Mineral Composition Mag. susc. [m3/kg]·10 7

Ilmenite FeTiO3 11.3
Leucoxene Altered ilmenite 6.2
Rutile TiO2 0.16
Zircon ZrSiO4 - 0.03
Monazite (Ce,La,Y,Th)PO4 1.9

Dredge

Concentrator

Feed

preparation

Dry Mill

Roaster

Smelter

Tailings

Zircon

        Rutile

                TiO2 slag

    Iron

             Mags

Non-mags

           Heavy mineral

              concentrate

Figure 6.34: Mineral sand beneficiation process at Richards Bay Minerals [B34].
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Figure 6.35: Installation of Reading wet high-intensity magnetic separators
(courtesy of Roche Mining).
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Figure 6.36: The dry mill feed preparation circuit at Richards Bay Minerals.
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Figure 6.37: The concentration and separation circuits at Namakwa Sands
(South Africa).

85% of heavy minerals, is first passed through a low-intensity wet drum magnetic
separator to remove magnetite. The non-magnetic fraction from this stage is
re-treated with Reading wet high-intensity magnetic separators in a complex
rougher-cleaner circuit to produce a concentrate that consists largely of ilmenite
containing 46% TiO2. An installation of banks of Reading WHIMS machines is
shown in Fig. 6.35.

The non-magnetic fraction from WHIMS is again gravity-concentrated and
then further upgraded by the use of WHIMS to remove feebly magnetic material.
The resulting concentrate is dried and fed into the "dry mill", where high-tension
roll separators and induced magnetic separators are used to produce saleable
rutile and zircon products.

A diagram of this feed preparation circuit for the dry mill is shown in Fig.
6.36. A total of 31 Reading 16-pole WHIMS are used at RBM. The feed rate
into each WHIMS machine ranges from 23 to 31 t/h at pulp density of 40%
solids. The magnetic fraction from the WHIMS machines contains, in addition
to ilmenite, small quantities of weakly magnetic impurities. These are removed
prior to feeding the material to the smelter by dry magnetic separation, after
magnetizing roast in a fluidized bed.
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Figure 6.38: Schematic flow diagram of the Ginkgo (Broken Hill, Australia) min-
eral separation plant (adapted from [E8]).

Namakwa Sands, South Africa

Namakwa Sands (Anglo-American Corp.) produces heavy minerals from min-
eral sands from the Graauwduinen deposit in the Western Cape Province of
South Africa. This fairly new operation, that was commissioned in 1994, uses
a conventional concentration flowsheet based on gravity, magnetic and electro-
static separations. A simplified process flowsheet is shown in Fig. 6.37.

The primary concentration plant consists of a four-stage spiral circuit that
treats - 1 mm + 45 m feed and produces a heavy mineral concentrate assaying
90% of total heavy minerals. Low-intensity drum magnetic separators remove
magnetite from this concentrate in the secondary concentration plant and the
non-magnetic fraction is then processed in a four-stage wet high-intensity mag-
netic separator circuit. The Reading WHIMS machines produce a magnetic
fraction containing ilmenite and garnet and a non-magnetic fraction containing
zircon, rutile, leucoxene and other minerals. This fraction is further upgraded
in a spiral circuit.

The ilmenite concentrate and non-magnetic fraction from the secondary con-
centrate plant are further processed in the mineral separation plant. The il-
menite concentrate is produced using electrostatic separators while separation
of rutile and zircon takes place in a process consisting of magnetic, gravity and
electrostatic separation and acid cleaning circuits. Permanent magnetic rolls
and rare-earth drum magnetic separators are employed in this circuit.



6.1. TREATMENT OF MINERALS 503

Table 6.7: Composition of Ginkgo (Australia) heavy mineral assemblage [E8].

Mineral Assay range [%]
Rutile (+ 95% TiO2) 8.8 - 12.5
Zircon 6.7 - 12.6
Primary ilmenite ( 54% TiO2) 0.7 - 21.2
Altered ilmenite (54% - 66% TiO2) 32.4 - 49.0
Leucoxene (66% - 85% TiO2) 4.5 - 12.6
Monazite 0.3 - 0.8
Chromite 0.7 - 1.1

Murray Basin, Australia

Extensive reserves of heavy minerals exist in the Murray Basin, an area covering
parts of South Australia, New South Wales and Victoria. Several of the deposits
are of potential economic size and of these the Ginkgo deposit has been identified
for establishment of the first commercial operation [E8].
The mineral assemblage within the Ginkgo ore body consists primarily of

ilmenite and its alteration products, rutile and zircon, with minor amounts of
other minerals. The mineral composition is shown in Table 6.7.
Extensive bench-scale and pilot-plant testwork has been carried out on sam-

ples of ore from the deposit. The results of the tests and mathematical modelling
of the beneficiation circuits resulted in a proposed design for the wet plant, min-
eral separation plant and the roaster.
As a result of wide mineralogical variations within the ore body, the wet

plant is based on a combination of roughing, scavenging and cleaning spiral
gravity separators and is expected to produce up to 130 t/h of heavy mineral
concentrate. This concentrate will be treated at the proposed mineral separation
plant to be located at Broken Hill. The block diagram of the flowsheet for this
plant is shown in Fig. 6.38.
This flowsheet consists of a number of discreet circuits with minimal in-

teraction between them. The feed preparation circuit is based on a two-stage
WHIMS circuit. The magnetic product will be the feed into the ilmenite and
leucoxene dry mill circuits while the non-magnetic fraction will be treated in
the zircon and rutile circuits.
In the ilmenite reduction roasting circuit the concentration of the chromite

contaminant in the ilmenite concentrate will be reduced from 1.5% Cr2O3 in
the unroasted ilmenite to 0.3% Cr2O3. The non-magnetic rejects from the
ilmenite roasting can be upgraded by magnetic and electrostatic separation to
yield a chromium-rich product with a grade similar to commercial chromite ores
[F32].
In the initial years of operation, 10.4 Mt of ore will be mined per annum

and 58 kt of zircon and 41.5 kt of rutile per annum are planned to be produced.
The scheduled date for the first shipment of product is January 2005 [E8].
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Table 6.8: Kaolin product specification [E9].

Specification Brightness
Premium Standard Filler

TAPPI brightness [%] 89.5 - 92.0 85.5 - 89.0 80.0 - 85.5
Particle size 2 m [%] 80 - 100 80 - 97.0 62.0 - 95.0
Particle size + 45 m 0.01 0.01 0.30 - 0.40

6.1.8 Industrial minerals

Kaolin beneficiation

One of the most successful applications of HGMS technology is in the bright-
ening of kaolin clay. Essentially all economically viable deposits of kaolin are
contaminated by small amounts (usually from 0.5% to 3%) of ferruginous min-
erals, such as iron oxides and rutile. Since these contaminants are deleterious
to clay brightness, considerable e ort has been expended to remove them by
physical and chemical methods. Under favourable conditions chemical bleach-
ing usually removes less than half of the iron present in clays [I3]. Although
discolouring contaminants are usually very weakly magnetic and very fine (e.g.
80% smaller than 2 m), they can be e ciently removed by HGMS, if a suf-
ficiently large magnetic field strength, fine matrix and low flow velocity of the
slurry are used [I6, L25, B35].

The high-gradient magnetic separation of kaolin clay became a practical
economic process that has been thoroughly proven on a large scale worldwide.
Moreover, magnetic beneficiation of kaolin became one of the rare production-
scale applications of superconductivity, with Eriez Magnetics and Outokumpu-
Carpco superconducting HGMS machines now well established in the minerals
industry. Iron-clad resistive solenoid separators or superconducting cyclic or
reciprocating magnet separators are used in several operations, with the oper-
ating magnetic induction ranging from 2 T to 5 T. [S18, R4, W5, R25].

A brief summary of the kaolin product specifications is given in Table 6.8,
while Tables 6.9 and 6.10 illustrate the metallurgical performance and technical
data of Cryofilter HGMS as applied to two di erent types of kaolin.

Limestone beneficiation

In the Gåsgruvan beneficiation plant of Svenska Mineral AB, Sweden, a two-
head carousel SALA HGMS is used to remove iron oxide impurities from the
limestone flotation concentrate. The quality of the non-magnetic concentrate
meets the market specifications for pigment and paper filler applications [W30].
Typical production results are listed in Table 6.11.
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Table 6.9: Performance of Cryofilter HGMS as applied to the beneficiation of
two types of kaolin [E9].

Kaolin grade Feed specs Product (unbleached)
Grade % Solids Grade (gain) Throughput

(t/h)
Coating grade 54 to 84 ISO 23 to 28 67 (13) to 88

(4) ISO
5 to 40

Ceramic 77 ISO 23 81 (4) ISO 5
80 (3) ISO 12
79 (2) ISO 20

Table 6.10: Cryofilter HGMS performance in kaolin purification [E9].

Parameter Performance
Power input 0.1 kW/t
Throughput up to 100 t/h
Brightness gain 7 points on feed with 70 to 75 brightness

5 points on feed with 80 to 85 brightness
2 points on feed with + 90 brightness

Table 6.11: Limestone beneficiation at Svenska Mineral AB [W30].

Product Yield [%] CaO [%] MgO [%] Fe2O3 [%]
Feed 100 50.5 3.96 0.68
Flotation concentrate 85.5 53.4 1.90 0.24
HGMS concentrate 77.5 54.8 1.01 0.12
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Table 6.12: Comparison of the performance of WHIMS and HGMS separators
in beneficiation of glass sand [S29].

Parameter WHIMS HGMS
Slurry velocity [cm/s] 25 4.0
Target Fe2O3 [%] 0.012
Achieved Fe2O3 [%] 0.0172 0.0116

Table 6.13: Comparison of 1998 costs of glass sand beneficiation by WHIMS and
Eriez HI Filter HGMS [D8].

Parameter WHIMS HGMS
Capital cost £200k £220k
Running costs (power) 70 kW 10 kW
Matrix cost per month £500 - £1000 £50
Labour cost Manual operation Fully automatic

Glass sand beneficiation

Sand deposits exploited to supply the glass and ceramics industries, have, un-
til recently, been of a low iron content to enable production with little or no
processing of the sand. Screening and attrition techniques have been used, often
in combination with spiral gravity concentrators. With increasing demand from
the glass industry for high quality material and with diminishing high-quality
reserves, more sophisticated techniques are becoming more common to meet the
specifications of the glass making industry. Dry permanent magnetic rolls, wet
high-intensity magnetic separators and cyclic high-gradient magnetic separators
have been applied, on production scale, to beneficiation of glass sand.
Comparison of the performance of WHIMS and Eriez Magnetics HI Filter

HGMS machines as applied to the reduction of iron oxides, is shown in Table
6.12, while Table 6.13 compares the 1998 costs of these two types of magnetic
separators. Superior performance of the HGMS machine is a result of controlled
flow velocity of the pulp through the matrix. Since HGMS is a cyclic separator,
its throughput is limited, typically 10 t/h or less, while a WHIMS can operate
at throughputs of the order of 50 t/h or more. The problem of the HGMS being
a batch separator with low duty cycle (e.g. 50%) can be solved by installing
two units operating as a pair.
Dry magnetic separation using either induced magnetic roll or permanent

magnetic roll separators has been confined to relatively specialist grades pro-
duced in small quantities. Typical throughput of an installation of dry magnetic
separators for sand purification is 2 to 3 t/h per meter width of the roll [F33].
Table 6.14 illustrates the e ciency of beneficiation of glass sand in a two-stage
dry high-intensity magnetic separation circuit [D17].
By incorporating spiral concentrators into the separation process, the non-

magnetic titanium and aluminium-bearing particles were removed even further.
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Table 6.14: Comparison of glass sand ore material and a product from two-pass
dry high-intensity magnetic separation [D17].

Compound Glass sand ore Glass sand
product specs

Mag sep product

Fe2O3 [%] 0.035 0.010 0.007
TiO2 [%] 0.105 0.020 0.023
Al2O3 [%] 0.852 0.060 0.031

Table 6.15: Comparison of glass sand products from three process circuits with
capacity of 50 t/h [D17].

Parameter Mag sep
product

Spiral+mag sep Floatex+spiral

Fe2O3 [%] 0.007 0.007 0.007
TiO2 [%] 0.023 0.014 0.014
Al2O3 [%] 0.031 0.023 0.020
Recovery [%] 94.3 93.1 93.8
Equipment cost
[k$], 2001

600 720 250

This improvement was, however, accompanied by higher capital and operating
costs, as the feed into the magnetic circuit had to be dried.
A process circuit comprised of a Floatex density separator and spiral con-

centrators provided equally e cient metallurgical performance. However, this
all-wet gravity circuit produced a product equal to that obtained in the spiral-
magnetic process, with similar recovery and at less cost, as is shown in Table
6.15.

6.1.9 Magnetic beneficiation of coal

The emission levels of sulphur dioxide and ash particles from coal-burning fa-
cilities must meet stringent environmental standards. In order to reduce these
emissions, numerous techniques for coal cleaning, including magnetic methods,
have been tested over the last twenty years
Coals generally contain 1% to 5% of sulphur, of which over a third is car-

bonaceous in form and is referred to as organic sulphur. The rest is mineral
sulphur consisting of weakly paramagnetic pyrite or marcasite FeS2. Pyrite
found in coal often has a much higher magnetic susceptibility than the pure
mineral; this is presumably due to impurities or to its alteration to pyrrhotite.
On the other hand, organic sulphur is closely bonded to coal so that its re-
moval by physical methods is not possible. Consequently, virtually all work on
the desulphurization of coal has been directed towards the removal of inorganic
sulphur.
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Table 6.16: Physical properties of coal constituents.

Property Coal Mineral matter Pyrite
Mohs hardness
[MHo]

2.2 - 2.5 2.0 - 4.5 6.0 - 6.5

Electrical conduc-
tivity [S/m]

10 6 - 10 11 10 4 - 10 6 1 - 10 2

Dielectric constant 2.0 - 2.5 4.5 - 7.8 5.2 - 8.6
Magnetic suscepti-
bility [m3/kg]·10 8

- 0.5 20 - 200 0.34 - 1.5

Density [kg/m3] 1150 - 1500 2400 - 3900 4800 - 5000

Various techniques have been investigated for the extraction of pyrite, rang-
ing from froth flotation to electrostatic separation to microbiological desulphur-
ization, with varying degree of success. The physical techniques are based on of-
ten large di erences between the values of physical properties of coal and pyrite,
as is shown in Table 6.16. Magnetic separation has been recognized as a poten-
tially cost-e ective and e cient method of desulphurization and considerable
research and development work has been conducted in this area, particularly
with the advent of HGMS, OGMS and rare-earth-based permanent magnetic
separators.
Although it has been extensively demonstrated that both wet and dry mag-

netic separation methods are able remove up to 90% of pyritic sulphur, and a
significant amount of ash (up to 60%), at combustible recovery greater than
85%, no magnetic desulphurization process has proven to be su ciently cost-
e ective and e cient, on an industrial scale, in removing pyrite and ash. Fur-
ther research into magnetic methods of desulphurization was considerably scaled
down in the nineteen nineties. This scale-down coincided with identification of
cleaning options for environmental control strategies by the US Department of
Energy, magnetic methods not being among them [B36].

Wet HGMS of coal

Wet high-gradient magnetic separation used to be a popular technique for labo-
ratory and pilot plant investigations into coal desulphurization. Numerous re-
search papers and reports were published in the seventies and eighties of the last
century. They are often associated with the names of Trindade [T8], Luborsky
[L14], Wechsler [W24] and Male [M35, M36]. The results show that the e ciency
of sulphur and ash removal is strongly dependent on the origin of the coal and
on the recovery of clean coal. It can be seen in Fig. 6.39 that with increasing
reduction of ash and sulphur concentrations, the losses of clean coal into the
magnetic fraction become unacceptably high. More recent reports [K29, D18]
on the subject confirmed the potential of HGMS to recover high percentage of
sulphur and ash, but at the cost of high losses of combustible matter.
Even though most studies suggest that desulphurization by wet HGMS is
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Figure 6.39: The reduction in sulphur and ash as a function of the recovery of
clean coal (adapted from [L14]).

technically feasible, there are major problems that must be addressed before a
commercially viable system can be realized. The first is the cost of preparation
of the coal and subsequent dewatering and handling of the product. The second
is the non-selectivity of separation, causing an excessive amount of coal to be
lost in the magnetic fraction. Because of the high cost of the equipment and
loss of coal, wet HGMS does not appear economically feasible at present. A
detailed description of the research and development e ort in coal beneficiation
by magnetic means, up to 1985, was given by Male [M36].

Dry magnetic separation of coal

Studies of dry HGMS of unclassified coal have generally shown that the sep-
aration of sulphur and ash from clean coal is non-selective, mainly due to the
presence of the fines. Classification and removal of fines, particularly of parti-
cles smaller than 10 m, considerably improved the performance of magnetic
separation [L14, H27].
More encouraging results have been obtained using rare-earth permanent

magnet roll separators. Feasibility tests on Western Kentucky (USA) coals
resulted in ash reduction up to 75% and total sulphur reduction up to 27%.
The recovery of the combustible matter ranged from 85% to 95% [P16]. Similar
reduction in the ash concentration was achieved in several UK coals [B37, S87],
although the technique proved again to be rather ine cient in removing sulphur.
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Dry OGMS of coal The application of a split-coil superconducting magnet
to the beneficiation of coal was investigated by numerous authors [H28, C25,
P17]. The e ciency of removal of ash and sulphur was generally lower compared
to that obtained in wet HGMS, at a similar level of losses of the combustible
matter. The selectivity of separation improved considerably when the fines
smaller than 40 m were removed, while with wet HGMS the limiting minimum
particle size was found to be 20 m [P17].

Enhancement of magnetic properties

The e ciency of the magnetic separation process could be improved by increas-
ing the magnetic susceptibility of pyrite. Numerous means of enhancing the
magnetic properties of pyrite have been proposed over the years, few of the
them e cient enough, and probably none of them economically justifiable on
an industrial scale.
In the Magnex process [K30], dry pulverized coal is heated to 170 0C and

then subjected to iron pentacarbonyl vapour. The iron is selectively deposited
on the mineral matter, which is removed by a magnetic separator. Reductions of
up to 85% of pyritic sulphur and 26% of ash were reported. Distinct drawbacks
of the process are toxicity and high consumption of the chemical agent.
Conversion of pyrite to ferrimagnetic pyrrhotite takes place during semi-

coking and pyrolysis of coal, in the temperature range from 500 0C to 700 0C.
Pyrolysis followed by dry magnetic separation is thus a possible mechanism for
coal cleaning [Y8, K31]. Reduction of 61% of sulphur with 57% of combustible
recovery was obtained after a 30 minute exposure of coal to a temperature of
450 0C [K31].
To avoid heating coal and wasting energy, it is possible to convert pyrite se-

lectively to pyrrhotite by dielectric heating [B38, B39]. As a result of di erences
in dielectric properties of coal and pyrite, pyrite heats more rapidly than coal
[B38]. Although significant increases in the magnetic susceptibility of pyrite can
be expected, the results of the microwave treatment of coal are often disappoint-
ing. Although ash removal of the order of 20%, at the loss of calorific value of
17% has been obtained, sulphur tends to report into the non-magnetic product
of clean coal. However, when coal was mixed with aqueous NaOH solution and
treated with microwaves, sulphur reduction as high as 40% was achieved [B39].

6.2 Nuclear industry

6.2.1 Removal of solids from fuel dissolver liquor

The reprocessing of the spent irradiated fuel from a nuclear reactor consists of
separating the fuel into three ingredients: unburnt uranium, highly radioactive
fission products and plutonium. Concentrated nitric acid is usually used to
dissolve the fission products; however, not all of these are soluble in nitric acid.
In the dissolution of oxide fuels, a significant amount of insoluble matter arises
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Table 6.17: Mass magnetic susceptibilities of insoluble fission products [M37].

Product [m3/kg]·10 8 at 1.2 T [m3/kg]·10 8

UO2fuel 1.29 6.43
15% PuO2 fuel 10
40% PuO2 fuel 6.13 6.39

(0.1% to 0.3% by mass) which contains the fission products Ru, Rh, Mo, Te,
Zr, Pd, with particle size ranging from 0.1 m to 10 m.
Although the centrifuging of the dissolution streams is a well-established and

e cient technique [W31], as a result of some mechanical and thermal problems,
HGMS was proposed [W32] as an alternative method for removing insoluble
fission products from the reprocessing streams.
Almost all solids that arise at di erent stages in the reprocessing of nuclear

fuels are transition elements or compounds thereof, and have moderately high
magnetic susceptibilities, as shown in Table 6.17. The removal e ciency of
fission products with mean particle size of 2 m, by HGMS operating at 1.5 T
was found to range from 85% to 98% [W33].

6.2.2 Removal of ferric hydroxide flocs

Waste-water streams from nuclear power plants often contain significant por-
tions of iron. If the pH is adjusted to a value greater than 3, the iron precipitates
out as ferric hydroxide flocs. It has been found that about 60% of total radioac-
tivity and approximately 99% of the -emitting radioactive contaminants are
precipitated with ferric flocs and can therefore be removed with it [W32].
Precipitates of this type are di cult to separate with conventional equip-

ment, such as filters or centrifuges, and the mechanical complexity of such
equipment does not make it suitable for operating in a radioactive environment.
It has been shown by Harding and Baxter [H29] that iron and radionuclides can
be removed using HGMS with an e ciency of 93% to 94%.

6.2.3 Soil decontamination

DOE Defence Complex, Nevada, USA

It is estimated that more than two million cubic meters of soil are contaminated
with plutonium, uranium and fission products in the Department of Energy
(DOE) Defence Complex (USA). The US Department of Defence has additional
contaminated sites. In order to remediate these sites, several physical techniques
for extraction of radioactive materials were tested by Lockheed Environmental
Systems and Technologies Company (LESAT), in cooperation with Los Alamos
National Laboratory (LANL).
Since many fission products and all plutonium and uranium compounds are

paramagnetic, while most soil components are diamagnetic, magnetic separation
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Table 6.18: Volume magnetic susceptibility of selected compounds and elements
[A38].

Compound or element Susceptibility ×106[SI]
UO2 1204
Cr2O 3844
Pd 805
Am 707
Pu 636
U 411

PuO2 384
RuO2 107
UO3 41
ThO2 -7
ZrO2 -8
MgO -11
SiO2 -14

Graphite -14
Al2O3 -18

of paramagnetic contaminants from soil is possible. Table 6.18 summarizes
volume magnetic susceptibilities of selected compounds and elements.
In many situations, the highest concentration of contaminants is found in size

fractions of soils smaller than 50 m and often smaller than 10 m. While most
physical separation techniques are ine cient in this size range, HGMS can treat
particles down to quasi-colloidal size. High-gradient magnetic separation was
thus identified as a technique that can selectively extract numerous radioactive
materials from soils while producing a minimum of secondary waste [A38].
Under a detailed experimental programme at LANL, tests were conducted

with slurries of CuO with 4 m mean diameter and volume magnetic suscepti-
bility of 242×10 6 (SI), at a concentration of 400 ppm. The slurry was passed
through an ultrafine steel wool matrix 300 mm long placed in the warm 150
mm diameter bore of a cyclic superconducting magnetic separator. The magnet
generated a background magnetic induction of 2 T or higher. The separation
e ciency of CuO particles was found to be generally greater than 98% [P18]. In
addition, less than 6% of the soil smaller than 45 m reported into the magnetic
concentrate, so that the volume of soil that must be stored in a repository, at
very high cost, is considerably reduced. The results are shown in Table 6.19.
In spite of promising results, the soil remediation project was terminated, as

a result of budget and schedule constraints [P25].

Chernobyl Nuclear Power Plant, The Ukraine

After the Chernobyl Nuclear Power Plant accident in 1986, large areas in the 30-
km zone were uninhabitable as a result of radioactive contamination. In order
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Table 6.19: Mass yield into the HGMS magnetic concentrate of the - 45 um
fraction of various soil samples. The applied magnetic induction: 2
T [A38].

Soil sample Soil fraction
( 45 m) [%]

Magnetic frac-
tion ( 45 m)
[%]

Fernald (0.5 T) 66.1 4.9
INEL (Idaho) 63.9 5.2
Los Alamos 26.2 3.4
Oak Ridge 53.2 5.5
Rocky Flats 47.8 5.8
Savannah River Site 21,8 5.0
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Figure 6.40: A dry magnetic separator for decontamination of radioactive soils
at the Chernobyl Nuclear Power Plant (adapted from [P19]).
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Table 6.20: Decontamination of Chernobyl soil samples by dry magnetic sepa-
ration. K = initial activity/activity of non-magnetics, E = activity
of magnetics/initial activity [P19].

Soil Radionuclide K E [%]
Clay 137Cs 2.1 52

134Cs 2.3 56
144Ce 3.5 71
106Ru 3.1 68

Sand 137Cs 7.1 86
134Cs 7.7 87
144Ce 12.1 92
106Ru 10.3 90

to investigate the possibility of soil decontamination, a planar superconducting
magnetic system shown in Fig. 6.40. was tested [P19]. A separation chamber
filled with an expanded metal matrix was placed on the surface of the magnet,
which generated a magnetic induction of 1.2 T inside the chamber. In order
to propel dry material through the matrix and to eliminate entrainment of
non-magnetic particles in the matrix, the inclined chamber was vibrated at a
frequency of 100 Hz.
It was observed that the e ciency of the removal of contaminants depended

on the types of soil and decontaminants and not on the degree of contamination.
Typical results of removal of radionuclides 137Cs, 134Cs, 144Ce and 106Ru, which
contribute approximately 98% of the total radioactivity, are listed in Table 6.20.

6.3 Waste water treatment

6.3.1 Steel industry

In modern steel plants, the volume of water used for metal production varies
from 100 to 200 m3 per tonne of raw steel produced. About one half of the total
volume of dirty water produced originates in hot mills, the principal contami-
nants being mill scale and oils. Because many of the fine suspended particles
in these waters are magnetic, high-gradient magnetic separation o ers an alter-
native to conventional sedimentation and flocculation in clarifiers. The early
studies by McNallan et al. [M38] and Harland et al. [H30] showed that HGMS
provides comparable e ciency at substantially higher flow rates, lower space
requirements and considerably lower running costs.
A detailed investigation of the performance and cost e ectiveness of the

HGMS as applied to the filtration of steel mill waste water was carried out by
Yano and Eguchi [Y9]. They found that while the installation costs of HGMS
and a sand filter are almost the same, HGMS surpasses the sand filter with
regard to operating costs and space requirements. Comparison between HGMS
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Table 6.21: Comparison between HGMS and sand filter for waste water treat-
ment from the scubber for an oxygen converter [Y9].

Parameter HGMS Sand filter
Inlet concentration of solids 150 mg/ 150 mg/
Target solids in e uent 15 mg/ 15 mg/
Throughput 20 m3/h 20 m3/h
Flow rate 6·10 2 m/s 8·10 3 m/s
Feed time 20 min 8 hours
Flush time 1 min 15 min
Back-flush water volume 16 m3/d 30 m3/d
Space requirement 4.5 m2 8 m2

Relative operating cost 0.7 1
Relative installation cost 1.1 1
Magnet input power 5 kW -

and sand filter as applied to the filtration of waste water from an oxygen con-
verter scrubber is shown in Table 6.21.
The first full-scale HGMS device for steel mill water treatment was installed

in 1977 at the Chiba Plant of the Kawasaki Steel Corporation (Japan) to treat
scrubber waste water from the vacuum degassing process. The operating con-
ditions and the results of magnetic filtration are summarized in Table 6.22.
In subsequent years several HGMS machines were installed in Japan and

other countries, to remove suspended solids from waste water from hot rolling
mills, continuous casting plants and others. Figure 6.41 illustrates the installa-
tion of a Metso Minerals high-gradient magnetic filter at a steel plant.
More recently a high-gradient magnetic filter has been installed at the Chiba

Plant to remove fine iron particles from a coolant used in a cold rolling plant
[T10]. The coolant that is used in cold rolling processing of steel sheets usually
contains 1% to 10% of emulsified oil. With increasing concentration of fine solid
particles in this recycled coolant, surface defects develop on the steel sheets.
By removing iron particles from the coolant by HGMS, viscous oil is captured,
together with iron particles, on the matrix. In order to reduce the loss of oil
and to eliminate matrix blockage, the viscosity of oil is reduced with steam and
the matrix is then flushed with hot water and compressed air. [T10]. With this
procedure, the matrix can be kept clean for two to six months. The filtration
e ciency is a function of the solids concentration, as is shown in Fig. 6.42.
In spite of considerable advantages of HGMS, most steel plants are still

using conventional filtration techniques such as sand filters. One of the reasons
is relatively high energy consumption of the magnet. In order to overcome
this problem, Franzreb et al. [F23] developed an HGMS based on rare-earth
permanent magnets. The magnetic circuit is designed in such a way that the
magnetic field in the separation chamber can be switched on and o by rotating
the permanent magnet system in and out of the iron yoke which magnetizes
the matrix. Pilot-plant tests at several German steel mills are reported to show
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Table 6.22: Magnetic filtration results and operating conditions of HGMS as
applied to gas scrubber waste water treatment at Chiba Works [T9].

Parameter Specification
Solid constituents Fe and Mn oxides
Particle size 100 m, 85% - 20 + 5 m
Concentration of solids 100 mg/
HGMS e uent 20 mg/
Back flushed sludge 1000 to 3000 mg/
Filtration e ciency 80%
Magnetic induction 0.3 T
Flow velocity max. 0.08 m/s
Matrix Steel wool, 100 m
Matrix height 150 mm
Canister diameter 2.1 m
Throughput 900 m3/h
Input power 20 kW
Feed time 40 to 90 min
Flush time 1 min
Mass 40 t

Figure 6.41: Metso Minerals high-gradient magnetic filter installed at a steel
plant (courtesy of Metso Minerals).
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Figure 6.42: The iron removal from a cold rolling mill coolant, as a function of
inlet iron concentration. B = 0.3 T, = 400 m/h (adapted from
[T10]).

performance comparable to that of electromagnet-based HGMS. The e ciency
of solids removal from a rolling mill e uent, as a function of the feed rate,
obtained using the Franzreb’s separator, is shown in Fig. 5.78.

6.3.2 Thermal power plants

Corrosion products (crud), in the primary coolant of thermal power plants, are
deposited on the surfaces of circuits, where they interfere with fluid flow and heat
transfer. Corrosion products can also become radioactive in nuclear reactors,
thereby leading to the irradiation of personnel and the restriction of access.
HGMS was found to be e ective for the removal of these fine, predominantly
ferromagnetic particulates.
Heitman [H31] described the operational experience with magnetic filters in

conventional thermal power plants. The e ciency of removal of iron oxide from
clean turbine condensate ranged between 90% and 99%. Table 6.23 describes
the filtration e ciency and selected technical data of these magnetic filters.
In nuclear power plants, crud composition varies between pressurized wa-

ter reactors (PWR) and boiling water reactors (BWR). The principal dose-
associated radionuclides are Co58, Co60, Fe59 and Mn54. Under normal PWR
operating conditions of 300 0C, the only stable oxides are magnetite and other
substituted spinel ferrites of Co, Ni and Mn, which are ferromagnetic.
In BWRs, system conditions vary from approximately 300 0C at the core to

50 0C to 100 0C at the feed water purification system. Under these conditions,
about 30% of the oxides are hematite, the balance being formed by Fe3O4 spinels
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Table 6.23: Water filtration by HGMS in conventional power plants [H31, M39].

Parameter Specification
Filtration e ciency 90% (total iron)
Influent Fe concentration 1 mg/kg
E uent Fe concentration 0.02 mg/kg
Magnetic induction 0.2 T
Flow velocity 0.3 m/s
Feed time 3 to 7 days
Matrix 6 mm balls
Matrix height 1000 mm
Throughput 100 to 1000 m3/h
Input power 35 kW at 700 m3/h
Diameter of magnet 1.5 m at 700 m3/h

as found in the PWR [E10].

In the USA, the application of magnetic filtration to the primary and sec-
ondary sides of PWRs was studied jointly by EPRI and Westinghouse [T11].
The results indicate that the treatment of 10% of the steam generator secondary
flow can reduce sludge accumulation by 70% to 80%, and that treatment of 0.5%
of the primary coolant has the potential to reduce radioactivity by a factor of 2
to 5.

Heitmann et al. [H32] studied the performance of various types of magnetic
filters in the purification of feed water in PWR with Fe solids concentration
of the order of 10 to 20 ppb. It was observed that, depending on the type of
matrix, the e ciency of filtration ranged from 85% to 99%, while the maximum
time of operation amounted to 650 days with a combination of steel ball and
steel wool matrix.

Filtration of the cooling water from the multiple force circulation circuit
(MFC) and of a condensate of the steam separator of the St. Petersburg (Rus-
sia) nuclear power plant was investigated by Alikhanov et al. [A39]. The fil-
tration e ciency of a permanent magnet-based magnetic filter generating 0.2
T in the expanded metal matrix ranged from 67% to 73% with the solids con-
centration in the influent ranging from 9 to 29 g/ . The dose rate based on
the measurement of -radiation at various sections of the matrix, and shown in
Fig. 6.43, illustrates that the large majority of radionuclides were retained by
the upper part of the matrix. The measurement of the specific activity of the
coolant also revealed that the highest retention, as high as 99%, was obtained
with the radionuclides present at high concentrations, such as Zr54 and Nb95.
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Figure 6.43: The -radiation dose rate from the matrix of a magnetic filter, as
a function of the duration of filtration (adapted from [A39]).

6.4 Magnetic carrier techniques

6.4.1 General principles

Magnetic separation can be extended to materials that are not naturally mag-
netic by introducing a material (a carrier) which can selectively enhance the
magnetic properties of a non-magnetic material (a target) that needs to be sep-
arated. Magnetic carriers are of particular interest for the separation of fine
particles, colloids and organics, which are slow or di cult to separate by con-
ventional methods. The magnetic carrier technique has been applied in fields as
diverse as mineral separation, e uent treatment, biological cell separation and
drug delivery.
The action of magnetic carrier particles is to enhance the magnetic properties

of a non-magnetic target material so that its magnetic properties are su cient
to make the target material separable in conventional magnetic separators. In
order to achieve that, only a small amount of a strongly magnetic material is
necessary. The initial mass magnetic susceptibility of ferrosilicon or magnetite
is approximately 3×10 4 m3/kg, while weakly magnetic materials, with suscep-
tibility of the order of 2×10 7 m3/kg can be fairly easily separated in a variety
of high-intensity magnetic separators. Magnetic polarization of such a weakly
magnetic material, of density 5000 kg/m3, placed in an external magnetic field
of 0.2 T, is 0.2×10 3 T. Since the saturation polarization of the industrial-grade
magnetite is 0.45 T (see Table 5.16), only 0.05% of magnetite is thus required
to cause a magnetic polarization in the target material su cient for its recovery
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Figure 6.44: Schematic representation of magnetic carrier and magnetic tagging
techniques.

by a magnetic separator operating at 0.2 T. It can thus be seen that a volume
fraction of the magnetic carrier material in the range 0.05% to 1% is enough to
make the target material su ciently magnetic for easy separation.
There are two basic mechanisms for using a magnetic particle so that it

renders a non-magnetic particle magnetic, namely as a magnetic carrier or as a
magnetic tag. These mechanisms are schematically shown in Fig. 6.44.
Magnetic carriers are usually 10 to 1000 times larger than the target species

[M40]. By varying the surface characteristics, selective recovery of non-magnetic
colloidal and macromolecular species can be achieved by attaching the desired
species onto the surface, or entrapped within, magnetic carrier particles, as is
illustrated in Fig. 6.44. Fine magnetite and polymer-based beads coated with
magnetite are frequently used as magnetic carriers, depending on application.
Magnetic tags, on the other hand, are usually smaller than the target non-

magnetic particles. These particles, often very fine magnetite or ions (e.g. Y3+),
coat non-magnetic species in order to allow them to be manipulated by an
external magnetic field. In view of their small size the mean magnetization of
the cluster is low and large magnetic fields are often required for their recovery.

6.4.2 E uent processing and metal ion removal

Magnetic seeding

The earliest examples of the use of magnetic carriers are in e uent treatment
using ground magnetite to remove organic impurities from industrial waste wa-
ters. In this process a coagulant (e.g. alum) was added to the feed stream,
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Figure 6.45: Magnetic filtration process with a magnetic seeding technique
(adapted from [K32]).

at concentrations ranging from 10 to 200 mg/ , followed by the addition of the
magnetite seed in a concentration from 50 to 5000 mg/ . The magnetic particles
coagulated with the non-magnetic impurities, thereby allowing the flocs to be
recovered by a magnetic separator. The flowsheet of the process is shown in
Fig. 6.45.

De Latour and Kolm [D19, D20] and Bitton and Mitchell [M41, B42] con-
ducted some pioneering work on magnetic filtration of river water using the
magnetite seeding technique. The results demonstrated the e ciency of this
technique for the removal of bacteria, viruses, algae and non-magnetic solids
and for improving turbidity and colour of the water. The removal e ciency was
around 95% and was strongly dependent on the pH.

The development of an industrial-scale process was carried out in the late
nineteen seventies at Sala Magnetics. The applicability of magnetic seeding
filtration to sewage and combined storm and sewage overflow was studied on
pilot-plant scale and a comparison between HGMS and other sewage treatment
processes is shown in Table 6.24. [A40, A41].

Selective removal of oil, phosphorus and heavy metals from waste water
by a combination of magnetic seeding, chemical coagulation and high-gradient
magnetic separation has been demonstrated in several reports [B43, O9,T12].

In order to overcome limitations of a cyclic operation of high-gradient mag-
netic filters and high energy consumption, Isogami et al. [I5] developed a contin-
uous superconducting filter for the treatment of sewage water. By the applica-
tion of the magnetite seeding technique, the level of biological oxygen demand
was reduced by 90%, chemical oxygen demand by 79% and concentration of
suspended solids by 97%. Figure 6.46 shows the pilot plant at Hitachi, Ltd.



522 CHAPTER 6. INDUSTRIAL APPLICATIONS

Table 6.24: Comparison between HGMS and other sewage treatment processes
[O8].

Process Removal [%]
Solids COD Bacteria

HGMS 88 - 95 60 - 75 99 - 99.9
Chemical clarification 60 - -
Activated sludge treatment 55 - 95 70 - 80 90 - 98
Physical chemical treatment 99 80 99

Figure 6.46: A pilot plant for magnetic filtration of waste water, using a con-
tinuously operating superconducting magnet (courtesy of Hitachi,
Ltd.).
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Figure 6.47: Flowsheet diagram for water treatment with reusable magnetite
particles (adapted from [A42]).

(Japan).

Magnetic coating

This process relies on the selective adhesion of fine magnetic particles to the
surfaces of target materials, as is shown in Fig. 6.43(ii). Fine particles, usually
smaller than 2 m, are required to form resilient coatings on the minerals [P20,
P21]. The selective removal of calcite and dolomite, from mixtures of apatite,
barite and scheelite, by selective magnetic coating, or tagging, has been demon-
strated at laboratory and pilot plant scale [P20]. Other mixtures that were
separated are quartz/fluorite and metallic lead/copper.
Coating of particles with magnetic tags has not yet been exploited to any

significant extent on industrial scale. However, tags can be potentially used
in recovering suspended particulates from a wide spectrum of materials and
magnetic coating can provide a basis for selective separation of minerals, e uent
particles and organic wastes [M40].

Sirofloc process

The Sirofloc process developed at CSIRO (Australia) [K33] employs the
magnetite seeding technique. It is established that a surface of magnetite parti-
cles activated in acid environment is positively charged, which enables negatively
charged particles of the impurities contained in the water to be captured on the
surface of the magnetite particles. On the other hand, in an alkaline environ-
ment, the surfaces of the magnetite particles are charged negatively and thus
repulsion of charged particles from the magnetite surface takes place. Magnetite
thus acts as an impurity adsorbent in acid environment and as a desorbent in
alkaline medium.
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Table 6.25: River water treatment by chemically precipitated magnetite and
HGMS [H33].

Parameter Untreated water Treated water
Colour [mg/ Pt] 40 8
Turbidity [ZF] 11.5 1.5
COD [mg/ ] 11.5 1.5
Fe total [mg/ ] 0.23 0.01
No. of psychrophylic bacteria/m 1000 130
No. of coliform bacteria/m 13 0.02

Kolarik’s results [K33] were tested on pilot-plant scale, the process flowsheet
of which is shown in Fig. 6.47. It was demonstrated in several plants that have
been in operation in Australia and UK that the process can produce water which
complies with the EC Drinking Water Directive [B40].
The magnetite particles used in the Sirofloc process are rather coarse (5 to

10 m), which results in their low specific surface area and in the need to use
a high concentration of magnetite (e.g. 10 to 12 g/ ). Moreover, preparation
of magnetite in this size range is rather costly and complex. In order to over-
come this drawback, Hencl and Mucha [H33] proposed to employ chemically
precipitated magnetite [O9] prepared from waste material, such as acid pickling
steel liquor or waste ferrous sulphate arising from production of titanium white.
Magnetite prepared in this manner, with 90% of particles smaller than 1 m
and 54.3% smaller than 0.4 m, was used to purify the Vltava River (Czech
Republic) water. The impurity-coated magnetite was concentrated by HGMS
operating at 0.5 T at a flow velocity of 0.1 m/s. As can be seen from Table 6.25,
colour was improved by 79%, while turbidity and COD were reduced by 85%
and 76.4%, respectively. The concentration of coliform bacteria was reduced by
99.9%.

6.4.3 Biomagnetic extraction of heavy metals

The phenomenon of bioaccumulation of metal ions from solution by a wide va-
riety of micro-organisms has been well established for some time. A number
of micro-organisms can precipitate heavy metals onto their surfaces as a conse-
quence of their metabolism and growth. This, therefore, gives them the ability
to accumulate such metals in large quantities from external surroundings.
Microbial accumulation is achieved by growing a variety of micro-organisms

in solutions containing the ions of the metal to be extracted and some added
nutrients. As the microorganisms grow, they accumulate the metallic species
onto their surfaces with a corresponding decrease in the concentration of the
metal ion in solution. If the ions are paramagnetic, the resultant coating on
a microorganism makes it magnetic and magnetic separation can be used to
extract the biomass from the solution. A block diagram of the process is shown
in Fig. 6.48.
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Figure 6.48: Block diagram of growth and separation of microorganisms loaded
with heavy metals (adapted from [B44]).

Watson et al. [W34, B44] investigated a large number of magnetic ion species
and of microorganisms and their ability to ingest or precipitate ion species onto
their surfaces. The work was directed towards a study of e uents from nuclear
and other industries. In most cases, starting concentrations of heavy metals
of the order of 10 ppm were reduced to the 1 ppb level. Successful tests were
carried out on solutions containing U, Cu, Pt, Pd, Rh, Rd, Fe, Ni and other
metals.

6.5 Magnetic carriers and magnetic separation
in biosciences

6.5.1 Principles of biomagnetic separation techniques

With the exception of a few naturally occurring paramagnetic or ferrimagnetic
molecules or cells, such as ferritin, deoxygenated erythrocytes and magneto-
tactic bacteria, biological material is diamagnetic and has to be magnetically
labelled or immobilized on magnetic particles. The magnetic labelling or im-
mobilization can be performed using magnetic carriers, magnetic nanoparticles,
magnetoliposomes and molecular magnetic labels (such as erbium ions) [S88].
Magnetic carriers, in the form of either magnetite or magnetic polymer par-

ticles, or beads, are being increasingly used to separate, analyze and diagnose
cells or biomolecules such as antibodies, DNA molecules, proteins, hormones or
antigens. Drug and reagent delivery are another area where magnetic carriers
or tags are finding their application.
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Figure 6.49: Schematic diagram of magnetic separation of cells using magnetic
beads.

Figure 6.50: A scanning electron microscope image of 2.8 m Dynabeads
R°
su-

perparamagnetic monosized polymer magnetic carriers (courtesy of
Dynal Biotech ASA).
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Table 6.26: Physical characteristics of magnetic carriers Dynabeads.

Head Dynabeads
R°

M-450 M-280 MyOne
Diameter 4.5 m 2.8 m 1.05 m
Density 1600 kg/m3 1400 kg/m3 1800 kg/m3

Fe content 20% 12% 26%

The magnetic beads are usually spherically shaped particles of diameter
ranging from 1 to 20 m, and consist of a polymer matrix, often polystyrene,
polyderivatives and polyvinylalcohol, in which a magnetic colloid, such as mag-
netite, is encapsulated. Specific a nity ligands are chemically coupled, often
selectively, to the polymer matrix to separate biomolecules or cells. These lig-
ands display complementary structures to specific sites of biomolecules or cell
receptors so that these target substances specifically bind to the magnetic parti-
cles. These target structures can then be separated from the substance mixture
in a magnetic field. Many magnetic carriers are biocompatible and some of them
are biodegradable. The basic principle of cell separation is shown schematically
in Fig. 6.49. A scanning electron microscope image of 2.8 m magnetic carriers

Dynabeads
R°
is shown in Fig. 6.50, while Table 6.26 lists physical properties of

Dynabeads
R°
.

In addition to magnetic carriers in the micrometer size range, magnetic
nanoparticles in the form of ferrofluids are often used for the labelling of tar-
get structures (usually cells) and as biodegradable or biocompatible carriers
for biomedical applications. In contrast to micrometer-sized magnetic carri-
ers, high-gradient magnetic separators are required to manipulate systems of
magnetic nanoparticles.
In addition to its current progressive role in biosciences, novel developments

in the biocompatible magnetic carrier technique are expected to have an en-
abling e ect on capabilities in biological warfare defence, personnel monitoring
and diagnostic and therapeutic treatments for military personnel. For instance,
the Department of Defence (USA) believes that magnetic carriers are suited to
provide mechanisms for monitoring and controlling biological activity [B45].
Magnetic separation, such as isolation and/or removal of specific cells, iso-

lation of nucleic acids, proteins and heavy metals, is a common approach to
exploit magnetic principles in biosciences. Biomagnetic techniques can be used
in a variety of other applications. Magnetic support can be applied to immobi-
lization of biologically active compounds and cells when magnetic carriers enable
simple manipulation with immobilized structures.
Magnetic separation can also be used for modification of standard immunoas-

say analytical methods to determine concentrations of analytes in medical di-
agnostics. Ferrofluids have been studied in biomedical and clinical applications,
often in connection with manipulation of drugs, viruses and tumours.
The separation of erythrocytes (red blood cells) from the remainder of the
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Figure 6.51: A batch magnetic separator for biomedical applications (courtesy
of Dynal Biotech ASA).

blood components using high-gradient magnetic separation has received con-
siderable attention during the last two decades. The same technique has been
successfully applied to the concentration of malarial parasites and bone marrow
cells.

Magnetic separation has several advantages in comparison with standard
separation procedures. Separation can often be performed directly in raw sam-
ples containing suspended solid material such as body fluids, food and clinical
samples and waste water. As a result of their magnetic properties, target struc-
tures captured to specific surface-modified magnetic particles or magnetically
modified a nity materials can be relatively easily and selectively removed from
the sample in an external magnetic field.

A review of the current status of the application of magnetic methods in
biosciences can be found, for instance, in an article by Šafaříková and Šafařík
[S88].

6.5.2 Magnetic separators in biosciences

In recent years numerous magnetic separators have become available for appli-
cations in biosciences, ranging from small laboratory units based on permanent
magnets, to automated cell sorters that are able to separate up to 10 million
magnetically labelled cells per second. There are two basic types of laboratory
magnetic separators for biomedical applications, namely batch and flow-through
units [S88].
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Figure 6.52: Quadrupole and hexapole batch magnetic separators for biomedical
applications (courtesy of Immunicon, Inc.).

Batch magnetic separators

In most cases the isolation of magnetically labelled structures is performed in a
batch mode. Test tube magnetic separators, an example of which is shown in
Fig. 6.51, equipped with rare-earth permanent magnets, are used to separate
magnetic microparticles from volumes ranging from 5 to 50 m . Magnetic
nanoparticles require a higher magnetic force and can thus be separated in
quadrupole or hexapole magnetic fields. Such QMGS and HMGS separators
are shown in Fig. 6.52.

Flow-through magnetic separators

Flow-through separators are cyclic units consisting of a column packed with
magnetizable stainless steel wool, placed between the poles of a permanent mag-
net or electromagnet. Magnetically labelled structures are passed through the
column and are captured in the steel wool matrix. After the removal of the
column from the magnetic field, the captured structures are removed from the
matrix. High-gradient magnetic separators are used when working with sub-
colloidal particles, particularly when separating magnetically labelled cells. De-
vices that can separate 1010 to 1011 cells in one cycle have become commercially
available [S88].
Improved selectivity of separation of biological objects can be obtained when

multipole d.c. magnetic fields or a.c. magnetic field are used. A flow-through
quadrupole magnetic separator [Z2] generating a field gradient of 164 T/m and
a hybrid a.c. magnetic device [G23] have been applied in various a nity-based
separations.
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Figure 6.53: Bench-top BeadRetriever instrument which performs auto-

mated immunomagnetic separation using Dynabeads
R°
magnetic

carriers (courtesy Dynal Biotech ASA).

6.5.3 The application of magnetic separation

Cell separation and isolation of nucleic acids

The isolation and removal of cells can be achieved using magnetic carriers as
has been described above. The principle of separation is based on the fact
that practically all body cells bear a specific cluster of di erentiation (CD)
receptors on their surface. These receptors determine specific functions of the
cells in the body. By coating the magnetic particles with antibodies against
respective CD receptors all types of cells can in principle be isolated from the
corresponding body fluids or cell cultures. The magnetic carrier technology
thus opens particularly interesting perspectives for the therapy and diagnosis
of tumours. The quantitative isolation and determination of tumour cells from
tissue samples can provide information on the progress of therapy. Magnetic
carriers can also play a role in the separation of tumour cells during bone marrow
transplants [M41].

The magnetic a nity separation is used particularly in molecular biology
for isolation of nucleic acids (both RNA and DNA). The separated nucleic acids
can be eluted from the beads and used for further applications [S88].
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Immunomagnetic separation Immunomagnetic separation is the technique
that uses antibodies immobilized on magnetic carriers, for capturing target cells.
Immunomagnetic particles specific for a target organism are usually suspended
in an aliquot of the mixed cell suspension. After an appropriate incubation pe-
riod the immunomagnetic particles with bound target cells are separated from
the suspension in a magnetic separator. The remaining suspension is removed
and the magnetic particles are washed with a suitable solution. An important
advantage of immunomagnetic separation is the ability to capture and detect
dead or severely damaged microorganisms, which cannot be detected by stan-
dard cultivation processes [S89, Y10].
Immunomagnetic separation is often used in microbiology, cell biology and

parasitology. Magnetic particles are used for the isolation of various cell sub-
sets according to their CD receptors directly e.g. from tissue homogenates.
Immunomagnetic removal of cancer cells from the blood and bone marrow of
patients su ering from cancer is being practiced in numerous laboratories [S88].
A bench-top BeadRetriever instrument that performs automated immuno-
magnetic separation is shown in Fig. 6.53.

Drug and radionuclide targeting

Although selective delivery of drugs to specific targets within an organism would
be beneficial to many patients, conventional treatment is not able to achieve sig-
nificant drug concentration in a target without distributing the drug throughout
most other, usually healthy body parts and without developing drug resistance.
To circumvent these pitfalls, magnetic microspheres or nanospheres have

been used for immobilization or encapsulation of drugs or radionuclides. These
magnetic particles are then transported to a target position using an external
magnetic field. Localized delivery of drugs at high concentration, for instance
to tumours, a significant reduction of the toxic e ects of most conventional
anticancer drugs to healthy tissue has been achieved [P22, L26, J8, A43].
Transport of magnetic particles loaded with drugs can be achieved by mag-

netically guiding the particles using a high-gradient magnetic field. As a result
of a short reach of such a magnetic field it is rather di cult to achieve su cient
focus and drug accumulation in a tissue that is located deep inside a body. A
di erent principle of localizing a drug into the tumour area is illustrated in Fig.
6.54. A suspension of magnetic particles can be injected through a catheter
into the artery feeding the tumour while a magnetic field is imposed onto the
tumour area. The magnetic field can be conveniently generated by permanent
magnets located outside the patient’s body close to the tumour [K34].
Tumour regression through selective magnetic delivery of cytotoxic agents

to the tumour site has been observed in numerous clinical cases, such as brain
tumour and kidney and colon carcinoma. In order to increase the rate of drug
delivery, the size of magnetic carriers should be as large as possible, compatible
with the fact that the smallest blood vessels have a 5 m inner diameter. Iron
oxide particles are well tolerated and magnetite-based agents are approved for
human use.
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Figure 6.54: Schematic diagram of the introduction of drug-loaded magnetic
carriers into a tumour (adapted from [K34]).

Another technique used to achieve tumour regression is based on the applica-
tion of magnetorheological fluids that change their viscosity when exposed to an
external magnetic field. Such a fluid can be injected into the blood vessels that
supply the tumour. When a magnetic field is applied to the tumour site, the
viscosity of the fluid increases and the fluid seals the blood vessels and inhibits
blood supply and tumour necrosis develops [S94].

Hyperthermia

Local heating of certain organs or tissues to temperatures between 42 0C and
46 0C, particularly for cancer therapy, is called hyperthermia. The heating of
the target tissue to this temperature range generally reduces the viability of
cancer cells and increases their sensitivity to chemotherapy and radiation. The
heating can be achieved by means of various external sources such as radio
frequencies and microwaves. In order to optimize thermal homogeneity in the
target volume, inductive heating of magnetic materials has been explored.
The use of ferrofluids, exposed to an external alternating electromagnetic

field, for the localized non-invasive hyperthermia, has been thoroughly stud-
ied. Magnetic particles confined in the target volume dissipate the energy of
the external field in the form of heat through several types of relaxation mecha-
nisms. Multidomain particles exhibit hysteretic and Rayleigh losses while single-
domain nanoparticles lose energy through Néel and Brownian relaxation [H34,
R26]. Multidomain magnetic particles thus require large field amplitudes for
extensive heating, while single-domain particles have large specific absorption
rates at already lower field amplitudes. Under typical conditions of ferrofluid
hyperthermia a magnetic induction of 0.04 T at 100 kHz is applied to a tumour
for a period of 30 minutes.
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Although hyperthermia with magnetic fluids has been studied for several
decades, its performance has been demonstrated only on laboratory scale. Ap-
plications such as brain tumour, prostate carcinoma [J9], and AIDS therapy
[M41] have been proposed and successfully investigated. Nevertheless, it ap-
pears that several problems must still be eliminated before this technique can
be introduced into clinical practice [S88].

6.5.4 Separation of red blood cells by HGMS

The separation of erythrocytes (red blood cells) from whole blood using mag-
netic means has received considerable attention during the last twenty years. An
innovative approach by a group of researchers from the Southampton University
and other organizations [M42, M43,G24, G25, R27, R28] resulted in the devel-
opment of a novel method of erythrocyte separation by high-gradient magnetic
separation. This separation process is based on the fact that the paramagnetic
properties of the reduced haemoglobin of erythrocytes allow capture of these
cells under suitable conditions. By diluting fresh, anticoagulated blood in an
isotonic reducing agent, the iron of haemoglobin is reduced to the paramagnetic
Fe2+ form. The magnetic force exerted on these particles allows the red blood
cells to be separated from the whole blood.
Red blood cells are flexible biconcave discoids with a diameter of 8.5 m and

a thickness of 2.3 m. The volume magnetic susceptibility of red blood cells
is estimated to be 3.9×10 6 (SI) when the haemoglobin is in the completely
deoxygenated state. It can be shown [S90] that under conditions typical for
HGMS of red blood cells, where the velocity of the red blood cells relative to
the fluid of = 3×10 4 m/s was usually employed [M42], a magnetic induction
of 2 T and a field gradient greater than 104 T/m are required to render the
magnetic force greater than the hydrodynamic drag. Such a magnetic field
gradient can be obtained, for instance, using ferromagnetic stainless steel wire
matrix of diameter smaller than 400 m.
It was also demonstrated by Melville et al. [M43] that it was possible to

collect selectively diamagnetic white blood cells and platelets onto the regions
of diamagnetic capture of the matrix wire. By magnetically labelling various
cell subpopulations, such as lymphocytes, in human blood and bone marrow
it was possible to separate and concentrate magnetically these labelled cells at
99% purity and 68% recovery [R27].

Concentration of malarial parasites by HGMS

The malarial parasite, on entering the human body, spends an important part
of its life cycle in the red blood cell. During this cycle the parasite progressively
digests haemoglobin to leave oxidized haem product (pigment). The oxidized
haem product is paramagnetic, in contrast to the diamagnetic oxygenated group
found in oxyhaemoglobin.
This magnetic property can be exploited to separate malaria-parasitized red

cells from a suspension of oxygenated normal cells at a short processing time (
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Figure 6.55: Comparson of the energy input in primary and secondary metal
production (adapted from [N12]).

10 min) at a purity of the concentrate in excess of 90% [P23]. It was observed
that in order to achieve percentage capture similar to the normal red cells case,
the flow rate for parasitized cells had to be reduced by one order of magnitude.

6.6 Recovery of metals from wastes

Resource conservation by re-use, reclamation and recycling of materials has
been practiced for millennia, and the recovery of metals and alloys is a prime
example of such activities. The recovery of materials from waste and recycling of
materials are of increasing importance due to a wide spectrum of factors [V11].
Increased scarcity of economically viable deposits of ores, energy saving, and
increased emphasis on environmental control are some of the more important
ones. Significant reduction of energy input in metal recycling compared to
primary production is illustrated in Fig. 6.55, while Fig. 6.56 shows the relative
costs of mining and extraction of various metallic products.
It is argued [V11] that it is the economic cost, rather than actual physical

depletion, that will provide constraints on resource use in the future. It is likely
that the only structural metals which will not be in short supply in the future
are magnesium (from sea water), aluminium and iron [V11]. It is thus clear that
recycling of materials is strongly associated with the economics of producing raw
materials. This implies that for a financially self-sustaining system, the value of
the recycled materials must exceed the cost of producing them [N13]. Recycling
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Figure 6.56: Comparison of relative costs of mining and extraction of various
metallic products (adapted from [N12]).

will, therefore, take place only where the economic incentive is great enough.

6.6.1 The separation processes in metal recycling

In broad terms physical separation methods can be divided into dismantling,
liberation, dry and/or wet separation and melting [N13, D21]. After liberation,
a metal must be separated from a variety of materials. Materials have many
unique physical and chemical properties, which may be applied in separation
processes, ranging from colour and density to magnetic and electrical properties.
Various dry and wet separation methods are used in practice, and their size
ranges are listed in Tables 6.27 and 6.28.

Magnetic separation

Suspended magnets, magnetic pulleys and dry low-intensity drum magnetic sep-
arators are frequently used in metal recycling processes for concentration of fer-
romagnetic materials. These magnetic separators are usually situated directly
after the primary shredder, or just after the air classifier, if used. Occasionally,
secondary low-intensity magnetic separators are utilized to retrieve the 10% to
20% of ferrous metal missed by the primary separator. It is often necessary to
re-shred and then air-classify a magnetic concentrate to free contaminants such
as the contents of tin cans [V11]. A schematic diagram of major process steps
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Table 6.27: Dry separation techniques for recycling (after Dalmijn et al. [D21]).

Dry separation Particle size range [mm]
Gravity or density sorting

Screening and sizing 1 - 100
Centrifuges and cyclones 0.05 - 20
Air classification 5 - 100
Friction separators, shaking tables 0.05 - 5

Magnetic and electrostatic separation
Magnetic separation 0. 5 - 100
Eddy-current separation 1 - 100
Corona discharge separators 0.1 - 10
Triboelectrical separators 0.1 - 10

Particle-for-particle separation
Sensors for material recognition 1 - 100
Image processing 1 - 100
Multi-sensor systems 1 - 100

Table 6.28: Wet separation techniques for recycling (after Dalmijn et al. [D21]).

Wet separation Particle size range [mm]
Gravity or density separation

Classification 1 - 100
Rising current separators 1 - 50
Centrifuges 1 - 50
Cyclones 0.05 - 0.5
Sink-float or DMS 1 - 100
Jigging 1 - 50
Flotation 0.05 - 0.5

Electromagnetic separation
Magnetic separators 0.1 - 1
Eddy current or Magnus separators 0.05 - 5
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Figure 6.57: Major process operations in the mechanical processing of auto-
mobile scrap. ASR - autmotive shredder residue (adapted from
Dalmijn et al. [D21]).

is shown in Fig. 6.57.
Dry drum magnetic separators equipped with rare-earth magnets are used

for recovery of feebly magnetic stainless steel.
Wet low-intensity drum magnetic separators are used to recover magnetite

and ferrosilicon from dense media plants prior to feeding scrap material to an
eddy-current separation plant. High-intensity magnetic separators are also used
to remove iron-aluminium, a complex material consisting of aluminium and
magnetic parts mechanically connected, such as steel bolts [N13].

Eddy-current separation

Eddy-current separators are used in recycling in combination with a dense me-
dia separation plant to improve the grade and recovery of the metal products.
Magnesium and aluminium are the first products from a dense media plant fed
primarily with material from automobile shredders. This product still contains
materials that responded to the same cut-point density at which DMS operated.
These materials, such as stones, glass, copper wire and complex materials rep-
resent approximately 10% of the aluminium fraction with a size range of 10 to
65 mm [N13]. The aluminium concentrate can be obtained in a process shown
in Fig. 6.55. The feed to an eddy-current separator is usually screened into two
fractions, for instance - 32 + 8 mm and - 65 + 32 mm.
The heavy non-ferrous fraction obtained in DMS can also be processed by

eddy-current separators. The current technology cannot, however, separate the
heavy non-ferrous mixture into the final concentrates of individual components,
such as zinc, lead and copper [N13]. However, eddy-current separators are useful
to produce pre-concentrates for further sorting, for instance by image processing.
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Figure 6.58: Schematic diagram of the processing of the aluminium float frac-
tion with eddy-current (ECS) and friction separators (adapted from
Nijkerk and Dalmijn [N13]).
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Separation by Magnus-Robins E ect

It was demonstrated by Robins and later by Magnus that a particle, rotating
either in water or air, does not fall strictly vertically, but, as a result of asymme-
try of the flow and pressures around the rotating particle, a lift force is created
that a ects the particle trajectory [M45, B51, T13].
It has been suggested by Rem et al. [F36] that this e ect can be applied to

the separation of fine non-ferrous metal particles from a mixture. By exposing
a mixture of vertically falling particles to a rotating magnetic field, the non-
ferrous metal particles, in contrast to non-metallic particles, also start rotating.
The Magnus lift force thus created deflects the metal particles from the vertical
direction, as shown in Fig. 6.59.
A wet Magnus separator was applied, on pilot scale, to the separation of

copper and aluminium particles from the bottom ash of a municipal waste in-
cinerator [F36]. A production-size plant with a throughput of 50 t/h has been
proposed [R31]. The wet Magnus separator can treat particles in the size range
from 0.5 to 20 mm, while in a dry mode the size range is from 0.2 to 5 mm.

6.6.2 Sorting of heavy non-ferrous metals

Heavy non-ferrous metals include copper, lead, zinc, titanium, cobalt and pre-
cious metals such as silver, gold and platinum, and metal alloys such as brass
(Cu+Zn) and bronze (Cu+Sn+Zn). Approximately 75% of the mixture of heavy
non-ferrous metals comes from automobile scrap, the source of the rest being
electronic and domestic waste. Brass and copper make up approximately 70%
of the value of the mixture, as is illustrated in Fig. 6.60.
Hand sorting is generally the most cost-e ective method for sorting of heavy

metals. Labour rates for sorting in Asia are low and the costs of shipping scrap
materials, from most parts of the world, to Asia are presently very attractive.
Moreover, the Asian markets for non-ferrous metals are more attractive than,
for instance, the European markets.
A rather recent entry into the sorting of heavy non-ferrous metals is colour

sorting. High-speed, real-time processors interpret images from high-resolution
cameras. The processors are pre-programmed to recognize certain metals by
colour and geometry and compressed air is used to eject the recognized metal
fragments. One metal type can be recovered per cycle per unit. The e ciency of
this technique is limited by, for instance, insu cient liberation, contamination,
dirt and corrosion. Recovery ranges from 80% for lead to 93% for zinc, while
the purity of the concentrates is approximately 95% to 98%.

Sorting in a magnetic fluid

Separation in magnetic fluids, and particularly in ferrofluids (FHS) is a natural
choice for sorting of non-ferrous metals into individual metal concentrates. Con-
siderable e ort was expended to develop the FHS for the treatment of automo-
bile scrap [K16, K17, F21, S50, N4, R9, H35, A44], followed by the application
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Figure 6.60: Distribution of heavy non-ferrous metals, per mass and per value,
in a scrap metal mix (adapted from [S91]).

to electronic scrap treatment [B46, G26]. In view of large density di erences
between non-magnetic or weakly magnetic metals to be separated, only modest
separation selectivity and a rather simple design of the FHS separator is re-
quired. It is fairly easy to design a ferrohydrostatic separator that can generate
apparent densities exceeding 10 000 kg/m3, required to float, for instance, lead,
in a modestly magnetic (e.g. = 0.02 T) ferrofluid.
A separator shown in Fig. 6.61 can treat up to 1 t/h of scrap material and

it can be further scaled-up to double this throughput. Recovery of 95% of most
heavy non-ferrous metals can achieved, with purity ranging from 98 to 100%.
[M24]. A typical example of a copper concentrate obtained by FHS is shown in
Fig. 6.62. Inclusion of ferrohydrostatic separation in the flowsheet for sorting
of heavy non-ferrous metals is illustrated in Fig. 6.63.
As has been discussed in Section 5.6, there are two basic types of separators

with magnetic fluids. A ferrohydrostatic separator with constant apparent den-
sity of ferrofluid along the vertical axis produces two products, namely float and
sink. The selectivity and accuracy of separation in this type of separator can
be very high. On the other hand, separators that use paramagnetic liquids or
separators with ferrofluid with wedge-shaped pole-pieces generate a distribution
of apparent density along the vertical. Although it is possible, at least in the-
ory, to obtain several density products in one pass of a material through such a
separator [e.g. A44], selectivity is inevitably limited. Interparticle interactions,
distribution of density of the materials to be separated, and a continuum of the
apparent density of the magnetic fluid along the vertical axis are some of the
reasons that make this approach impractical.
While it is unlikely that the latter approach will find industrial applica-
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Figure 6.61: A pilot-plant-scale ferrohydrostatic separator for sorting of heavy
non-ferrous metals.

Figure 6.62: A photograph of the - 12 mm copper concentrate obtained by FHS
as a sink product at the density of 8200 kg/m3 and a float fraction
at 10 300 kg/m3[M24].
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Figure 6.63: A flowsheet for sorting non-ferrous metals into individual metal
concentrates, using FHS.

tion, sorting of non-ferrous metals by ferrohydrostatic separation holds a signif-
icant promise. A successful production-scale demonstration of this technology,
availability of ferrohydrostatic separators with a throughput of 2 to 5 t/h, and
availability of technical-grade ferrofluid at reasonable cost are prerequisites for
introduction of this technology into the recycling process.

6.7 The applications of ferrohydrostatic separa-
tion

The range of potential applications of ferrohydrostatic separation is extensive
and, in view of the unique capabilities of the FHS technology, this technique
can change conventional practices of materials treatment. The main limitation
is, however, the cost of ferrofluid, limited throughput of the existing separators
and rather poor e ciency of separation of particles smaller than 500 m. The
viability of every application will be determined mainly by the losses of the
fluid, its cost compared to the value of the products of separation, and by the
e ciency of of the ferrofluid recycling, if it is used [S92].

The FHS technology is presently being used, on industrial scale, for the
recovery of gold and other platinum-group metals and in the diamond industry.
On laboratory and pilot-plant scale, the technology is being applied to the
recovery of non-ferrous metals from scrap, as discussed in Section 6.6.2, and
to the treatment of wastes and tailings, slags, coal analysis and recovery of base
metals.
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Figure 6.64: Recovery of gold by FHS at Aldanzoloto, Russia (adapted from
[S55]).

Table 6.29: Beneficiation of gold-bearing alluvial sands by FHS [G27].

Product Yield [%] Grade [g/t Au] Recovery [% Au]
Feed 100 473 100
Concentrate 0.1 452 000 95.5
Tailings 15.7 78 2.6
Magnetics 84.2 11 1.9

6.7.1 Recovery of gold and other platinum-group metals

At least fifty ferrohydrostatic separators, based either on electromagnets [S55],
or permanent magnets [S54], are in operation in the territories of the former
Soviet Union. The separators are used to recover gold from gravity concentrates
and to treat previously accumulated tailings after the amalgamation of the gold
concentrates. A typical flowsheet of the treatment of the gravity concentrate is
shown in Fig. 6.64. Table 6.29 summarizes the results of the final concentration
of black alluvial sand by an electromagnet-based GMUO FHS [G27].
Tables 6.30, 6.31 and 6.32 o er a detailed summary of the results of benefi-

ciation of table gold concentrates in individual stages as outlined in Fig. 6.64.
Results of the concentration of gold from tailings in the Amur Region (Rus-

sia), using permanent-magnet based FHS, are shown in Table 6.33.
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Table 6.30: Beneficiation of the gold gravity concentrate by a low-intensity mag-
netic separator (Severvostokzoloto Co.), B = 0.13 T.

Product Yield [%] Grade [g/t Au] Recovery [%Au]
Feed 100 222146 100
Magnetics 31.81 1502 0.22
Non-magnetics 68.19 325074 99.78

Table 6.31: Beneficiation by a high-intensity magnetic separation of the non-
magnetic fraction from LIMS (Severvostokzoloto Co.).

Product Yield [%] Grade
[g/t Au]

Recovery [%Au]

per stage overall per stage overall
Feed 100 68.19 325074 100 99.78
Magnetics 59.47 40.55 1864.6 0.34 0.34
Non-magnetics 40.53 27.64 799248 99.66 99.44

Table 6.32: Concentration of gold from the non-magnetic fraction of a high-
intensity magnetic separator by FHS (Severvostokzoloto Co.).

Product Yield [%] Grade
[g/t Au]

Recovery [%Au]

per stage overall per stage overall
Feed 100 27.64 799248 100 99.44
Au concentrate 93.42 25.82 99.92 99.36
Tailings 6.58 1.82 9280.68 0.08 0.08

Table 6.33: Recovery of gold from tailings by permanent-magnet based FHS.
Cut-point density: > 9000 kg/m3 [S54].

Size distribution Recovery [%Au]
+ 0.315 mm, 8% 99.7
- 0.315 mm, 82% 71; 93.1 free gold
Full sample, 100% 89.1, 93.8 free gold
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Table 6.34: Recovery of fine diamonds from the sorthouse feed at Yakutalmaz
(Russia).

Parameter Specification
Throughput 5 to 10 kg/h
Feed size 0.2 to 2 mm
Recovery of diamonds 99%
Input power 0.47 kW
Mass of the separator 450 kg

6.7.2 Applications in the diamond winning industry

Benefits of the unique capabilities of ferrohydrostatic separation for diamond
winning were readily recognized and it was also realized that, in contrast to
sorting of non-ferrous metals, separators with high selectivity operating at rel-
atively low apparent densities (up to 4500 kg/m3) were required. One of the
first industrial applications of the technology was the installation of six GMUO
FHS-40/3 units at Yakutalmaz Co. (Yakutia, Russia) in 1992. The separators
were used at the sorthouse for the final recovery of fine diamonds. Typical
performance data are summarized in Table. 6.34. Although the units operated
satisfactorily, the FHS plant was later closed down, for reasons that were mainly
of non-technical nature.
In order to meet the needs of the modern diamond-winning industry, De

Beers Diamond Research Laboratory of De Beers Consolidated Mines (Pty.)
Ltd. (South Africa) developed a range of sophisticated cost-e ective FHS sepa-
rators as has been discussed in Sections 2.8 and 5.6. In order to maintain accu-
rate control of the apparent density, the separators employ a closed-loop control
system. Such a control system automates the separation process and provides
a user-friendly interface. An operator selects the desired cut-point density from
a computer screen and the system automatically controls the plant at the set
point.
In order to ensure high selectivity of separation, a proprietary detection

system, which detects any changes in the density, is employed. The output of
the detection system is used by the closed-loop controller to control the power
supply output to maintain the ferrofluid at the constant apparent density.
Diamonds, by virtue of their high value, are highly sought after as an ex-

change medium in criminal activities. This results in significant pressure being
applied to workers in the diamond mining industry to pilfer diamonds. It was
therefore imperative to put into place mechanisms, which prevented people from
accessing diamondiferous material during mining and recovery processes. Fig-
ures 2.108 and 6.65 show a two-stage automated and secure ferrohydrostatic
separator built by De Beers for the recovery of diamonds [S23].
Secure and selective ferrohydrostatic separators can be used for the recovery

of diamonds at various points of the diamond recovery process. Recovery of
diamonds from DMS concentrates, X-ray tailings, X-ray concentrates and from
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Figure 6.65: A two-stage ferrohydrostatic separator for the recovery of dia-
monds.

the sorthouse feed and tailings are some of the applications.
In addition to diamond recovery, ferrohydrostatic separators are used for

the treatment of geological samples. Mass reduction of samples before hand-
sorting, sorting of indicator minerals into individual narrow density fractions
and replacement of toxic and expensive heavy liquids are the main benefits.

The Rhomag
R°
ferrohydrostatic separator, developed at De Beers and shown in

Fig. 2.109, is used for treatment of exploration materials.
As a result of the ability of FHS to separate materials into narrow, well-

defined density fractions over a wide range of densities, using a single fluid
density, which can be changed by varying the magnetic field strength, the tech-
nique is particularly suitable for densimetric analysis. Densimetric analysis of
the DMS feed and products by FHS allows to set the operating conditions of
DMS and to assess its e ciency. Caution must, however, be exerted to take
into account the magnetic properties of the material. As has been discussed in
Section 3.8.4, particles with non-zero magnetic susceptibility exhibit an e ective
density di erent from their natural density. A failure to take into account this
increment in density would result in distortion of the density distribution of the
material.

6.7.3 The fractionation analysis of coal

Sink-and-float analysis of coal has been one of the areas of potential applica-
tions of FHS. Densimetric analysis of coal is usually carried out in bromoform
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Table 6.35: Comparison of densimetric analysis of coal in heavy liquids and FHS
[G17]. Concentration of impurities in FHS fractions is shown as a
di erence (in heavy liquids.

Separation density Size fraction [mm] Concentration
of impurities
[%]

2100 kg/m3 - 100 + 50 0
- 50 + 25 0
- 25 + 13 0.7
- 13 + 1 1.8

1800 kg/m3 - 100 + 50 0
- 50 + 25 0
- 25 + 13 0.9
- 13 + 1 1.4

and aqueous solutions of zinc chloride. Both heavy liquids are toxic and expen-
sive to acquire and to dispose of. Such a hands-on operation, involving several
liquids, to cover the entire density region from 1800 to 2400 kg/m3 is tedious
and environmentally unfriendly. The obvious advantage of using magnetic flu-
ids to separate coal into narrow density fractions has been appreciated, over
the last twenty years, by numerous researchers. Gubarevich [G17] employed a
ferrohydrostatic separator with kerosene-based ferrofluid to investigate the frac-
tionation of coal, ranging from 1 to 100 mm in size. The results, shown in Table
6.35, were compared with densimetric analysis obtained with heavy liquids.

It can be seen that while the best results were obtained with the coarse
fractions, even in the fine fractions the concentration of impurities was low.
The selectivity of separation was found to be high, with ranging from 0.015
to 0.045, depending on the ferrofluid density. The high accuracy of separation is
assisted by the fact that most coals are very feebly magnetic ( = 25×10 9

m3/kg). It was also observed that chemical interaction between the ferrofluid
and organic and mineral matter in the coal was negligible.

Based on the above experiments, an industrial-scale continuous FHS sepa-
rator (FGS-2) was developed by the GMUO Institute, Lugansk, the Ukraine.
The separator, shown in Fig. 6.66, underwent several pilot-plant tests, with
duration of each exceeding 600 hours. Typical results are summarized in Table
6.36. In spite of satisfactory performance, several attempts to commercialize
this technology failed as a result of geopolitical changes in the former USSR at
that time.
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Figure 6.66: FGS-2 separator for fractionation of coal. 1-electromagnet, 2-coils,
3-pole-tips, 4-hopper, 5-bottomless separation chamber with hy-
draulic support, 6-lift.

Table 6.36: Typical results of pilot-plant-scale densimetric analysis of coal using
FGS-2 [G17].

Density range 1300 to 2200 kg/m3

Cross-contamination [%] of FHS products - 100 + 13 mm 0.5%
- 13 + 1 mm 2%

Throughput 200 kg/h
Carry-over of ferrofluid into products 1 to 4 kg/t
Loss of ferrofluid after regeneration 0.4 kg/t
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Figure 6.67: Comparison of densimetric analysis of coal using FHS and ZnCl2.
Particle size: - 3 + 0.3 mm (adapted from Fujita et al. [F34]).

Fujita et al. [F34] described the design of a batch ferrohydrostatic separator
for densimetric analysis of coal. The results, an example of which is shown
in Fig. 6.67 were encouraging. The separation curves for three size fractions,
namely - 25 + 13 mm, - 13 + 3.3 mm and - 3.3 + 0.3 mm were similar for
both separation methods, namely FHS and zinc chloride. The carry-over of the
water-based ferrofluid into the products of separation was less than 5 kg per
tonne of the feed material, in agreement with the value given by Gubarevich
[G17]. Further regeneration of the ferrofluid reduced the loss to about 0.5 kg/t.
Ferrohydrostatic separators can thus be used as accurate tools for densi-

metric analysis of coal. FHS lends itself to automation, the rate of treatment
is high and the detrimental e ect of chemical and physical interaction of the
heavy liquids with the coal matter is reduced. FHS thus possesses numerous
advantages compared to conventional methods. As has been discussed by Svo-
boda [S93], further development of FHS technology that will result in more
accurate and large-scale equipment for coal fractionation and in availability of
cost-e ective ferrofluids, combined with strong interest of the coal preparation
fraternity, will inevitably result in the introduction of the FHS technique to the
coal fractionation practice.



 

 

 

 

 



Chapter 7

Innovation and future
trends in magnetic
techniques of material
treatment

7.1 Introduction

In the last two decades the mining and metallurgical industries have been ad-
dressing a variety of economic, environmental and social challenges through
numerous technical and management programmes. These programmes include
conservation of resources using more e cient mining and treatment processes,
impounding and isolating wastes to minimize deterioration pending the day
when economic use is found for these minerals, and facilitating the recycling
of scrap and various types of wastes. These objectives of sustainable develop-
ment can be met only if the mining and metallurgical operations employ the
best available technology, improve energy e ciency and use renewable energy
resources.
In forecasting future developments in material treatment, two approaches

may be taken [A45]: the first one is a simple extrapolation from the present. The
second approach is based on a long-term vision, on establishment of technology
strategies and the timely identification of emerging science and technology.
If the first avenue is used, it appears that nothing really innovative can be

expected during the next twenty years. The second, more risky avenue, is likely
to produce some significant future developments as a result of the emergence
of breakthrough technologies. Breakthrough, or ’disruptive’ technologies based
on intelligent materials, ceramics, nanostructured materials, high-temperature
superconductors and others can allow mineral processing, and material treat-
ment in general, to develop new processes and to explore future resources such

551



552 CHAPTER 7. INNOVATION AND FUTURE TRENDS
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Figure 7.1: A possible connection between research, development and innovation
(adapted from [B47]).

as deep-sea and extraterrestrial minerals. It is currently being speculated [W35]
that it is possible to expect that significant developments will arise at all scien-
tific and engineering levels in the next two decades.
The future of mining companies is thus based on sustainable competitive ad-

vantage in the changing and increasingly turbulent environment and continuous
innovation is key to achieving this. The introduction of new technologies into
the mining and mineral processing operations is, therefore, a strategic necessity.
This necessity does not always appear to be part of strategic plans of major
players in the minerals industry. It is often claimed that although even suc-
cessful mineral companies are slow to adopt new research results, they are good
at innovation [B47]. This view seems to contradict observations that many of
the past innovations have actually come from the smaller, more entrepreneurial
organizations. In addition, many of the large mining and processing companies
are cutting back on their own research & development capabilities [N14, S96,
B49].

7.2 Science and technological innovation

It is often argued, for example, by Batterham [B47], that research, development
and innovation are separate processes. It is claimed that whilst the connections
between these processes are frequent, as is illustrated in Fig. 7.1, they are on an
’as required’ basis. It is even claimed that innovation can proceed without any
research and development and it is innovation that generates the competitive
advantage, not research or development per se [B47].
The view that research, development and innovation are separate often meets

with strong disagreement in R&D circles [J10]. It also seems to contradict
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Figure 7.3: A linear model of scientific advances.

the actual history of science and technology. It can be postulated, and well
supported by practical observations, that innovation is the process by which
the invention is first brought into use [G28]. It involves the improvement or
refinement of the invention, the initial design and production of prototypes,
pilot plant testing and construction of production facilities. Innovation can be
looked upon as the total process from the inception of an idea through to the
manufacture of a product and finally to its ultimate application resulting in
profit. It therefore includes invention and the many stages of implementation
such as research, development, production and marketing [B48], as is illustrated
in Fig. 7.2. In other words:

= +

In this equation invention is the generation of new knowledge, while innovation
is the application of new knowledge for a purpose.
This dynamic non-linear model is in contradiction with the traditional linear

model of research, development and technology transfer, a sequence of processes
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Figure 7.4: The quadrant model of scientific research (adapted from Stokes
[S95]).

extending from basic research to new technology, as depicted in Fig. 7.3. This
model is based on the belief that scientific advances are converted to practical
use by a one-way flow from science to technology and that basic advances are
the principal source of technological innovation. It thus transpires from this
paradigm that each of the successive stages depends upon the preceding one.
This concept of a one-way linear flow is, however, in conflict with the history

of science and technology and today has largely been abandoned [T13]. There
are ample examples of the reverse flow from technology to science [S95] and it is
no longer believed that pure, curiosity-driven basic science will itself guarantee
the technology required to maintain competitive advantage.
It is also not possible to draw a sharp line between basic and applied research,

as work directed toward applied goals can be highly fundamental in character.
In order to take into account such a synthesis of the goals of understanding and
of practical use, Stokes [S95] proposed a quadrant model of scientific research
illustrated in Fig. 7.4.
The second quadrant (the upper left-hand cell) includes basic research that

is guided solely by the quest for understanding without thought of practical use.
Stokes called it Bohr’s quadrant to illustrate how much Niels Bohr’s quest of a
model atomic structure was a pure voyage of discovery.
The fourth, Edison’s, quadrant (the lower right-hand cell) includes research

that is guided solely by applied goals without seeking a more general under-
standing of the phenomena of a scientific field.
The first quadrant in the upper right-hand cell includes basic research that

seeks to extend frontiers of understanding but is also inspired by consideration
for use. Or, conversely, it includes goal-orientated research which, due to its
complexity, requires investigation of its fundamentals. Stokes called this section
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Figure 7.5: A dynamic model of science and innovation (adapted from Stokes
[S95]).

Pasteur’s quadrant to reflect Pasteur’s drive towards understanding.
The history of science and technology is replete with examples of research,

inventions and innovations that were directly influenced both by the quest for
general understanding and by considerations of use. It follows from the analysis
of these examples that the linear model that saw the advances of science as
fully determining the development of technology must be replaced by a model
that reflects the dual interactive character of basic and applied research and
innovation. Such a model is shown schematically in Fig. 7.5.
Industrial magnetism is the scientific and engineering field that is particu-

larly flush with such examples. Development of modern permanent magnetic
materials, ferrofluids, magnetic carriers and of high-temperature superconduc-
tors are just a few examples of investigations undertaken either to gain new sci-
entific and technical knowledge, directed primarily towards a specific practical
aim or objective, or to furnish fundamental understanding of existing empirical
knowledge.

7.3 Magnetic separation and innovation

Methods of treatment that use magnetic force o er a unique approach to mate-
rial manipulation in a wide spectrum of industries. One of the main advantages
of material treatment in a magnetic field is that this additional magnetic force
can be applied in a controlled manner, in a wide range of values. Moreover,
this force can be superimposed on other physical forces and several physical
properties of materials can thus be exploited simultaneously.
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In addition, magnetic separation in general can treat a wide range of types
of materials, ranging from colloidal to large sizes and from "non-magnetic" to
strongly magnetic. Magnetic separation is an environmentally friendly technique
and it can operate in wet and dry modes, making it a technique of choice in
arid and arctic regions.

7.3.1 Reliance on an empirical approach?

In spite of considerable progress, magnetic separation has not, so far, developed
to its full potential. The fundamental problem appears to be a gap between
scientific understanding and the engineering of this technology. Although nu-
merous rigorous descriptions of assorted magnetic separation techniques have
been introduced, their applicability to complicated engineering operations has
been limited. Insu cient understanding of engineering practices, failure to ap-
preciate the scale-up problems and incorrect assumptions often resulted in dis-
appointments and sometimes in financial losses. Such a scenario has not helped
to promote new technological advances in a conservative mining industry, which
is slow in adopting new research results [A45, B47].
The production-scale innovation in magnetic methods of material manip-

ulation has, therefore, been often left to plant engineers who had to rely on
intuition and the empirical approach rather than on a working knowledge of the
principles of magnetism. In 1975 Henry Kolm [K7] felt that physicists would
have to learn more about mining because they were not likely to teach miners
enough about magnetic technology.
It is doubtful whether this proposition has been implemented. It appears

that only limited progress has been made in bridging the gap between "high
technology" and "low technology" since the time when this challenge was iden-
tified [K7, S1]. This gap and lack of interaction among the many disciplines
comprising magnetic separation has been delaying a progress in the application
of sophisticated magnetic technology to the challenges facing magnetic separa-
tion. This is in spite of enormous progress in the development of new magnetic
materials, modelling software and magnet design [S97].

7.3.2 A walk through innovation in magnetic separation

The innovation milestones

During the last fifty years of the 20th century, magnetic separation evolved
from a simple technology to manipulate strongly magnetic coarse materials into
a powerful technique for the treatment of weakly magnetic, finely dispersed
particles. This is the result of development of high-intensity and high-gradient
magnetic separators that used either resistive or superconducting electromag-
nets, or even permanent magnets.
As has been discussed in Section 1.1, the development of permanent magnetic

materials and an improvement of their magnetic properties, particularly during
the last thirty years, has been one of the main drivers of innovation in magnetic
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separation. The history of improvement in the energy product of permanent
magnets is illustrated in Fig. 1.1.
Introduction of ferromagnetic bodies, or the matrix, into the magnetic field

of a separator, in order to increase the field gradient and thus the magnitude of
the magnetic force, was another significant driver that resulted in the develop-
ment of sophisticated magnetic separators. This innovation extended the range
of applicability of magnetic separation to many weakly paramagnetic or even
diamagnetic materials of micrometer dimensions.
Introduction of superconductivity to the minerals industry is a significant

milestone not only for magnetic separation but also for superconductivity it-
self. Although numerous superconducting magnetic separators are operating in
mineral beneficiation plants, the potential of superconductivity still remains to
be fully developed. The generation of a high magnetic field and high magnetic
force, in large volumes, elimination of matrices, reduction in energy consump-
tion, introduction of high-temperature superconductors, are some areas where
superconductivity can become truly a breakthrough technology.
The role that these milestones played in an e ort to improve the magnetic

separation technique can be illustrated by numerous examples. The reasons for
success or failure can also be identified.

Implementation of innovation: successes and failures

The reasons for failure to implement successfully a new technology often do
not lie with the technology itself, but with the work system into which the
technology is introduced [M44]. For instance, a new technology could have been
technically too advanced for the level of skills available, or it may have required
too radical a change in the way work was done. Possibly the need for a new
technology was not strong enough. The cost might have been too high or it
might have encountered resistance from the workforce. Premature application
of an unproven technology, exaggerated expectations raised by an overzealous
supplier and fear of job loss as a result of a new technology are additional factors
that increase the risk of failure.
A review of the innovation landscape in magnetic separation shows that

enormous e ort has been expended over the years in order to convert a wealth
of novel ideas into workable techniques and to introduce them into the material
treatment operations. Successes and failures are almost equally represented in
this process and they can serve as a lesson for future endeavours to introduce a
new technology into the material processing industries [S96, S98].

Advent of rare-earth permanent magnets

One of the most successful innovations in magnetic separation resulted from the
development of powerful rare-earth permanent magnets. An induced magnetic
roll separator described in Section 2.3.2 and in Figs. 2.25, 2.26 and 7.6, has been
traditionally used to treat dry weakly magnetic materials. There are several
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Figure 7.6: Carpco induced magnetic roll separator (courtesy of Carpco-
Outokumpu Technology).

technical limitations to IMRs, namely a relatively low capacity per unit length
and limited particle size range.
With the advent of rare-earth permanent magnetic materials it became pos-

sible to construct magnetic rolls that generate a magnetic field, gradient and,
therefore, a magnetic force that exceeds that produced by an IMR separator.
Although the magnetic field cannot be easily varied in such rolls, by a judicious
selection of the permanent magnet material and of the thickness of the belt,
and by optimizing the geometrical configuration of such a roll, it is possible to
design rolls for treatment of materials of di erent size ranges and magnetic
susceptibility distributions.
In addition to significantly lower energy consumption, there are numerous

other advantages compared to an IMR. A permanent magnetic roll separator,
shown in Figs. 2.30 and 7.7, has significantly lower mass and size. The absence
of an air gap means that large particles, for instance as big as 25 mm or more,
can be treated. A magnetic scalping stage is not needed since the belt detaches
and easily discharges any strongly magnetic particles.
The considerable technical and commercial success of permanent magnet

roll separators is a result of two factors. The first is the availability of a large
variety of magnet grades and sizes, as well as decreasing cost and improved
quality of the magnet material, particularly in terms of the energy product
and thermal stability. The second aspect that played the decisive role is the
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Figure 7.7: A permanent magnetic roll separator (courtesy of Roche Mining).

improved engineering reliability, such as better quality of belts, their tracking
and an ease of replacement. At the present time, permanent magnetic rolls are
manufactured by a variety of firms and are employed in a wide spectrum of
mineral and chemical industries.

High-gradient magnetic separators

The introduction of a matrix into the circuits of magnetic separators resulted
in a dramatic extension of the applicability of magnetic separation to materials
that were previously considered too fine or too feebly magnetic. This signifi-
cant development was achieved by Jones [J1] who combined Frantz’s idea [F35]
of a magnetized matrix with a high magnetic field of optimized orientation.
The magnetic force was thus increased by several orders of magnitude. This
idea initiated a long period of detailed academic research on the one hand and
heuristic development on the other. This e ort has been characterized by some
remarkable achievements and, at the same time, disappointments.
High-gradient magnetic separators based on Jones’s concept use electromag-

nets with an iron yoke to produce the magnetic field. For large-scale applica-
tions this approach su ers from two fundamental drawbacks. The maximum
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Figure 7.8: Sala-Metso Minerals HGMS carousel high-gradient magnetic sepa-
rator, model 480 (courtesy of Metso Minerals).

magnetic field is limited by the saturation magnetization of the yoke material
and the scale-up is di cult. In order to treat a meaningful quantity of material,
the working gap between the poles of an electromagnet must be large, which
results in a significant drop in the magnetic field and the machine becomes
massive. To generate a su ciently large magnetic field at large volumes, an
iron-clad solenoid must be used [M5], as has been discussed in Sections 2.4.3
and 4.4.

Sala HGMS While the design of a cyclic HGMS based on the iron-clad
solenoid is a straightforward process, continuous solenoid separators require a
more complex approach. Sala Magnetics, Inc. developed a carousel HGMS [O5]
that employed a sophisticated saddle-shaped iron-clad solenoid surrounding the
carousel ring. The separator shown in Figs. 2.64 to 2.67 and 7.8 can, in con-
trast to its predecessors, generate a background magnetic field as high as 2 T,
allows a close control of flow velocity through the matrix and can be relatively
easily scaled-up.

In spite of the obvious advantages of this second-generation HGMS, the Sala
separator did not enjoy commercial success at that time. Although the separa-
tor was earmarked for several large-scale applications, the cost was apparently
prohibitive and the market was reluctant to accept the product in spite of its
progressive features.
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Figure 7.9: SOL high-gradient magnetic separator.

SOL HGMS In the SOL separator, designed and built by Krupp GmbH
[S99, S1], the saddle-shaped solenoid was replaced by a simple axially orientated
solenoid, as shown in Fig. 7.9. In order to provide a reasonably long retention
time of the slurry in the magnetic field, the magnet had to be su ciently long.
The air gap of the magnet was, therefore, long and the magnetomotive force
needed to generate the required magnetic field was very high. Moreover, because
the coil was much longer that its diameter, the beneficial e ect of the steel
cladding was negligible.
As a result of this misconceived approach to the magnet design, the SOL

separator could generate only a modest magnetic field at very high energy input
per tonne of treated material. For these reasons the separator failed to gain
acceptance by the industry.

VMS HGMS Probably the most onerous problem in the operation of HGMS
separators is a permanent retention of particles in the matrix. Frequent shut-
downs of the separators for cleaning or replacement of a blocked matrix severely
impair the economic and metallurgical performance of the units. Numerous pre-
ventive measures that were investigated and applied in practice [S1] were found
to be of interim e cacy only. The long-term solution was o ered by machines
that employed a back-flushing system.
The VMS magnetic separator developed by the Ore Research Institute,

Prague, Czech Republic [C7], addressed the problem of matrix clogging by re-
placing the conventional horizontal rotor by a vertically rotating ring, as shown
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in Fig. 2.68. In addition to the reverse flush, the main advantages of the VMS
separators, which employ an iron-clad solenoid, are excellent ability of scale-up
and a high background magnetic field at modest input power.
The VMS separators were earmarked for incorporation into the Krivoy Rog

and Kursk Magnetic Anomaly iron ore beneficiation plants in the former USSR.
The proposed capacity of the plants was 30 Mt/a and it was envisaged that at
least forty VMS separators, each with a capacity of 100 t/h, would be required.
Numerous di culties were experienced, associated mainly with the disinte-

gration of the Eastern Block in the late 1980s and early 1990s. In particular, the
completion costs escalated as a result of rampant inflation in the former USSR
during those transition years. In 1991 the Czechoslovak government decided to
pull out from this joint venture and write o US$300 million already invested in
the project. The beneficiation complex was never fully commissioned and po-
litical circumstances were, therefore, responsible for the failure of a promising
innovative technology to be implemented on production scale.

SLON HGMS In spite of its commercial misfortune, the concept of the VMS
separator proved beyond doubt that the use of an iron-clad solenoid and the ap-
plication of the reverse flush of the matrix enhances the e ciency, scalability
and availability of continuous high-gradient magnetic separators. The techni-
cal success of VMS separators prompted further innovative e ort. The SLON
HGMS developed at the Ganzhou Non-ferrous Metallurgy Research Institute,
Ganzhou, China, and shown in Fig. 2.74, is based on the VMS concept [X1].
In order to improve the e ciency of separation even further, SLON employs

an iron-clad solenoid located in the bottom section of the vertical ring carrying
the matrix. This feature allows a pulsation of the slurry within the matrix to be
introduced, which results in better selectivity of separation. The separator that
is used, at the present time, to beneficiate weakly magnetic iron and ilmenite
ores enjoys considerable commercial success in China and is making inroads into
the international markets.

Magnetic separation and superconductivity

Superconductivity has been seen as a panacea in magnetic separation, partic-
ularly because of its ability to generate a magnetic field exceeding 2 T, the
maximum field that can be generated by most resistive electromagnets. Ad-
ditional advantages include low running costs, low mass and large volumes in
which the high magnetic field can be generated.
Although numerous small-scale superconducting magnets were built in the

late 1970s [S1], production-scale machines were slow to emerge. The first in-
dustrial superconducting separator was designed and built by the Institute for
Refrigeration Engineering (VUPCHT), Prague, Czech Republic [F6]. This 5 T
unit, shown in Fig. 2.83, was a reciprocating canister machine for beneficiation
of kaolin.
The design of the magnetic system, the choice of the operating magnetic field

strength and of the matrix were based on a theoretical description of particle
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Figure 7.10: Installation of Cryofilter superconducting separators at Cadam,
Brazil (courtesy of Outokumpu Technology, Inc.).

capture by a single magnetized wire. Such theoretical models, very popular in
the late nineteen seventies and early eighties, failed to describe correctly the
dependence of particle capture on key operational parameters. This approach
sometimes resulted in costly and unnecessarily complicated design of magnetic
separators and the VUPCHT separator was no exception.
Initially, the performance of the VUPCHT separator was encouraging. How-

ever, the subsequent deterioration in e ciency, and drop in throughput, as a
result of matrix blockage, led to closure of the plant. The fate of the VUPCHT
superconducting separator demonstrates how unproven academic reasoning and
erroneous interpretation of laboratory data, with limited relevance to practical
operation, can result in failure to implement a new technology.
Not surprisingly, the subsequent production-scale superconducting HGMS,

developed by Eriez Magnetics, Inc. and shown in Fig. 2.80, was based on a
conventional cyclic design [S16]. The magnet generated a 2 T magnetic field,
su cient to treat most minerals. The fast-ramp magnet allowed the maximum
field to be reached in less than 60 s, which enabled a reasonable duty factor to
be obtained without resorting to a mechanically more complicated reciprocating
matrix system.
Further developments in superconducting technology and better understand-

ing of mechanisms of HGMS led to a revival of the reciprocating matrix concept.
After Carpco Inc. acquired, in 1991, the Magnetic Separation Group from Cryo-
genic Consultants Ltd., development of reciprocating canister superconducting
magnets gained momentum. Several types of separators of di erent sizes were
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developed and installed at kaolin processing operations. The first large 5 T ma-
chine, with a diameter of the reciprocating tube of 500 mm and throughput of
up to 50 t/h was delivered in 1993 to Caulim di Amazonia (Cadam), a Brazilian
kaolin company. The machine requires 1000 litres of liquid helium per year,
which is transferred annually. No liquid nitrogen is required and a small re-
frigerator, running at 10 kW, provides cooling at an intermediate temperature
[W36]. The reduction in energy costs compared to conventional HGMS units
amounts to about 95%. Further installations, including the largest separator
of 1000 mm diameter, Cryofilter 5T/1000, under the Outokumpu Technology
label after Outokumpu acquired Carpco Inc. in 1998, took place in several other
kaolin operations. Figure 7.10 illustrates the two units delivered to Cadam.

Open-gradient magnetic separators

An unsuccessful attempt, potentially of breakthrough significance, to implement
an innovative technique was the application of open-gradient magnetic separa-
tion to beneficiate pyroxenite ore. OGMS, instead of employing a matrix to
generate a magnetic field gradient, uses the actual magnet windings to create
the field gradient and magnetic force that deflect magnetizable particles. A
schematic diagram of such a "falling curtain" superconducting OGMS is shown
in Fig. 2.85.
As has been discussed in Section 2.5.3, Cryogenic Consultants Ltd. built a

production-scale linear race-track magnet OGMS that was earmarked for the
dry concentration of apatite from phlogopite [R19]. The magnet su ered from
repeated quenches resulting from electromagnetic stresses [K31]. In spite of
considerable expenses to resolve the problems and to salvage the project, the
separator was never commissioned. This case illustrates the consequences of an
attempt to introduce an immature technology into a production environment.

Separation in magnetic fluids

It has been discussed in Section 2.8.2 that AVCO Corp., NASA [M12], Hitachi
[N4] and other organizations successfully demonstrated, in 1970s, that it was
possible to achieve a very high selectivity of separation of non-ferrous metals
from automobile scrap in ferrofluids at industrially meaningful separation rates.
In spite of the positive outcomes of these campaigns, further production-scale
implementation of the FHS technique did not happen. It can be speculated that
the reason for non-acceptance of FHS by the market at that time was that the
need for scrap recycling was not yet well developed. The perceived high cost of
ferrofluid and the need to recycle it probably contributed to the fact that the
introduction of FHS to the metal recycling industry was not successful.
At a somewhat later stage, a wide range of ferrohydrostatic separators was

developed by the GMUO Institute in Lugansk, in the former USSR [G5]. The
application of these units included the density separation of coal and non-ferrous
metals and the recovery of diamonds, gold and other platinum-group metals.
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Figure 7.11: The GMUO ferrohydrostatic separator FHS-40M.

Figure 7.11 shows an FHS-40M ferrohydrostatic separator designed for the re-
covery of fine diamonds from the final sorting concentrate.
In 1992 six of the FHS separators that had been supplied to Yakutalmaz in

Yakutia, Russia, for the recovery of diamonds, underwent, successfully, detailed
acceptance tests and it was decided to install them in production at Yakutalmaz
to replace the toxic heavy liquid Clerici solution. It appears, however, that
this new technology was treated with suspicion by the workforce. FHS was
apparently seen as a threat to various benefits and perks. The management was
forced to abandon this novel technique.
More fortunate was the GMUO FHS separator for the recovery of gold from

placer gravity concentrates. It was reported that in 1993 this technology, which
eliminates the need to use mercury amalgamation, was operating in nine Russian
gold mining operations [S55]. Even more successful appears to be permanent
magnet-based Geos ferrohydrostatic separators. It was reported that in 1995
these systems were in operation in 19 gold-processing plants in Russia [S54].
It can be seen that separation in ferrofluids, in spite of a few patches of

misfortune, is on its way to successful implementation on production scale. The
existing applications are in areas where a high density di erence between the
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fractions to be separated allows a low level of sophistication of the equipment.
Considerable progress has, however, been made in the development of selective
FHS separators with automated density control with the main emphasis on
application in the diamond-winning industry. Scale-up of the technology has
also been addressed, technology for the recovery and recycling of ferrofluid has
been developed, and low-cost ferrofluids are being produced on a production
scale [S23]
These recent developments in FHS and new waste legislation in various First

World countries open again the door for the application of FHS in the recycling
of metals and metallic products and the recovery of non-ferrous metals [S92].

Concluding summary

Our walk through the innovation landscape in magnetic separation illustrates
the enormous e ort that was expended over the years in order to convert a wealth
of novel ideas into workable techniques and to introduce them into material
treatment operations. The cases discussed above illustrate that there have been
numerous successful innovations in magnetic separation. Permanent magnetic
roll separators, matrix separators as conceived by Jones, iron-clad solenoids as
a spin-o of a search for the elusive magnetic monopole by the MIT scientists,
the replacement of the Jones horizontal rotor in HGMS by a vertically rotating
ring carrying the matrix and the introduction of eddy current techniques to
the separation of non-ferrous metals are examples of the remarkable success of
innovation and technology transfer.
On the other hand, there is an equal share of unmistakable failures. The

reasons for these failures cover a wide spectrum of risks that accompany any
e ort to implement new technology. The derailers that were responsible for the
failures in technology transfer can be identified from our analysis:

• The excessive cost of a product, in order to recover the research and devel-
opment costs in the shortest possible time, not compatible with the market
needs and with the availability of an alternative technique or product.

• Incorrect assessment of technical feasibility. A technique was not feasible
or viable from first principles and in spite of this, it was still developed
and o ered to the industry.

• Political turmoil and changes on a regional level prevented implementation
of a novel and su ciently mature technology. In spite of financial losses
and time delay, this setback became a basis for even further innovation.

• Premature application of unproven technology. Scale-up of the research
results was attempted with limited consideration of the production-scale
complexities.

• Poor engineering of an ambitious and complex technique.

• Insu cient market need in relation to the complexity and cost of the
technique.
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• Resistance to change from the workforce and fear of job and perk losses.

It is also interesting to note from the above analysis that the mining and
material-handling companies that were trying to introduce innovation in their
operations by implementing the magnetic separation technology usually did not
carry out the research and development in-house, but rather preferred to procure
proven, or seemingly proven, equipment or techniques. While this is a safe and
cheaper way of acquiring a novel technology, it also carries some risks. The user
becomes dependent on the supplier’s expertise, credibility and integrity, and
additional expenses might be incurred in order to align a novel technology with
the work system into which it is being introduced.

7.4 The current status of magnetic separation
technology

In order to review the current status of magnetic separation technology, it is
instructive to apply Stokes’s quadrant model of research, development and tech-
nology transfer, shown in Fig. 7.4. Without doubt, the ultimate objective of
research and development of a novel technique should be to place it in the first,
Pasteur’s quadrant. A technique that finds itself in this quadrant is charac-
terized by well developed theoretical foundations as well as by clearly outlined
practical use or application.
The current status of magnetic separation technology, using Stokes’s quad-

rant concept, is schematically depicted in Fig. 7.12. It can be seen that
techniques such as low-intensity magnetic separation, permanent magnet-based
high-intensity magnetic separation and large-particle eddy-current separation,
while widely employed on production scale, are based on an empirical and heuris-
tic approach rather than on good knowledge of the fundamentals [S97]. The
magnetic aspects of the applications of magnetic techniques in biosciences are
also of empirical nature rather than based on good understanding of the funda-
mentals of magnetism.
On the other hand, production-scale applications of open-gradient magnetic

separation, dry HGMS, ferrohydrostatic separation and to some extent wet
HGMS are rare, although the fundamental theoretical principles are reason-
ably well established. Flocculation of weakly magnetic materials and magnetic
tagging, two techniques of potentially considerable industrial, environmental
and social significance, find themselves only in the early stages of fundamental
research.

7.5 What the future holds?

It transpires from our discussion that the future focus of magnetic techniques
of material handling should be towards a good understanding of the physical
principles, combined with clear goals for industrial applications.
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Figure 7.12: The current status of magnetic separation technology (adapted
from Svoboda [S97]).

Presently, the magnetic techniques of manipulation of matter stand at a
crossroads. The dominant drivers of the early 21st century di er markedly from
those of the late 20th. The priorities of nuclear power, defence and beneficiation
of mineral resources by brute force have been replaced by those associated with
economic growth, discovery of new materials, environmental and knowledge
management and health care. Processes and products from the last century
cannot, therefore, meet the criteria of the 21st century and a new approach will
have to be developed.

7.5.1 Mineral processing

The minerals industry faces problems of declining grades of ores, increasing pro-
portions of deleterious impurities and a need to reduce the particle size in order
to liberate the valuable components. New technologies capable of meeting these
challenges have to be designed for environmental and sustainability reasons.
Magnetic separation, unlike many other technologies of mineral treatment,

can operate in a dry mode. It can perform successfully in arid and arctic regions
and even in extraterrestrial conditions. Problems of water consumption and
e uent disposal can thus be largely eliminated. Using sophisticated magnet
design or advanced permanent magnet materials, the energy consumption can
be reduced significantly. In addition to lower operating costs, reduction of waste
heat, CO2 and other emissions will be, therefore, achieved.
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In contrast to conventional flotation and flocculation, magnetic separation
does not require chemicals that are responsible for steadily increasing operating
costs and environmental concerns. Similarly, the use of heavy liquids, usually
toxic and costly to acquire and to dispose of, in density separation and coal
preparation, can be eliminated by using magnetism-based techniques.

7.5.2 Biomedical applications

There are three main areas in the biomedical field in which magnetic techniques
are likely to play a role. The development of magnetic carriers and magnetic
fluids as drug carriers and adsorbents is at the top of the list. Future applica-
tions also include the production of DNA sequences, development of magnetic
a nity adsorbents for isolation and removal of selected biological compounds,
the identification of unwanted toxic organisms in foodstu s, and gene cloning.
Drug delivery and the localization of magnetic fluids in target areas will benefit
from new developments of powerful permanent magnet materials.
Although magnetic separation is the most common approach to exploit mag-

netic properties in biosciences, the design of existing commercially available
separators is still based more on a trial-and-error approach than on specialized
knowledge of the fundamentals of magnetism. Future magnetic separation sys-
tems will have to be able to discriminate between targets precisely, will have to
be selective and will be required to leave targets functionally unharmed.

7.5.3 Recycling and waste processing

The recovery of materials from solid waste is technically, and in particular eco-
nomically, complicated. Nevertheless, beneficial uses for stockpiled by-products
are being found, and recycling is experiencing increasing emphasis. While the
process design from the environmental point of view is based on short-term
thinking, sustainability requires a longer view, perhaps 50 years into the future.
It is a tough problem, in which recycling and waste treatment, in addition to
renewability, dematerialization and product life extension, is an important part
of the scenario.
The potential for improved success in the recovery of materials from solid

waste increased considerably with the availability of eddy-current separators for
small particles. The high intrinsic value of non-ferrous metals will inevitably
lead to further improvements in the separation of fine and very fine particles of
non-ferrous metals. This development, combined with availability of even more
powerful permanent magnets that would allow the increase in the magnetic field
strength in eddy-current separators, will extend the range of applicability of this
technique and its viability [V11].
Magnetic carrier and tagging technology allow for rapid and selective sep-

arations of colloidal non-magnetic mineral particles and macromolecules using
magnetic means. To date, this technology has been associated with small-scale
high-value medical and analytical applications. However, with the development
of new inexpensive magnetic support particles and genetic advances in mass
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production of biomaterials, such as antibodies, magnetic support technology
has potential for large-scale and continuous separation in biological, mineral,
e uent and soil cleaning processes.
The combination of magnetic support technology and processing by magnetic

means may ultimately result in a technique which will not only compete with
conventional separation techniques, but may also stimulate a radical change in
overall plant design [M40].

Magnetic fluids

The use of magnetic fluids is attractive for separation of dense materials. Fer-
rofluids exposed to a non-homogeneous magnetic field acquire an apparent den-
sity exceeding densities obtained by conventional density-based methods. Fer-
rohydrostatic separation of copper, zinc, lead and precious metals is feasible
on a production scale. The development of cost-e ective, environmentally and
user-friendly ferrofluids that can be easily recycled will enhance even further the
significant potential of FHS.
A major contribution to the applicability of FHS on industrial scale would

be the development of ferrofluids with high saturation polarization. Such fluids,
with saturation polarization in the range from 0.1 T to 0.2 T have been pre-
pared using particles of iron nitride or other ferromagnetic elements and alloys.
However, the fluids lack stability in contact with the atmosphere. E orts are
under way to coat or otherwise protect the particle surfaces and enhance their
usefulness [R30].
Present day magnetic fluids are black in colour. Clear or lightly coloured

fluids would permit better visual control of the separation process. Recent ad-
vances in organic magnetic materials o er a hope in this line of investigation.
When magnets based on room-temperature superconductors become avail-

able, it will be possible to generate high magnetic fields at low cost and weakly
magnetic fluids can replace the present-day ferrofluids. For instance, solutions
of paramagnetic salts, because of their molecular make-up, are not appreciably
subject to the inhomogeneities that can develop in sub-colloidal ferrofluids ex-
posed to high gradient magnetic fields [R30]. Accuracy of density separation
will thus be increased.

7.5.4 Prospects for superconductivity in magnetic separa-
tion

Superconducting magnetic separation has made a number of important techni-
cal advances in the last twenty years, The first large superconducting separator
has been operating successfully in the USA since 1986 and a larger system, with
twice the capacity, was installed in 1989. A novel design of a superconducting
separator with a reciprocating canister system was installed and successfully
operated for clay processing in 1989. Following this, a number of other cyclic
and reciprocating separators have been installed for kaolin processing in various
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parts of the world. Furthermore, there appears to be an opportunity to retro-
fit superconducting coils into conventional high-gradient magnetic separators
[W36].

High-temperature superconductivity in magnetic separation

The discovery of high-temperature superconductors (HTS) in 1986 stimulated an
enormous research e ort into such materials. The discovery of the Y-Ba-Cu-O
(YBCO) compounds with a superconducting transition temperature as high
as 92 K created a real possibility of practical devices operating in liquid nitrogen
at 77 K. Such a development would imply that the capital and running costs,
associated with the production and maintenance of the necessary conditions to
operate these devices, would be considerably reduced, perhaps by as much as a
factor of 10 [W37].
At present, and for the foreseeable future, high-T superconducting wires

or tapes cannot compete economically and technically with low-T supercon-
ducting materials, as they are too expensive and the current density they can
deliver is too small [W38, B50]. The limitation arises from the sensitivity of the
high-T materials to their own magnetic field.
This situation will remain until there is a technical breakthrough in the

processing and production of high-T materials in wire or tape form [W38].
Moreover, there are only limited economic advantages in using wire-wound
high-T superconducting devices compared to low-temperature superconduct-
ing magnets. The wire-wound device will be of approximately the same cost as
a low-T device. Since the cost of a large wire-wound superconducting system
is usually dominated by the winding, which is 70% to 80% of the total cost, the
saving will only be in the cryogenic areas [W37].
There is, however, a possibility of trapping the magnetic field in hollow tubes

of a superconductor or in solid discs, without the necessity of winding a coil.
Flux tubes are similar to solenoid permanent magnets and have a field trapped
inside the tube. The field is produced by supercurrents flowing in the walls of
the tube [W39, W40]. The system runs in the persistent mode. As the field
in the flux tube decreases with time, due to flux creep, the field is topped up
using a flux pump. Such a device is schematically shown in Fig. 7.13. The
flux can be introduced into a pump through a flux gate 1, which is a region
of a superconductor which can be switched thermally so that it can act in two
modes. In these modes the flux gate can either prevent or allow the passage of
magnetic flux. The flux introduced into the pump can be compressed with a
mandrel and then it passes through flux gate 2 into the working region. This
process can continue indefinitely.
This approach could provide the cheapest option for magnetic separation on

a large scale [W41]. It has been estimated [W37] that the cost of manufacturing
flux tubes, if it can be done by standard ceramics processing, could be reduced by
a factor of 20 compared to an equivalent wire-wound solenoid. By including the
cost reduction by the factor of 10 by operating the magnet at liquid nitrogen
temperature, the economics of such devices would be improved significantly.



572 CHAPTER 7. INNOVATION AND FUTURE TRENDS

Working

volume

Pump volume Superconducting

mandrel

Gate 2 Gate 1

Flux tube

Figure 7.13: Flux tube with flux pump and superconducting mandrel (adapted
from Watson [W38]).

And the likelihood of producing, in a short time, a high-T superconductor
with high critical current , of at least 5×102 A/mm2 at 77 K, is much better
than for a wire-wound solenoid [W38].
As yet, no flux tubes with flux pumps have been constructed from high-T

material, but it appears to be potentially a rewarding direction of investigation
that might lead to a breakthrough technology.
At the same time, in several recent projects, high-T superconducting coils

have been used in small-scale magnetic separators. A collaboration between
the Los Alamos National Laboratory and American Superconductor Corp. pro-
duced a small HTS magnetic separator with outer diameter of the magnet of
180 mm, inner diameter of 50 mm and height of 155 mm [D22]. The magnet,
shown in Fig. 7.14, is made of 624 m of Ag/BSCCO superconducting wire and
uses a pair of HTS current leads that are designed to operate with the warm
ends at 75 K and the cold ends at 27 K. The system operates in vacuum and is
cooled by a two-stage Gi ord-McMahon cryocooler. The upper stage of the cry-
ocooler cools the thermal shield and two heat pipe thermal intercepts attached
to the current leads. The lower stage of the cryocooler cools the HTS magnet
and the lower end of the HTS current leads. At 40 K the magnet can generate
a magnetic induction of 2 T in 25 mm warm bore, at a current of 120 A .
A joint project between Aquafine Corp., Sumitomo Electric and Du Pont

yielded an HTS magnet of dimensions similar to those of the LANL/ASC system
[I7]. The magnet generated a maximum magnetic field of 4 T at 4.2 K, 3 T at
21 K and 0.65 T at 77 K. In the tests, the magnet was operated at 20 K,
generating 2.5 T in 38 mm warm bore, and was cooled by a two-stage Gi ord-
McMahon cryocooler. The separator was applied to kaolin beneficiation and it
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Figure 7.14: The LANL/American Superconductor Corp. high-temperature su-
perconducting magnet for magnetic separation (courtesy of Los
Alamos National Laboratory).

was observed that although an increase in the magnetic field from 2 T to 2.5 T
did not produce any significant improvement in the quality of the concentrate,
a higher throughput was achieved, without loss of quality.
An HTS magnetic separator built jointly by the University of Tsukuba,

Iwate Industrial Promotion Centre and National Institute for Materials Science,
Japan, has been applied to the removal of endocrine disrupting chemicals from
waste water [M45]. The magnet generates a magnetic induction of 1.7 T in 200
mm inner bore. A photograph of the experimental set-up is shown in Fig. 7.15.

7.6 Research and development needs in mag-
netic separation

The current research and development initiatives and needs are shown in Fig.
7.16. Several important trends can be identified. As a result of these trends and
drives, several magnetic techniques are likely to move, in the foreseeable future,
into Pasteur’s quadrant and become available for industrial applications.
Magnetic separation methods that have been, to a greater extent, conceived

empirically and applied in practice, such as superconducting magnetic separa-
tion, HIMS, small-particle ECS and biomedical separation, are being studied
from a more fundamental point of view and further progress can be expected in
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Figure 7.15: The Tsukuba/Iwate/NIMS (Japan) HTS magnetic separator for
treatment of waste water.
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the near future.
On the other hand, methods such as fine-particle ECS, ferrohydrostatic sep-

aration, magnetic flocculation of weakly magnetic materials and magnetic tag-
ging, that have received attention on an academic level, are likely to enter the
development stage.
The application of high-temperature superconductivity to magnetic sepa-

ration and novel magnetism-based techniques are also being explored, either
theoretically, or empirically (magnetic flotation or gravity separation).
Of particular promise for rapid incorporation into wide-scale industrial use

are the following areas that are currently enjoying strong focus:

• An improved understanding of the theoretical and operational principles
of HGMS/WHIMS and possible resurrection of open-gradient magnetic
separation, based on correct assessment of the needs of the industry.

• The judicious and justified incorporation of low-temperature superconduc-
tivity into magnetism-based methods of materials handling.

• Further development of advanced permanent magnetic materials and their
incorporation into sophisticated magnet design.

To predict the future focus of research and development is a risky business;
nevertheless some well-defined trends can be identified. These trends allow the
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author to venture a possible scheme of future developments. These conjectures
are illustrated in Fig. 7.17. The application of high-temperature superconduc-
tivity, magnetic flocculation of weakly magnetic materials, magnetic tagging
and carriers are likely to dominate the field of technological needs. It can also
be speculated that new magnetism-assisted techniques, such as magnetic grav-
ity separation, magnetic flotation, magnetic comminution and classification will
take advantage of having a much wider control over these processes as a result
of the presence of this additional external force.
However, for successful development and implementation of such novel meth-

ods of materials treatment, a research and development process that combines
vision, deep knowledge of scientific fundamentals, incentives and a clearly de-
fined action plan for a production environment, are essential.
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density [kg/m3]
apparent density [kg/m3]
bulk density [kg/m3]
cut-point density [kg/m3]
e ective density [kg/m3]
density of medium [kg/m3]
density of particle [kg/m3]
resistivity [ m]
resistivity of particle [ m]

0 initial surface charge density [C/m2]
specific electric conductivity of particle [S/m]
surface charge density [C/m2]
characteristic time [s]

0 shear stress [kg/m/s2]
mass (specific) magnetic susceptibility [m3/kg]
mass magnetic susceptibility of fluid [m3/kg]
mass magnetic susceptibility of particle [m3kg]
surface potential [V]
angular velocity [s 1]

LIST OF SYMBOLS
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critical angular velocity [s 1]
angular velocity of particle [s 1]
angular velocity of roll [s 1]
angular velocity of particle rotation [s 1]

LIST OF SYMBOLS
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A nity ligands, 527
Alnico, 48

Curie temperature, 48
energy product, 254
permeability, 254
resistivity, 269

Aluminium
conductor, 280
density, 280
resistivity, 280
temperature coe cient, 281

Ampere’s law, 252, 270
Ampere-turns, 58, 271, 275
Anisotropy constant, 11
Antiferromagnetic material, 13
Antiferromagnetism, 21

canted, 31
Apparent density, 153, 156, 227, 303
Applied research, 554
Axial orientation

particle motion, 188
Axis of easy magnetization, 173, 176,

179

Barrier separator, 143
Basic research, 554
Beach sands, 498

beneficiation
comparison of techniques, 330

Murray Basin, 503
Namakwa Sands, 502
Richards Bay Minerals, 498

Biomagnetic separation, 525, 569
cell separation, 530
drug targeting, 531

ferrofluid, 527
heavy metals, 524
hyperthermia, 532
immunomagnetic separation, 530
magnetic separators, 528
malarial parasite, 533

Bohr magneton, 11
Boundary layer, 186, 194
Boxmag-Rapid magnetic separator, 418
Breakthrough technology, 551
Brute force, 4
Buoyancy force, 227
Burden

e ect of, 179
weight, 176

Capture radius, 188, 202
Carrier magnetic separation, 414
Centrifugal force, 3, 6

in drum separator, 170
Chromites, 34

magnetic susceptibility, 34
Cladding, 56, 58, 278

material properties, 282
thickness, 281

Clerici solution, 154, 227
Coal

desulphurization, 508
dry magnetic separation, 509
dry OGMS, 509
enhancement of magnetic proper-

ties, 510
fractionation analysis, 546
magnetic beneficiation, 507
Magnex process, 510

629
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physical properties, 508
pyrolysis, 510
wet HGMS, 508

Coating
selective, 412

Cobber, 351
Coehn’s rule, 323
Coercive force, 18, 225, 253

intrinsic, 18, 253
of magnetite, 27

Collision e ciency, 203
Collision probability, 203
Colloidal suspension

stability, 211, 220
Competing forces, 4
Conductor

choice, 280
Contact charging, 323
Cooling

of magnet coils, 280
Copper

conductor, 280
density, 280
resistivity, 280
temperature coe cient, 281

Coulomb’s magnetostatic law, 263
Critical magnetic field, 58
Critical trajectory, 188
Cross-belt magnetic separator, 86
Cryofilter, 135, 504, 563

kaolin beneficiation, 504
throughput, 135

Curie constant, 15
Curie law, 15, 17
Curie temperature, 16, 19
Curie-Weiss law, 17
Current density, 280

surface, 261
Cut-point density, 231

in Magstream, 241, 242
Cut-point magnetic susceptibility, 336,

443

Davis Tube magnetic separator, 139
Debye-Huckel parameter, 211
Demagnetization, 21, 422

a.c. magnetic field, 423
coil, 425
magnetic field, 425

d.c. magnetic field, 423
dense media, 349
particle rotation, 424
thermal, 423

Demagnetization curve, 256
Demagnetization factor, 22, 173, 178
Demagnetization quadrant, 253
Demagnetizing field, 22
Dense media

demagnetization, 349
density, 345
ferrosilicon, 345
losses, 347
magnetic properties, 347
magnetite, 345
properties, 346
viscosity, 346, 347

Dense media separation, 342
Densimetric analysis

in magnetic fluids, 546
of coal, 156, 546

Density
apparent, 153
cut-point, 231

Density increment, 235
Density tracer, 326
Diamagnetic capture, 184, 191, 195, 196,

199
Diamagnetic material, 13
Diamagnetism, 13
Diamond

recovery in magnetic fluid, 545
Dielectric constant, 324
Di usion, 203
Dipole magnetic moment, 173
Dispersion, 406
DLVO theory, 211, 413
Drum magnetic separator, 78

angular velocity
critical, 168

axial, 78
design, 282
electromagnetic modelling, 289
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drum design, 84
drum diameter, 78, 79
drum width, 78, 79
dry
high-intensity, 79
low-intensity, 79

force index, 290
magnetic field distribution, 284
magnetic force, 167
particle motion, 166, 169
equation, 170

pole pitch, 85, 289
radial, 78
wet
cleaner, 352
cobber, 351
concurrent, 81
counter-current, 81
counter-rotation, 81
finisher, 352
low-intensity, 81
magnet position, 344
magnetic field strength, 353
media recovery, 342
number of poles, 353
ore concentration, 351
rougher, 352
throughput, 354

Duty cycle, 130, 131

Eddy currents, 149, 269
Eddy-current separation, 243, 537

by particle rotation, 249
Eddy-current separator, 147

design, 149
drum, 245
fine particles, 151
particle rotation, 153
ramp, 243
particle trajectory, 245

repulsive force, 151
vertical, 245

E ciency of separation
e ect of magnetic field, 365
flow velocity, 397

Electric double layer, 211

Electromagnet
C-dipole, 55
design, 54
iron core, 54
solenoid, 56
U-dipole, 55
with iron core
design, 270

Electrostatic charging, 323
air humidity, 325
contact charging, 323
moisture content, 325
relaxation time, 325
size dependence, 325
triboelectrification, 323

Emu unit, 11
Energy

of magnetic interaction, 209
Energy product, 2, 47, 253

intrinsic, 253
maximum, 253

Entrainment, 4
Equation

conservation, 200
Iwasaki, 201
Laplace, 308
of particle motion
in single particle single collec-
tor, 187

rate, 200
Stokes, 6, 186

Equation
of motion, 165
solution, 188

ERM magnetic separator, 101
Exchange interaction, 16

Factor
demagnetization, 22, 173

Faraday method, 39
Faraday’s induction law, 35
Feed rate, 402
Ferric hydroxide floc

removal, 511
Ferrimagnetic material, 13
Ferrimagnetism, 21
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Ferrite, 49
coercive force, 49
Curie temperature, 49
energy product, 254
permeability, 254
resistivity, 269

Ferrofluid, 154, 227, 428
cost, 439
kerosene-based, 156, 437
recovery, 455

losses, 457
magnetic saturation, 428
magnetization curve, 428
physical properties, 433
preparation, 431
recovery, 454
recycling, 454
saturation magnetization, 435
stability, 432
viscosity, 429
dependence on magnetic field,
430

water-based, 229, 435, 437
recovery, 454
recycling, 438
stability, 438

Ferrohydrostatic separation, 156, 233,
435, 440, 564

apparent density, 440
applications, 542
cut-point density, 453
e ect of particle size, 453

e ect of moisture, 443
feed preparation, 443
feeding of material, 447
hydrodynamic drag, 453
magnetic scalping, 443
particle size, 452
lower limit, 453
upper limit, 453

probable error, 451
recovery of diamonds, 545
recovery of gold, 543
selectivity, 440, 450

Ferrohydrostatic separator, 156
"across-the-pole", 318

C-dipole, 314
density control, 454
density stability, 454
design, 299
feed rate, 453
ferrofluid sagging, 444, 447
fluid level, 451
for diamond recovery, 156, 158, 565
for exploration samples, 159
for gold recovery, 156, 158, 565
GMUO
density range, 156
throughput, 156

length of ferrofluid column, 446
liquid bottom, 447
mirror plate, 310
pole profile, 441
profile of poles, 308
design procedure, 310

Rhomag, 159
scale-up, 311
selectivity, 159
separation chamber, 444
bottomless, 446

solenoid-based, 312
throughput, 453
wedge-shaped poles, 301
with hyperbolic poles, 304
with permanent magnets, 303

Ferromagnetic fluid, 154
Ferromagnetic impurity, 24
Ferromagnetic material, 13, 15, 17
Ferromagnetism, 19
Ferrosilicon, 227, 345

atomized, 346
milled, 346

Ferrous Wheel magnetic separator, 107
design, 107
iron ore beneficiation
Hercules Iron Mines, 474
Mutuca Plant, 477

FHS, 156
Field

demagnetizing, 22
isodynamic, 300
magnetic, 5
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Filling factor
of winding, 280

Filter, 200
coe cient, 203
deep-bed, 202
magnetic
e ciency, 201

Filter coe cient, 201
total, 203

Finisher, 352
Fission product

removal by HGMS, 511
Flocculation

chemical, 219
magnetic, 208
magnetic-hydrophobic, 219, 221
rapid, 219

Flotation
magnetic field-assisted, 466

Flow
laminar, 186
potential, 186, 188
viscous, 186

Flow velocity
interstitial, 397
superficial, 396

Fluid
ferromagnetic, 154

Fluid velocity
components, 186

Flush water, 395
Flux tubes, 571
Force

anadynamic, 143
brute, 47
centrifugal, 3, 6
coercive, 18, 225
competing, 4
external, 6
friction, 169
gravitational, 3, 187
gravity, 6, 7
holding, 263
hydrodynamic, 3, 6
in drum EC separator, 246
inertial, 3, 164

interparticle, 3
katadynamic, 143
Laplace pressure, 326
Lorentz, 36, 149, 243
magnetic, 3—7
components, 165

magnetomotive, 252, 255
viscous, 186

Force index, 172, 174, 177
in presence of burden, 180
minimum
static, 174

Frantz, 2, 97, 114, 559
Frantz barrier separator, 143
Frantz Ferrofilter, 113
Frantz isodynamic separator, 141

calibration, 143
measurement of magnetic suscep-

tibility, 142
Friction coe cient

dynamic, 169
static, 169

Friction force
in drum separator, 169

Garnet, 26
Gauss, 11
Gaussmeter, 36
Glass sand beneficiation, 506
Goethite, 32

magnetic susceptibility, 33
magnetization, 32

Gradient
operator, 5

Grate magnet, 72
Gravitational force, 3, 6

components, 187
Gravity separation

magnetic field-assisted, 466
Grooved plates, 97
Guoy method, 39

Hall
constant, 36
element, 37
generator, 36
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microprobe, 37
probe, 37

Hall
probe, 36, 37
voltage, 36, 37

Hall E ect, 36
Hamaker constant, 212
Heavy media

magnetic cyclone, 462
recovery circuit, 472

Hematite, 7, 21, 31
coercive force, 31
critical domain size, 26
magnetic polarization, 31
magnetic susceptibility, 32

High-gradient magnetic filtration, 200,
356

flow velocity, 358
magnetic field, 367
matrix, 358

High-gradient magnetic separation, 181
axial orientation, 183, 188
balance of forces, 183
concentration of materials, 359
continuous, 359
cyclic, 359
feed rate, 402
flow velocity, 396
e ect on e ciency, 397

longitudinal orientation, 181, 187
magnetic field, 367, 371
magnetic force
traction, 184

martrix vibration, 415
matrix, 375
clogging, 392
filling factor, 382
length, 386
loading, 387
material properties, 391
optimum geometry, 382
optimum size, 377
removal of particles, 394
straining, 375

mechanical capture, 375
model of

single-particle & collector, 181
particle build-up, 190
particle size, 403
pH of slurry, 412
preliminary magnetization, 406
removal of imurities
matrix, 358

rinse and flush water, 395
selection, 356
slurry density, 399
slurry dispersion, 406
slurry pre-treatment, 405
slurry pulsation, 415
transverse orientation, 183, 187

High-gradient magnetic separator, 559
carousel
Sala, 118
Sala, magnetic induction, 119
Sala, throughput, 119

continuous, 118
cyclic, 114
dry, 116

linear-belt, 127
pyroxenite separation, 329
SLON, 125
throughput, 125

VMS, 119
magnetic induction, 121
thoughput, 121

High-intensity magnetic separation
force index, 365
magnetic field gradient, 362
magnetic field strength, 360, 366
wet, 354
comparison, 417
selection, 356

Holding force, 263
Hydrodynamic drag, 7, 186

in FHS, 233
in Magstream, 242

Hydrodynamic e ect in collision, 203
Hydrodynamic force, 3, 6
Hydrophobic interaction, 220
Hyperthermia, 532
Hysteresis, 17
Hysteresis curve, 253
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Hysteresis loop, 18
Hysteresisgraph, 45

Ilmenite, 26
magnetic susceptibility, 29
Neel temperature, 29

Ilmenite ore beneficiation
REDS
Rooiwater, 490

SLON WHIMS
Pang Zhi Hua plant, 489

Ilmenohematites, 29
Immobilization

magnetic, 525
Immunomagnetic separation, 530
Impurity

ferromagnetic, 24
Induced magnetic roll

beach sands, 330
pyroxenite, 329

Induced magnetic roll separator, 88, 333,
557

with bottom feed, 89
Induction

magnetic, 5
remanent, 18

Inertial force, 3, 164, 183
components, 165

Innovation, 2, 552
failure, 557
milestones, 556

Intelligent materials, 551
Interaction energy, 212, 214, 220
Interception, 203
Interparticle forces, 3
Invention, 553
Iron ore beneficiation

ERM WHIMS
Krivoy Rog, 486

Ferrous Wheel separator
Hercules Iron Mines, 474
Mutuca plant, 477

Jones WHIMS
BHP Australia, 481
Fabrica Mine, 479

low-intensity drum separator

EVTAC Mining, 472
Reading WHIMS
BHP Goldsworthy, 481

SLON WHIMS
Meishan Iron Ore Mine, 485
Qi Dashan Mine, 485

Iron yoke
permeability, 272
shape of, 272

Irreversible loss, 267
Isodynamic field, 300
Isodynamic magnetic separator

disk, 143
Isodynamic separator, 141
Iwasaki equation, 201

Jones magnetic separator, 97, 418, 559
magnetic induction, 99
throughput, 99

Kaolin beneficiation, 369, 504
Kerosene

physical properties, 438

Lamb’s method, 186
Laminar flow, 186
Laplace equation, 186, 305, 308

solution, 308
Laplace pressure force, 326
Leakage

of magnetic flux, 257
Leakage factor, 257

determination, 258
Lenz’s law, 13, 149
Liquid

paramagnetic, 154
Load line, 256
Lodestone, 1
London-van der Waals interaction, 211
Lorentz force, 36, 243
Loss

irreversible, 267
reversible, 266

Loss factor, 257

Maghemite, 26, 31
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Magnet
electromagnet, 54
grate, 72
overband, 172
permanent, 47
plate, 72
quadrupole, 61
sextupole, 61
superconducting, 58, 128
suspended, 73, 172

Magnet
permanent, 18

Magnetic anisotropy, 147, 222
Magnetic carriers, 519, 525, 569

Dynabeads, 527
Magnetic circuit, 251

cooling, 280
pressure drop, 281
water flowrate, 281

power requirement, 278
soft iron components, 263, 264
with electromagnet
design, 273

with permanent magnets
design, 255
force, 263

with solenoid, 275
design, 278

Magnetic coating, 523
Magnetic cyclone, 460

heavy media, 462
density di erential, 463
probable error, 463

iron ore beneficiation, 460
Magnetic dipole interaction, 209
Magnetic energy, 5, 205

density, 5
Magnetic field, 5

contribution from iron, 273
critical, 58
depth, 167
external, 263
in drum EC separator, 246
in drum separator
components, 166

in electromagnet, 271

in HGMS
components, 183

in roll separator, 168
internal, 262
rotating, 146, 222
threshold, 214

Magnetic field gradient, 6, 59
generation, 59
measurement, 39

Magnetic field strength, 5, 9
measurement, 35

Magnetic filtration
river water, 520

Magnetic flocculation, 208, 412
condition of, 210
ferromagnetic material
concentration of solids, 421
magnetic field, 420

in primary minimum, 214
in secondary minimum, 216
of diamagnetic materials, 208, 212
of ferromagnetic materials, 420
of paramagnetic materials, 208
of strongly magnetic materials, 208
of weakly magnetic materials, 422
stability ratio, 413
weakly magnetic material
industrial application, 422

Magnetic fluid, 153, 227, 428, 570
future developments, 570
hydrocyclone, 459
selection, 434
separation, 425, 564

Magnetic flux, 11
Magnetic flux density, 5, 9
Magnetic force, 3—7

components, 165
density, 172
in roll separator, 167
in suspended magnet, 173
on ferromagnetic body, 173
traction, 184, 223

Magnetic force density, 172—174
Magnetic induction, 5, 9, 252

measurement, 35
remanent, 253
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Magnetic interaction energy, 209, 212
Magnetic jigging, 467
Magnetic labelling, 525
Magnetic moment, 9, 13—15
Magnetic permeability, 5, 9, 10, 18

initial, 18, 42
maximum, 18
of free space, 9
relative, 10, 19

Magnetic polarization, 9
Magnetic pulley, 70
Magnetic scalping, 405

in FHS, 443
Magnetic seeding, 520

e uent processing, 520
metal ion removal, 520

Magnetic separation
by particle rotation, 221
carrier, 414
current status, 567
dry, 321
electrostatic phenomena, 323

future development, 567
high-temperature superconductiv-

ity, 571
innovation, 555
innovation milestones, 556
piggy-back, 414
research and development, 567
research and development needs,

573
superconductivity, 570
vortex, 198
wet, 342

Magnetic separator, 67
closed-gradient, 60
cross-belt, 86
Davis Tube, 139
drum, 60, 78
high-intensity, 94
wet, low-intensity, 81

dry
comparison, 328

Ferrous Wheel, 107
high-gradient, 97
carousel, 118

continuous, 118
cyclic, 114
SLON, 125
VMS, 119

high-intensity
Boxmag-Rapid, 102
dry, 86, 96
Eriez, 102
ERM, 101
Jones, 97
Reading, 102
wet, 96

high-intensity roll
wet, 108

induced roll, 88
Jones, 97
low-intensity
dry, 69
wet, 342

matrix, 60
open-gradient, 60
permanent roll, 89
polygradient, 64
roll, 60
rotating field, 146
selection, 320
solenoid-based, 112
superconducting, 59, 128
suspended, 73

Magnetic susceptibility, 8, 24
diamagnetic, 25
extrinsic, 24
in FHS, 234
initial, 24, 42
intrinsic, 24
mass, 6, 10, 11
measurement, 39, 40
of diamagnetic materials, 14
of paramagnetic materials, 15
paramagnetic, 25
specific, 10
volume, 5, 10, 11, 13

Magnetic tagging, 520, 569
Magnetic torque, 175, 222—224, 250
Magnetic tracer, 235, 296, 327, 336
Magnetic traction force, 230
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Magnetic units, 10
conversion, 11

Magnetic velocity, 187
Magnetic viscosity, 407

coe cient, 408
Magnetic-hydrophobic flocculation, 219,

221
Magnetite, 1, 24, 26

beneficiation, 342
EVTAC Mining, 472

coercive force, 27
critical domain size, 26
Curie temperature, 26
dense media, 345
density, 26
mass magnetic susceptibility, 27
saturation polarization, 26

Magnetization, 9, 10, 252
initial, 18
mass, 10
preliminary, 406
remanent, 18

Magnetization curve, 18
Magnetizing roasting, 409

ilmenite, 409
oxidizing, 409
reduction, 409
temperature, 409

Magnetohydrostatic separation, 434, 437
Magnetomotive force, 252, 255, 271
Magnus-Robins e ect, 539
Magstream, 61, 156, 159, 240, 458

apparent density, 458
design, 159
probable error, 458
selectivity, 458
separation density, 159
throughput, 162

Manganese ore beneficiation
Jones WHIMS
Nikopol, 488

VMS
Marganetz GOK, 489
Nikopol, 488
Ordzhonikidze GOK, 489

Manganese oxide, 26

Material
antiferromagnetic, 21
diamagnetic, 13
ferrimagnetic, 21
ferromagnetic, 15, 17
hard magnetic, 18
paramagnetic, 14
magnetic susceptibility, 15

soft magnetic, 18
Matrix, 64

blockage, 65
clogging, 333, 392
filling factor, 65, 382
grooved plates, 97, 105
length, 386
loading, 387
magnetic field gradient, 65
material properties, 391
porosity, 382
removal of particles, 394
rods, 121
steel wool, 114, 131
vibration, 415
woven mesh, 121

Maxwell’s equation, 252
MHS, 434, 437
Mineral sands: see Beach sands, 498
Morin temperature

of hematite, 31
Multidomain, 26

Neel temperature, 21
Neodymium-iron-boron magnet

coercive force, 50
energy product, 50
magnetic properties, 51
permeability, 254

Non-ferrous metals
sorting in magnetic fluid, 539

Non-ferrous metals ores
Dowa Mining, 496
LIMS
Black Mountain, 496
vanadiferous magnetite, 497

Sala carousel HGMS
Boliden, 494
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WHIMS
chromite gravity tailings, 497

Nuclear fuel
reprocessing, 511

Nuclear magneton, 11

Oersted, 11
Open-gradient magnetic separation, 206
Open-gradient magnetic separator, 130,

136, 564
linear multipole, 137, 206
pyroxenite, 329

Operating point
of permanent magnet, 256

Owen-Honda equation, 24, 366

Paramagnetic capture, 184, 190, 195,
199

Paramagnetic liquid, 154, 227, 300, 426,
434

magnetic properties, 427
magnetic susceptibility, 426
physical properties, 427

Paramagnetic material, 13
Paramagnetic salts, 227
Particle build-up, 190, 194
Particle capture

at moderate Reynolds numbers, 196
by spheres, 198
in multi-collector matrix, 198
in real matrix, 202
static model, 194

Particle collision
with matrix, 203

Particle collisions, 202
Particle interaction

in FHS, 239
Particle motion

equation, 187
in drum separator, 166
in FHS, 235
in roll separator, 166

Particle retention, 202, 205
Particle rotation, 221, 222

in liquid, 226
Particle trajectory

equation, 187
in drum EC separator, 247

Partition curve, 235, 326, 336
magnetic, 296

Permanent magnet, 18, 47
Alnico, 48
bonded, 51
demagnetization curve, 267
development, 1
ferrite, 49
force, 263
irreversible change, 266, 267
magnetic field around, 260
magnetization, 269
neodymium-iron-boron, 50
operating point, 256
rare-earth, 49
resistivity, 269
reversible change, 266
samarium-cobalt, 49
stability, 266
steel-based, 2
temperature coe cient, 266

Permanent magnetic roll separator, 89
design, 91
magnetic induction, 91
roll diameter, 93
throughput, 93

Permeability
magnetic, 5

Permeance, 256
determination, 258
of air gap, 256
of magnet, 256

Phenomenological model of HGMS, 200
Piggy-back magnetic separation, 414
Plate magnet, 72
Polarization

magnetic, 252
saturation, 253

Polygradient separator, 64
Potential barrier, 213, 218
Potential energy

uraninite, 414
Potential flow, 186
Preliminary magnetization, 406
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Pressure drop, 281
Primary minimum, 212, 214
Probable error of separation, 296, 327
Pulsation of slurry, 125
Pyrite, 26

enhancement of magnetic proper-
ties, 510

Pyroxenite
beneficiation, 328
comparison of techniques, 328

Pyrrhotite, 26, 33
Currie temperature, 33
magnetic susceptibility, 34

Rare-earth drum magnetic separator,
95, 332

comparison with roll separator, 334
drum loading, 338
eddy currents, 95, 341
force index, 95
heat generation, 96, 341
magnetic field gradient, 95

Rare-earth magnets, 49, 557
energy product, 254
resistivity, 269

Rate of flocculation, 213, 220
Reading high-intensity magnetic sepa-

rator, 102, 418
throughput, 105

Recycling
eddy-current separation, 537, 569
magnetic separation, 535
Magnus-Robins e ect, 539
non-ferrous metals, 537, 539
colour sorting, 539
magnetic fluid, 539

recovery of metals, 534
Red blood cells, 26

properties, 533
separation, 527, 533

Reluctance, 256
of air gap, 271
of iron, 271

Remanent magnetic induction, 18, 253
Remanent magnetization, 18
Repulsive force

in eddy-current separator, 244
Resistance of winding, 280
Resistivity

temperature dependence, 281
Reversible loss, 266
Reynolds number, 186, 196
Rhomag separator, 159
Rinse water, 395
Roasting

magnetizing, 409
Roche Mining, 105
Roll high-intensity magnetic separator

dry, 93
wet, 108

Roll magnetic separator, 558
beach sands, 331
belt lifetime, 341
belt loading, 338
belt tracking, 340
comparison with drum, 334
comparison with HGMS, 333
design, 291
design optimization, 293
diameter, 297, 334
dry, 88
force index, 293
magnet thickness, 293
magnetic field, 168
magnetic force, 293
reach, 293, 296

optimum design, 337
particle motion, 166, 169
pyroxenite separation, 329
steel thickness, 293
throughput, 340

Rotating magnetic field, 222
Rotation

of ferromagnetic particles, 224
Rougher, 352
Rutile, 26

Sala carousel magnetic separator, 118,
418, 560

Samarium-cobalt magnet
coercive force, 49
Curie temperature, 49
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magnetic properties, 50
Saturation polarization, 253
Secondary minimum, 213, 214, 216, 218
Sedimentation, 203
Selectivity of separation, 4, 8, 65, 206,

333, 411
conditions, 414
criteria, 413
FHS, 306
pH of slurry, 412

Separation
eddy-current, 243
ferrohydrostatic, 425
in magnetic fluid, 227
in rotating ferrofluid, 240
selectivity, 4, 8, 411

Separation
by particle rotation, 221
in magnetic fluids, 425

Separator
eddy-current
drum, 245
vertical, 245

Siderite, 33
magnetic susceptibility, 33
Neel temperature, 33

Single domain
critical size, 26

Skin depth, 269
Slag

recovery of metal, 331
SLON high-gradient magnetic separa-

tor, 125, 562
Slurry

density, 399
dispersion, 406
pH, 412
pre-treatment, 405
pulsation, 415

Soil decontamination
Chernobyl, 512
Nevada, 511

SOL magnetic separator, 560
Solenoid, 56

cooling
water flowrate, 281

design, 278
iron-clad, 2, 113

Solenoid magnet, 275
Specularite, 31
Stability

of permanent magnet, 266
Stability ratio, 214, 413
Standing vortex, 196
Steel

decarburized, 19
Stokes equation, 6, 186
Straining, 203
Superconducting magnet, 58, 128
Superconducting magnetic separator

cyclic, 131, 563
drum, 138
high-temperature, 572
kaolin beneficiation, 504
open-gradient, 130, 136
reciprocating, 130, 132, 562

Superconducting separator, 128, 562
Superconductivity, 2, 57, 557, 562, 570

applications, 59
high-temperature, 551, 557, 571

Superconductor, 58
properties, 58

Superparamagnetism, 227
Surface charge density

time dependence, 325
Surface potential, 211
Surface tension, 326
Suspended magnet, 73, 172, 298

conductor, 299
cross-belt, 76
design, 298
electromagnetic modelling, 298
in-line, 76
magnetic force, 173

Temperature
critical, 57

Tesla, 11
Threshold magnetic field, 214, 216, 219
Time of flocculation, 219
Titanomagnetites, 27
Torque
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hydrodynamic, 226
in eddy-current separator, 247
magnetic, 147, 175, 250

Tracer
density, 326
magnetic, 296, 327, 336

Tramp iron, 69, 76
Triboelectrical series, 324
Tribolectric charging, 323
Trommel magnet, 470
Tromp curve, 326

van der Waals interaction, 211
Vand relation, 429
Velocity

magnetic, 187
Vibrating sample magnetometer, 43
Viscosity

dependence of magnetic field, 430
dynamic, 7
Einstein formula, 429
magnetic, 407
suspension of rigid spheres, 429
Vand relation, 429

VMS magnetic separator, 119, 561
Vortex magnetic separation, 198

Waste water treatment
nuclear power plants, 517
oil removal, 521
sewage, 521
Sirofloc process, 523
steel industry, 514
thermal power plants, 517

Weiss
hypothesis, 16

Weiss
domain, 17
field, 16

WHIMS, 97
Wolframite, 26
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