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Choice selection and application variation of physical beneficiation techniques
usually employed on heavy minerals (HMs) depends greatly on mineralogy,
composition, shape, particle size distribution, and physicochemical properties
of the minerals. Recent advancements in the applications of HM products by
modern science, engineering, technological, and metallurgical production
industries, especially in the demand by nuclear and power industries, have
significantly increased over the decades. This is the reason for the criticality
and commerciality of HM products, which has necessitated their high demand
by various industries. The recovery of HMs, such as Zr, Hf, Ti, V, Sn, Pb, Cu,
Zn, Fe, Mn, Nb, Ta, and REE associated minerals, from their deposits is
dependent on the extractive metallurgy of transition and refractory metals
from their complex minerals. However, based on the mineral concentration
effectiveness, as well as the metal extraction efficiency, several challenges
have been encountered in their recovery and separation from associated
impurities. On this premise, this brief review is focused on investigating
magnetic separation process applications in the beneficiation/recovery of HMs.
This will serve as a tool for efficient mineral concentration and upgrade as well
as reducing the process steps and extraction complexity involved in the
downstream measures of dissolution/decomposition and pyro-hydrometallur-

gical separation processes.

INTRODUCTION

The essentiality and utility of heavy mineral
(HM) resources in the world today cannot be
overemphasized. There have been emerging inter-
ests in the HM concentration and upgrade as well as
the industrial applications of HM sands. HMs such
as columbite-tantalite (coltan) (Fe,Mn,Mg(Nb,
Ta);0g), zircon ((Zr,Hf)SiO,), ilmenite (TiFeOs;),
and rutile (TiOy) are very important sources of
niobium (Nb), tantalum (Ta), zirconium (Zr), haf-
nium (Hf), iron (Fe), titanium (Ti), and titanium
dioxide, respectively. HMs do not have a standard
scientific or industrial definition. They have been

(Received May 26, 2023; accepted October 19, 2023;
published online December 12, 2023)

regarded as high-density accessory siliclastic sedi-
ment mineral constituents, as well as the minerals
with specific gravity (SG) higher than that of the
main constituent framework. They have also been
regarded as the minerals with greater densities
than that of quartz with about 2.65 g/cm®. For
instance, most HM sands (the siliclastic grains) are
very dense with average SG above 2.9. Thus,
minerals that possess a density property of > 3.0
g/em® are regarded as HMs.'™ As a result of their
high density or SG, the minerals are often regarded
as value HMs (VHM).! However, apart from the
aforementioned VHM, other HMs still exist (see
Table I) that may not necessarily be regarded as
VHM (as that is dependent on the economical
extractability and consumption). Chemical inert-
ness and high strength are important attributes of
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Ti that are utilized by the medical and aerospace
industries. In addition, over 95% of the supply of Ti
is for the production of pigments. Furthermore,
zircon is utilized mostly by the ceramics industries,
by the foundry industries as foundry/refractory
sand in the production of television screens, and a
zirconia source in the chemical industries. The
Murray Basin of West Australia, Tamil Nadu of
India, and the sub-Saharan region of Africa are the
world’s largest sources of these HM sand
resources.®’ The economic concentrations of Ti
and Zr based or associated minerals can be found
in certain primary magmatic mineral deposits as
well as being naturally concentrated in sedimentary
mineral deposits that could have gone through
subsequent weathering.’

Pre-concentration of HM, often referred to as a
mineral processing route, is focused on the rejection
of waste (gangue) minerals in the early or initial
stages of the mineral concentration process. This
process step can be of significant benefit to mineral
processing, in the sense that it provides lower
mineral ore throughputs and costs of operation, as
well as yielding increases in the grades of feeds to
the downstream process routes.® The mineral ores
that are amenable to pre-concentration at coarser
particle size (PS) has cost-efficient mineral process-
ing and subsequent beneficiation stages, as they
require lower energy during the comminution pro-
cess. The choice of the pre-concentration method to
be adopted during processing and beneficiation of
HMs depends on the minerals’ physical and/or
chemical properties or surface chemistry of the
mineral ore, such as color, particle size distribution
(PSD), SG difference, conductivity, magnetic sus-
ceptibility, and rad10act1v1ty between the gangue
and value minerals.> The upgrade and beneficia-
tion/extraction of most metals/transition metals
from their minerals or ore deposits largely depends
on the degree or measure of removal of the associ-
ated impurities present in the crude mineral.'®!!
For successful metal recoveries and (hydrometallur-
gical and pyro-hydrometallurgical) extractions, the
impurity composition in the minerals/ore deposits,
as well as the choice of beneficiation/extraction
methods and/or extraction agents, are key.''? Also,
the success of the mineral beneficiation process steps
is rated and dependent on the recovery percentage of
high-purity value minerals with minimum impurity
composition and a reduced number of processing or
recovery steps.' 1314 Several reports from research-
ers have explained that most HMs, such as zircon,
sillimanite, rutile, ilmenite, 1euc0xene, monazite,
garnet, etc., are usually of low-grade, associated
with large quantities or compositions of mineral
impurities. For instance, zircon sand is mostly
associated with Hf, Si, and/or Ti, P, Fe, Al, Y, U,
and Th in HM forms, such as rutile, ilmenite,
monazite, staurolite, pyrrhotite, quartz/silica,

biotite, apatite, feldspars, titanite, plagioclase,
amphibole, and limonite, as well as Te-Ti oxides
and Cu minerals, etc. These impurities, especially
Hf, have been proven very tedious and somewhat
difficult to separate from Zr. This has made the
mineral processing, beneficiation, and subsequent
recovery/extraction of Zr very complex and compli-
cated. Hence, efficient ore enrichment and certain
mineral beneficiation process steps are essential and
imperative. These are, however, carried out in order
to effectively, efficiently, and significantly improve
the metal recovery, as well as to enhance the
performance of subsequent hydrometallurgical sep-
aration/extraction processes of the minerals or ore
deposits for successful metal recovery.

Although, there is some difficulty in the benefici-
ation and separation of the value metallic elements
and the associated gangue mineral impurities pre-
sent in these mineral ores, and from one another due
to their almost similar physicochemical mineral
characteristics, there may be some slight differences,
especially in certain properties, such as density or
S@G, boiling and melting point temperatures, conduc-
tivity and resistivity, radioactive properties, and,
most essentially, their magnetic and electrical prop-
erties, Wherebg these minerals/metals can be
exploited.!"'®1” The preparation and upgrade of
HMs and other low-grade minerals up to mar-
ketable technical grade concentrates may therefore
involve basic physical beneficiation process routes,
like the use of magnetic and electrostatic concentra-
tions/separations prior to the (conventional and
enhanced) gravity concentrations and froth flotation
processes (involving physicochemical procedures),
and/or pyro-hydrometallurgical process routes.
Gravity concentration techniques have been
regarded as the oldest and most common (pre)con-
centration process steps, usually employed on most
HM sand deposits and aimed at the rejection of
gangue minerals with low SG. However, the close
densities of these HMs often pose ma&or challenges
during concentration by gravity.® Many phys-
ical mineral beneficiation processes (which include
magnetic concentrations), that may preferably be
carried out before/after flotation separations have
been reported to practically upgrade low-grade min-
erals or ore deposits to high-grade concentrates and
also improve the value metal separation and subse-
quent recovery from associated impurities in the
mineral or ore deposit. Presently, magnetic concen-
tration/separation has been regarded as a very
important physical mineral processing and benefici-
ation technique. It has been reported to be a very
promising concentration and separation technique
employed in the exploitation and upgrade of various
HMs, including Zr, Hf, Si, Ti, V, Sn, Pb, Cu, Zn, Nb,
Ta, Fe Mn, and REE bearlng mlnerals from thelr
dlfferent ore deposits.'11822726 Several magnetic
separation process techniques have been
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investigated and employed on various HMs and,
hence, have been reported as being proven to be more
efficient.!'22732 On this premise, therefore, this
present paper is focused on a review of magnetic
mineral processing/beneficiation process techniques
of HMs, as well as on certain key areas for future
development trends and process enhancements.

ESSENCE OF PHYSICAL ENRICHMENT
PROCESS ON HMs

Mineral ores that contain HM can be obtained
from low-grade primary or secondary sources or
deposits. They usually undergo several subsequent
physical separation techniques. However, the selec-
tivity of these techniques is typically dependent on
the physical and chemical properties of the miner-
als. This is often conducted in order to concentrate
the mineral by beneficiating and separating the
VHM from the unwanted mineral gangue or impu-
rities. Mostly, certain mineral products or concen-
trates, such as columbite, tantalite, zircon, ilmenite,
rutile, etc., are primarily obtained or result from
these mineral processing or concentration tech-
niques.! According to the studies by Nzeh et al.'!
and Koko,*® physicochemical property differences
existing between the value metal minerals and
other gangue minerals or compounds can be utilized
in the separation of the metals from each other and
from the associated impurities, which aids and may
improve the recovery and extraction of these HMs.
Therefore, certain mineral impurities present in the
metal minerals or ore deposits may be removed
under certain mineral conditions, such as particle
size and other specific separation parameters, prior
to the hydrometallurgical extraction process. This
may however be carried out in order to ease the
difficulty and complexity of the mineral processing/
metal extraction route, thereby feasibly reducing
the metal extraction and recovery steps.'™*?® Fur-
thermore, Gilman®* suggested that these mineral
processing and concentration techniques of HMs or
mineral sands are somewhat benign, especially due
to the employment of very few chemical reagents
and also as a result of the presence of comparatively
fewer legacy issues. In this regard, it is imperative
for the ore enrichment/mineral beneficiation pro-
cesses on the minerals/ore deposits to achieve
proper concentrations and upgrading to an indus-
trially acceptable grade (up to 25-50% for metals
such as Ti, Zr, Hf, V, Sn, Pb, Cu, Zn, Fe, Mn, Nb, Ta,
or REE). This will thereby aid the recovery effec-
tiveness and efficiency of subsequent metal separa-
tion and extraction processes.!?3726:3536 However,
the mineral concentration techniques usually
adopted can be either wet or dry. Detailed flow
diagrams of the wet and dry magnetic concentra-
tions of these HMs have been reported else-
where."113% Figure 1 displays a flow diagram of
wet/dry concentrations of HMs.

Nzeh, Popoola, Adeleke, and Adeosun

MAGNETIC SEPARATION

Every material can be classified in terms of their
magnetic characteristics. Thus, value HMs can be
concentrated and beneficiated from the associated
gangue/impurity minerals using magnetic concen-
trators, by exploiting their magnetic susceptibility
differences which can be in one of three forms or
categories, namely diamagnetic, paramagnetic, or
ferromagnetic minerals. As such, mineral particles
referred to as paramagnetic and ferromagnetic are
attracted along the magnetic force field lines to
higher magnetic field intensity points, whereas the
mineral particles known as diamagnetic repel along
the magnetic force field lines to lower magnetic field
intensity points.??"*° The ferromagnetic HMs are
mostly and widely concentrated in magnetic con-
centrators, and have been reported to possess a
certain high susceptibility level to magnetic force
fields, and also to retain a certain degree or measure
of magnetism even after the removal of the mag-
netic force field. However, the separation efficiency
of ferromagnetic HMs is at high levels compared to
the other forms of minerals (paramagnetic and
diamagnetic).?®*° On the other hand, diamagnetic
minerals can also be separated from ferromagnetic
minerals. Thus, magnetic force fields are used by
magnetic concentrators in order to separate mag-
netic (ferromagnetic or highly paramagnetic) min-
erals from the nonmagnetic (weak paramagnetic or
diamagnetic) minerals, which in either case may be
gangue or value minerals. The magnetic portions
may contain the value mineral while the nonmag-
netic portion may have the gangue minerals or
tailings. This may also occur vice-versa. In addition,
paramagnetic minerals are not necessarily easy to
separate and may require a hiﬁher intensity of the
magnetic field for separation.”'!*®4° This magnetic
application has, however, advanced over the dec-
ades, beyond just the removal of tramp iron. A
review of the theory of magnetic separation of
mineral particles and its mechanism is covered in
detail elsewhere.”*'™*® However, certain particle
minerals are affected or influenced by magnetic
concentration more than others. This simply means
that the beneficiation of these minerals by means of
magnetic separators may be more or less effective
on some minerals. The performance or efficiency of
the magnetic separators is, however, dependent on
certain factors, which have been reported to be
determinants in selecting or choosing the required
magnetic concentration technique, as well as the
optimal parameters or conditions. These factors
include, but are not limited to, the magnetic inten-
sity or magnetic field strength (measured in gauss
or tesla), as well as the magnetic field gradient
(shape) in the magnetic concentrating equipment,
the mineralogical distribution, the PSD of the
minerals, and the magnetism or magnetic charac-
teristics 9possessed by such particle miner-
als.%11:304 Furthermore, the magnetic
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Fig. 1. Flow diagram of a typical HMs physical concentration treatment plant; reprinted with permission from Ref. 11.

characteristics in the mineralogy of different min-
erals have been investigated by various researchers.
The differences in the magnetic characteristics or
magnetism of these particle minerals are usually
exploited when employing magnetic concentration
as a technique in pre-, primary or secondary
mineral concentration or upgrade, mineral process-
ing, beneficiation, and extractive metallurgical pro-
cesses.'?* Table I sets out certain HMs and their
magnetic responses or  susceptibilities to
magnetism.

It has been established that high magnetic inten-
sity magnetic separators tend to attract and sepa-
rate ferromagnetic as well as strong or highly
paramagnetic mineral particles as concentrates,
while diamagnetic or nonmagnetic mineral particles
are collected as tailings. Often, the weak paramag-
netic mineral particles are also attracted to the high
intensity magnets in the magnetic separators,
depending on the degree or level of magnetic
intensity of the magnets involved, as well as on
the particle size of the minerals, as coarse mineral
particles are somewhat more amenable or suscepti-
ble to magnets than finer mineral particles.

However, magnetic separators with low magnetic
intensity will attract and separate ferromagnetic
mineral particles as concentrates while the param-
agnetic and diamagnetic mineral particles are col-
lected as tailings. Sometimes, the low intensity
magnetic separators are also somewhat effective on
the strong or highly paramagnetic minerals with
coarse particle sizes, and will have these mineral
particles included in the concentrates while the
finer strong/highly paramagnetic, weak paramag-
netic, and diamagnetic mineral particles are col-
lected as the tailings.!' Magnetic concentration can
be either dry or wet. Albeit somewhat environmen-
tal challenges and eco-unfriendliness are often
caused by the dry magnetic concentration method,
it is, however, established as a simple and cost-
effective technique and very efficient in mineral
processing/beneficiation of HMs, as these minerals
are usually composed of both diamagnetic and
paramagnetic as well as ferromagnetic mineral
particles. 114051

Wet magnetic concentration on the other hand is
more complex and involves the use of a liquid
(water) medium for separation. However, it is
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regarded to have smaller environmental issues or
pollution because smaller amounts of dust particles
are produced during the separation process, thus
resulting in cleaner product.” Wet magnetic sepa-
rators are also more effective in concentrating finer
ferromagnetic particles (up to 75 um) and/or
(strong/weak) paramagnetic particles than dry mag-
netic separators.>* In addition, more recent
advancements in magnet technology and materials
science have allowed the introduction and develop-
ment of high intensity magnetic concentrators of up
to 60,000 gauss (6 tesla). New demands for magnetic
concentrators have thus been created as a result of
the development of sugerconducting and permanent
rare-earth magnets.”” For instance, it has been
reported that magnetic separation has been used in
beneficiating and concentrating HM sands in order
to remove highly ferromagnetic/ferrimagnetic par-
ticle minerals (such as magnetite) and highly para-
magnetic minerals (such as xenotime, monazite,
coltan, ferrocolumbite, and ferrotantalite) from sev-
eral/various mineral ore deposits.'®2%5%53 However,
quartz/silica, zircon or other Zr-associated minerals
are usually recovered from the nonmagnetic min-
eral portions. Pownceby et al.?® reported that the
mineral grains of certain HMs may be coated with
clay or iron oxides, which as a result may affect the
physical properties of the minerals, hence affecting
or preventing subsequent/further physical benefici-
ation on the minerals. Various researchers have
investigated the level or degree of efficiency of
magnetic concentration on the mineral ore deposits
of transition metals. However, magnetic concentra-
tion has been reported to be effective to a certain
measure on complex oxide mineral ores, such as Ti,
V, Ta, Nb, Zr, Hf and other transition
metals,211:40.49

The introduction of materials from rare-earth
elements (REE) developed/advanced the usage of
higher magnetic intensity or strength of permanent
magnetic separators for beneficiation by the mineral
sand industry.?®%* There have been records of the
adoption of several dry and wet magnetic separators
for either high or low magnetic intensities, such as
rare-earth drum magnetic concentrators (REDMC),
roll magnetic concentrators (RERMC), and matrix-
type magnetic separators. These magnetic separa-
tors were adopted in order to beneficiate HMs in
various parts of the separating/processing system or
circuit. For instance, dry low-intensity and wet
high-intensity magnetic separators can be employed
in order to beneficiate ilmenite from HM concen-
trates, such as Zr-containing minerals, when adopt-
ing magnetic concentration. Furthermore, dry high-
intensity magnetic separators may then be utilized
in order to eliminate the residual magnetic mineral
particles obtained from the nonmagnetic portion
that contains the zircon and rutile minerals.*°
Zircon sand, for example, has a very low magnetic
susceptibility compared to other HMs. Thus, mag-
netic separation can be very efficient in the physical

Nzeh, Popoola, Adeleke, and Adeosun

beneficiation/separation of most Zrassociated min-
erals for optimal mineral recoveries and high-grade
Zr. However, there are limited applications of
magnetic concentration on finer mineral particles
of <75 um. It is therefore imperative to note that
magnetic concentration in general may not be
satisfactorily efficient even when dealing with fine
particles of mineral deposits below 100 um. Thus,
certain procedures such as froth flotation are usu-
ally required/employed (as a primary concentration
or an adjunct process) on HMs with a PS of < 100
um for improved beneficiation/separation effi-
ciency.'®3® Therefore, for higher separation effi-
ciency, extraction effectiveness and process route
simplicity, especially on finer mineral particles,
magnetic concentration on these minerals is often
employed combined with certain multiple adjunct
processes, such as electrostatic concentration, grav-
ity separation, and especially, froth flotation and
aqueous (acidic or alkaline) leaching proce-
dures 1118:20:51.55-60  Ror  instance, Pownceby
et al.° reported that certain individual HMs were
beneficiated from their mineral concentrates in a
dry processing plant employing a combination of
magnetic and electrostatic concentrations, in order
to separate and recover the associated magnetic
mineral portions, such as ilmenite and that of the
conducting mineral portions, such as rutile, respec-
tively, from zircon mineral sand, which is a non-
magnetic/nonconducting mineral.*>®' The authors
also reported that gravity concentrations as well as
the froth flotation process may also be adopted and
employed as secondary concentration or adjunct
beneficiation processes, in order to further benefici-
ate the initial concentrates.®’

MAGNETIC CONCENTRATORS

Magnetic concentrators are reported as very
useful in the separation of coarse mineral particles.
There has been unusual enhancement of magnetic
concentrators in the past few decades and, hence,
the development of several classifications of mag-
netic concentrators, as well as various magnetic
concentrator designs that beneficiate and concen-
trate HMs.**®? However, the most logical and
practical classification is either wet or dry magnetic
concentrators, which can operate at either high or
low magnetic field intensities.***° Svoboda and
Fujita*® reported that the magnetic field gradient
is not taken into consideration in this scenario, and,
thus, it is safe to say that highOintensity magnetic
concentrators (a) will generate high magnetic field
gradient (high gradient magnetic equipment), while
low intensity magnetic concentrators (LIMC) are
regarded as low gradient magnetic equipment,
generating a low magnetic field gradient. Neverthe-
less, there may be exceptions to this rule. On this
premise, the choice of magnetic concentrator classi-
fication may be factored by several considerations,
most importantly the PS, the distribution of the feed
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mineral particles’ magnetic characteristics, and the
equipment’s required throughput.* The wet MC
procedure, however, was reported by Zong et al.%? to
require further processing, But, in contrast, the dry
MC was reported to be more advantageous than the
wet MC. For example, compared to a dry MC, a wet
MC involves the consumption of water, the reuse of
recycled water, and the management of mineral
tailing ponds, etc. Apart from the wet and dry
magnetic concentrators, other classifications of
magnetic concentrators exist which may be grouped
on the basis of magnetic field intensity/strength.
This can also be split into electromagnetic concen-
trators which include (1) cross-belt magnetic con-
centrators (CBMC), (2) lift roller magnetic
concentrators (LRMC), (3) induced roller magnetic
concentrators (IRMC), and permanent magnetic
concentrators, which include both RERMC) and
REDMC. These are discussed in detail in,?%40-6264

The trajectories of nonmagnetic mineral particles
are obtained just by the force of centrifugation
(centrifugal force). When nonmagnetic mineral par-
ticles such as zircon drop in an unhindered motion
and substantially in the roller according to the
mineral PS, the drop of mineral particles closer to
the roller reduces their particle size fractions.
However, larger mineral particles tend to move
farther away from the roller’s smaller centerline,
often lower than the surface velocity of the smaller
mineral particle concentrate. However, when a
magnetic roller is utilized, the magnetic mineral
particles which have higher magnetic fields often
tend to stick on the magnetic roller surface until
they are released from the magnetic force field.
Furthermore, the magnetic mineral particles which
have a weak magnetic field will only defect by the
magnetic field, thereby causing them to deviate
somewhat from the normal path; hence, the occur-
rence of overlapping in the coarser weak magnetic
particles as well as in the finer nonmagnetic min-
eral particles.®®%%%5 Thus, Table II shows the
working range of the different magnetic concentra-
tors used by mineral processing and extractive
metallurgical industries.

Dry and Wet Low-Intensity Magnetic
Concentrators (LIMC)

LIMC are conventional magnetic concentrators
mainly utilized in the removal of ferromagnetic
(which includes basically iron) or certain highly
paramagnetic HMs. This is mainly carried out in
order to scalp the very magnetic mineral particles so
as to enhance the performance of the permanent
magnets/electromagnetic concentrators which are
usually utilized in the separation of weak magnetic
materials, or in order to protect the downstream
operations like conveyor belts. These concentrators
can utilize flux densities (of about 2000 gauss) and
have the ability to treat dry solids and wet
slurry.®*%58 The application of the dry LIMC is in

the concentration of highly magnetic value minerals
or the removal of highly magnetic mineral gangue/
impurities and tramp iron. The dry LIMC is also
mainly utilized in the concentration of coarse min-
eral sands composed of highly magnetic mineral
particles. This procedure is often referred to as
cobbing.”*® Magnetic drum concentrators are usu-
ally applied in the dry LIMC for the concentration of
the highly magnetic value minerals, whereas plate
and grate magnets, magnetic pulleys, and sus-
pended magnets are utilized mainly for the removal
of the mineral gangue impurities/tramp iron.*’
However, often, below 500 particle size, a dry LIMC
is usually replaced by a wet LIMC.

Drum concentrators are also the most frequently
employed wet LIMC, with concurrent-rotation and
counter-rotation magnetic drum concentrators as
the most common types. With the introduction of
permanent ferrite magnets, the permanent mag-
netic system almost replaced the electromagnetic
drum system. Thus, the concentrators are utilized
basically in recovering and beneficiating HM media,
which include zircon sand and ferrosilicon, as well
as in a magnetic medium for the concentration of
highly magnetic mineral ores, such as ferromag-
netic sands and magnetite minerals. Moreover, the
existence of rare-earth permanent magnets and
their affordability increases the application of mag-
netic drum concentrators on moderate or weak
magnetic mineral particles.”*%*° Practically, there
are two designs involved in the permanent magnetic
drum concentrators: the axial and radial configura-
tions. The axial configuration or arrangement
involves the poles alternating along the circumfer-
ence. Its application is preferred when the magnetic
product quality is actually of some significance,
whereas the radial -configuration/arrangement
involves the polarity of permanent magnets alter-
nating across the drum breadth, and its application
essentially involves the recovery of highly magnetic
mineral particles. Furthermore, the tumbling move-
ments of mineral particles over rows of magnets
coupled with alternate polarity tends to aid or assist
the releasing of the nonmagnetic mineral particles
entrained and, therefore, the concentrate grade is
improved.*%*?

Dry and Wet High Intensity Magnetic
Concentrators (HIMC)

Reports have indicated that paramagnetic min-
eral particles are tedious, difficult, and somewhat
impossible to beneficiate using a LIMC and thus
require the HIMC process. These concentrators
require higher magnetic flux densities up to
20,000 gauss (~ 2 tesla) in order to concentrate
certain weakly magnetic (paramagnetic) mineral
particles from the nonmagnetic ones.*®*® There
have also been reports that the HIMC are utilized
in numerous applications by various mineral pro-
cessing industries.®® Hence, the emerging and
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Table II. Working range of different magnetic concentrators used by mineral industries

38,66

Concentrators Type

DDMC
REDMC

Dry permanent MC

Permanent rol/RERMC

IRMC
LRMC
CBMC
CDMC
WDMC
REWDMC
FWMC
WHIMC
HGMC

Dry electro-MC

Wet permanent MC

Wet electro-MC

Open/close gradient MC

RTWMC
CSCC

Industrial working range (in tesla)

0-0.5
0.5-1.0
1.5-2.0
2.0-3.0
2.0-3.0
1.5-2.0
1.5-2.0

0-0.5
0.5-1.0
0.5-1.0
1.5-2.0
1.5-2.0
3.0-4.0
1.5-2.0
4.5-5.0

DDMC dry drum magnetic concentrators, REDMC rare-earth drum magnetic concentrators, RERMC rare-earth roll magnetic
concentrators, IRMC induced roll magnetic concentrators, LRMC lift roll magnetic concentrators, CBMC cross-belt magnetic
concentrators, CDMC cross-disc magnetic concentrators, WDMC wet drum magnetic concentrators, REWDMC rare-earth wet drum
magnetic concentrators, FWMC ferrous wheel magnetic concentrators, WHIMC wet high-intensity magnetic concentrators, HGMC high
gradient magnetic concentrators, RTWMC roll-type wet magnetic concentrators, CSCC cryofilter super-conducting concentrators.

sustaining research on the performance evaluation
of the (dry and wet) HIMC used in concentrating
and beneficiating different HMs is inevitable. How-
ever, attempts have continuously been made by
several technologists and researchers over the past
decades to comprehend the beneficiation behavior of
various HM particles in each of the (dry and wet)
HIMC techniques, concentrating the different types
of HMs with various levels of magnetic susceptibil-
ity. The inability of LIMCs to beneficiate paramag-
netic minerals has consequently allowed the usage
of HIMC applications over the years. In this regard,
therefore, Tripathy et al.®® concluded that dry
HIMCs are still to find wide applications in the
concentration and beneficiation of certain (param-
agnetic) HMs, albeit the intense effort or investiga-
tions conducted by researchers. Dry HIMC
application has thus undergone exceptional engi-
neering and technological improvements over the
past decades. Consequently, different approaches to
novel designs and applications of the HIMC have
emerged. Different efficient and effective magnetic
concentrator types have evolved over the years with
several varying designs and of a wide range of
industrial importance. The literature has estab-
lished that magnetic concentration may be
employed as an integral step of a primary and/or
secondary unit system in order to achieve the pre-
concentration and/or concentration/beneficiation of
mineral particles. Thus, dry HIMC applications
have been accepted as the ideal magnetic concen-
tration process in selectively concentrating/benefi-
ciating and recovering paramagnetic mineral
particles from various mineral sources or depos-
its.3%67 69 Most dry HIMCs possess a higher

magnetic field intensity which is imparted through
induced magnetic fields or by a permanent magnet
in order to separate the mineral particles with
regard to their level of magnetic susceptibility.>
Table III depicts the most common HIMCs and their
major applications, as well as their most important
characteristics and parameters or variables.

There are some other magnetic concentrators that
fall under the category of dry HIMC which have also
been investigated over the years by various
researchers. These include the permanent roll,
vibrating high gradient filter, open gradient, super-
conducting high §radient, and isodynamic magnetic
concentrators. 8374967687081 Among  these, the
isodynamic tester/concentrator is usually employed
primarily in order to obtain the quantitative anal-
ysis of paramagnetic minerals. It has also been
widely employed in the characterization of minerals
as well as the measurement of magnetic suscepti-
bility, and also in stimulating grade and yield
recovery curves. The high gradient high-intensity
magnetic concentrators (HG-HIMC) and open gra-
dient high-intensity magnetic concentrators (OG-
HIMC) have not been successfully commercial-
ized.®® This was attributed to their inefficient
magnetic field intensity/strength and as a result of
the lack of uniform distribution of magnetic induc-
tion over the surface of the magnetic drums. How-
ever, HG-HIMC was mostly applied (at a laboratory
scale) in the removal or separation of pyrite miner-
als from coal fines; it was found inefficient regard-
less. 38:44:76.77.82-86 However, research is still scanty
in these areas (HG-HIMC and OG-HIMC) for
efficient and cost-effective magnetic concentration.
The dry type of HIMC is essentially utilized in the



Physical Concentration of Heavy Minerals: A Brief Review on Low and High Intensity
Magnetic Separation Process Techniques

1337

Table III. Common HIMC, major parameters, characteristics and applications®®

Maximum
magnetic
intensity/ Major characteristics/
Concentrators strength Parameters properties Major applications
Permanent roll/ 1.6 tesla Feed rate, belt thickness, Can be employed at various Ilmenite, feldspar, (sub)bi-
RERMC roll disk thickness, roll stages of concentration. tuminous coal, lignitic fly
diameter, roll speed, splitter Employed at a higher ash, bauxite, quartz/silica
position, roll magnetic capacity and with better sand, lignite, perlite, cole-
intensity, magnetic suscep- efficiency. Low belt life and manite, nepheline syenite,
tibility, and particle size requires frequent replace- diamond, coal, semi coking
(PS). ments. coal, trona, wollstonite, Mn
minerals, etc.
CBMC 2 tesla Feed rate, applied current, The unit capacity is some- Columbite, coltan, pyro-
main belt speed, pole air  what very low. It is utilized chlore, tantalite, microlite,
gap, coil current, cross belt mostly as a cleaner process zircon, albite, cobalt, BOF
speed and thickness, mag- step. and LD slags, Fe and Mn
netic susceptibility, and PS. minerals, etc.
IRMC 2 tesla Feed rate, rotor speed, rotor The magnetic intensity/ Hematite, ilmenite, dolo-
diameter, gap between rotor strength can be varied. Can  mite, garnet, magnesite,
and pole, applied current, be utilized as pre-concen- nepheline syenite, plant
splitter position, magnetic trator, cleaner, or scav- tailings, Cr, Mn, Sn, W
susceptibility, and PS. enger. Single unit process minerals, etc.
may be utilized in multi
stage feed PS of 3 mm
(coarser) and 75 um (finer)
mineral particles. Very low
unit capacity.
LRMC 2 tesla Feed rate, rotor speed, rotor Very low unit capacity. Uti- Garnet, ilmenite, etc.

diameter, gap between rotor

and pole, applied current,
splitter position, magnetic
susceptibility, and PS.

lized mostly as a cleaner.
Magnetic intensity/strength
can be varied. Feed PS of

3 mm (coarser) and 75 um

(finer) mineral particles.

concentration of coarser mineral particles, even
though the wet process is subsequently required
as an adjunct process. Both dry and wet HIMCs
have certain merits and demerits over each other.
The dry HIMC is advantageous over wet HIMC in
the sense that it avoids the consumption of water,
the management of tailings ponds, the retrieval of
water for re-use, and also less energy is consumed in
the sense that pre-concentration is conducted on
feed mineral particles at coarser size fractions or
PS, followed by subsequent fine grinding for greater
mineral liberation with smaller volume.

However, the dry HIMC has certain demerits or
limitations which are not the case with the wet
HIMC. These include inefficiency in the concentra-
tion and treatment of fine or ultrafine mineral
particle size fractions, the control of dust particles
in order to avoid polluting the atmosphere/air, and
slime coating removal on coarser mineral products.
Thus, the dry HIMC is more effective and efficient
in the beneficiation of mineral particles with PS
fractions greater than — 75 + 100 ym. This is not
the case with wet HIMC, as it is more efficient when
beneficiating mineral particles with PS fractions

below — 75 + 100 um of mostly paramagnetic min-
eral particles.®® There have been reports that the
manufacturers of dry magnetic concentrators were
on top of the production of magnetic equipment that
concentrates/beneficiates HM sand/placer beach
sand mineral particles of size fraction of 45 um.
Also, in order to address the dust problems of dry
magnetic concentrators, several process techniques
have been employed by researchers in the past
years. These process techniques include the mineral
de-dusting process before subsequent concentration,
as well as the addition of purge air between the feed
and concentration/separation sections of the mag-
netic concentrators. More recently, there have been
measures taken in order to curtail/address the
demerits of HIMCa. Such measures have been in
the design of the HIMC which include the design of
its door, hopper, and frame systems. These were
carried out so that the dust particles could be
contained in the equipment during the concentra-
tion of the HMs. These units were, however,
equipped internally with dust extraction design
(per stage), were tunable, and also had purge air
in cassettes in order to reduce the dust problems to
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a minimum. In the course of also addressing
environmental problems caused by the dust pollu-
tion, a deeper, dust bag filter, as well as fluidized
dust catchers, were implemented and integrated
into the magnetic system. However, the cost eco-
nomics of this procedure were not favorable.?®%” In
conclusion, therefore, Dobbins et al.®” reported that
the combinations of these process steps were
regarded as enhancements for a better, safer, and
cleaner environment, as well as improved part life
and sustainability of the concentrator performance.
Table IV summarizes the applications of different
magnetic concentrators on certain minerals as
investigated by various researchers.

SUMMARY

The efficacy of magnetic separation techniques on
HMs has been studied. The choice selection/appli-
cation variation of the physical beneficiation tech-
niques usually employed on HMs depends greatly
on the mineralogy, composition, shape, PSD, and
the physical and/or chemical characteristics/proper-
ties of the minerals. Magnetic separation has been
considered a necessary and suitable pre-/primary
concentration technique with specific methodologies
for mineral processing, ore beneficiation, and
enrichment/upgrade. The process is usually con-
ducted in order to concentrate HMs from associated
elemental impurities/gangue minerals in the min-
eral and to ease the extraction complexity in
preparation and optimization of the subsequent
procedures, as well as to reduce the process steps
involved in the downstream measures or hydromet-
allurgical separation processes. Furthermore, a
comprehensive optimization process of the selected
physical mineral processing or beneficiation tech-
nique is imperative, applying varying and differing
variables/parameters in order to obtain the optimal
beneficiation conditions involved in the physical
processing of the minerals, as well as equipment
type consideration. It is clearly deduced from the
literature that magnetic separation has significant
applications in the upgrade and beneficiation of
HMs for the purpose of feasible downstream
hydrometallurgical extraction of the value metals.
The performance or efficiency of the magnetic
concentrators is, however, dependent on certain
factors or considerations, which have been reported
to be determinants in the choice and selection of the
required concentration technique as well as the
optimal process parameters or conditions. These
factors may include the strength of the magnetic
field of the concentrator, the mineral’s response or
susceptibility level to magnetism, the distribution of
the mineralogy, process/concentrator variables,
characteristics/features, concentrator required
throughput, strength, and applications, the PSD of

Nzeh, Popoola, Adeleke, and Adeosun

the feed mineral particles, and the magnetic distri-
bution characteristics possessed by such particle
minerals.

There are, however, limited applications of mag-
netic separation on finer mineral particles of < 75
um size fractions. However, magnetic separation in
general may not be satisfactorily efficient even
when dealing with fine particles of mineral deposits
up to 100 ym in particle size. Thus, a physicochem-
ical procedure such as froth flotation is often
employed (as a primary concentration or an adjunct
process) on HMs with PS of < 100 ym for improved
beneficiation/separation efficiency. However, the
cost-intensiveness of the chemical reagents used
and their environmental unfriendliness restrict the
use of froth flotation. Hence, certain enhanced
gravity concentration (EGC) procedures like cen-
trifugal-assisted gravity concentration, or a combi-
nation of both physical and physicochemical
concentration techniques, is recommended for effec-
tive recoveries of very fine mineral particles. There-
fore, for higher or improved separation efficiency,
extraction effectiveness and process route simplic-
ity, especially on finer mineral particles, magnetic
separation of these minerals is often employed
combined with certain multiple adjunct processes,
such as an EGC process, froth flotation, and,
especially, aqueous (acidic or alkaline) leaching
downstream procedures.

CONCLUSION

It can be concluded from this study that a wide
HM variety may be concentrated/beneficiated in a
dry HIMC. The main difference in HIMC techniques
is simply based on capacity and separation effi-
ciency. Among these are the IRMC and RERMC,
which are often utilized as rougher and cleaner
process at larger capacities. However, the CBMC
and LRMC may be employed at cleaner stages as a
result of the low handling capacity. The RERMC
has been reported to be a cost-efficient unit system
among other concentrators/techniques as a result of
the high throughput and low energy consumption.
In addition, between the IRMC and RERMC tech-
niques, the IRMC possesses the demerit of being an
electro-magnetic concentrator type, which signifi-
cantly influences the operating cost of the concen-
tration process. It also possesses flexibility in
adjusting the magnetic field strength/intensity,
which is simply on the basis of the change in the
mineral feed properties/characteristics. Also, at the
other end, the RERMC may be utilized in the
upgrading process of coarse HM particle size frac-
tions of between 75 ym and 10 mm. However, the
concentration of the close range of particle sizes is
more effective in these concentrator types, which
tend to minimize the entrainment of finer mineral
particles of lower magnetic susceptibility to the
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- o« T - magnetic stream. Thus, a magnetic concentration
w |83~ 8z ° § 8 5 g 2 system circuit comprised of a combination of these
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g 45*03 < B E}) w g% 9 _§2ﬁ 2 ciency, as well as economics, of the concentration
% <8 g E E E § 5 g E e § process of specific complex paramagnetic HMs.
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It is evident that, from the descriptions made in
= @ 2 2 the published literature, a high demand exists in
< A A the adoption of a simple, cost-effective, and eco-
ﬁ ED §D gﬁ “ friendly physical beneficiation route for concentrat-
= F R ié’ ing certain HMs3 such as the magnetic, paramag-
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Tg.§ 5 2 g 5 & HM particles. Although much research has been
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g 29 5 g = E 5§ £ = ¢ mineral processing routes as a result of the complex
p| & =ERE g & E g g b mineralogy of the HM deposits, and also the accom-
g § o o “ % g 8 w 5 £ g panied environmental unfriendliness, is still a major
g ® §E 2 g _E 2 & _E _E Fai constraint in the beneficiation and recovery of HMs.
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: =0 s 8 8 various process techniques involved in the physic-
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B g g 3 tive. The evaluation of the feasibility study of
e % % % physical separation techniques/concentrators on
& A S HMs often meets a major challenge. This is not far
_ from developing a suitable mineral characterization
S s strategy in order to comprehend the magnetic
@ g 2 " prop.erties/characteristics distributed among the
- e E a o par‘plcles of the HM deposits. Currently, there is
0 3 g g = an intense need for the development/enhancement
"g g gm 5 © of efficient mineral processing routes on, especially,
b7 ] ?Dg 3 = paramagnetic concentrators for the recovery of fine
21 é | 5 g,: . @ E . @ paramagnetic low-grade HM deposits. The litera-
% @ Eg g A g A ture does not completely incorporate the process
£ ¢ ERY 37 route, parameters, and operating principles, as well
g s oo 5 'g as the various applications, and thus information in
n‘:‘ 3 g B & the study area is somewhat scanty, hence further
=, © ; = research investigation is imperative.
n g 8 In furtherance of this, future research should be
o H focused on the inter-twined effects analyses of PS,
density/SG, and their magnetic susceptibility/re-
— sponses, as well as their behavior in a magnetic
g 8 E = - force field with certain operating and designing
< I3 =5 g g 8 o ¢ -
@ | 5@ % - " g 2 = 2 parameters/vana.bles of the processes apd concen-
g Tga 228 2% g i QE 5 E trators. In' addltlon,' therefore, apphcatl'ons in the
g ;; o 2 EE-SES i = co_ncentratlon of various (para-) magnetic minerals
E 5 g = % k: %j 5 < E °§ E with very complex mlneralogy. n.eed. to be fully
= g 2 e £ 03 2 5 4 3 explored. Also, the challenge existing in the use of
g = L. 5 = B HIMCs for magnetic concentration may be resolved
.g & if the science behind the movement of mineral
g 5 particles or the particle motion physics involved in
o g magnetic separation is completely understood, as
| B well as the distribution of the magnetic susceptibil-
= g ity/responses of the feed mineral deposits. In con-
% 2 clusion, for a successful, feasible, efficient, less
S 8 complex, cost-effective, and eco-friendly
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hydrometallurgical downstream extraction of HM
concentrates, the development of proper mineral
processing/physicochemical beneficiation process
routes is essential. Thus, in achieving optimal yield
results in the mineral upgrade and concentration,
high separation efficiencies, grade purities, and
mineral recovery, the effective/efficient optimization
and control of the process parameters/variables or
system conditions involved in the adopted HM
physicochemical beneficiation process route, are
therefore imperative and thus recommended.
Hence, this can be achieved through the aid of a
Taguchi—Anova design and model by the proper
experimental design process of the involved concen-
tration procedures and, thus, should include suit-
able experimental process optimizations as well as
comprehensive engineering modeling, and/or simu-
lation mechanisms of various aspects of such
beneficiations.
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