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Abstract

This paper describes the horizontal deflection behaviour of the streams of particles in paramagnetic
fluids under a high-gradient superconducting magnetic field, which is the continued work on the
exploration of particles magneto-Archimedes levitation. Based on the previous work on the horizontal
deflection of a single particle, a glass box and collector had been designed to observe the movement
of particles group in paramagnetic fluids. To get the exact separation efficiency, the method of “sink-
float” involved the high density fluid polytungstate (Dense medium separation) and MLA (Mineral
Liberation Analyser) were performed. It was found that the particles were deflected and settled at a
certain positions on the container floor due to the combined forces of gravity and magneto-
Archimedes forces as well as a lateral buoyancy (displacement) force. Mineral particles with different
densities and susceptibilities could be deflected to different positions, thus producing groups of similar
types of particles. The work described here, although in its infancy, could form the basis of new

approach of separating particles based on a combination of susceptibility and density.

Keywords: fine particle processing; magnetic separation; dense medium separation; mineral

processing

1. Introduction

Magnetic separators exploit the difference in magnetic properties between the minerals and are
used to separate valuable minerals from non-magnetic gangue, e.g. magnetite from quartz [1]. The

same objective is often
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achieved in a very different way, the common features being a competition between a wide spectrum
of forces of various magnitudes and ranges [2]. This method can be widely used in many areas such
as in the separation of slurry mixed with a fine powder of a-hematite [3], physical coal cleaning [4],
removal of aerosols from waste water [5], the treatment of landfill [6] and so on[7-9]. However, these
techniques are restricted to treat ferromagnetic substances as the separation criteria are based on the
repulsion/attraction in a magnetic field [10].

Since Beaugnon and Tournier succeeded in levitating water and some diamagnetic materials in
1991 [11], magnetic levitation has become one of the interesting topics in high magnetic field science
where the diamagnetic levitation of bismuth [12] and the stable levitation of living frogs [13] has been
reported. It has also been extended to investigate the growth of ionic crystals in a levitated solution
and the levitation of molten glass without a crucible [14].

AVCO Corporation and NASA (USA) pioneered the use of ferrohydrostatic separators (FHS) in
1973 by employing a kerosene-based ferrofluid to separate automobile scrap [15].

Over the past decade a considerable amount of research has been conducted at the University of
Nottingham on the levitation of particles under high magnetic gradients [16-18]. Building on previous
results, this paper reports on the work conducted in separating streams of particles and minerals by
horizontal deflection in paramagnetic fluids. The results show the potential of this approach to

separate materials through a combination of density and/or susceptibilities.

2. Experimental procedure
2.1 Materials

2.1.1 Paramagnetic liquid

The magneto-Archimedes solution used in this chapter is MnCl, solution. Different concentrations
of MnCl, solution were prepared (ie, 2 M, 3 M and 4 M) by dissolving the MnCl, crystal in distilled
water to get a clear pink solution.

The mass susceptibility of the MnCl, solution at 2 M, 3 M, 4 M can be obtained by calculation from
Andres (1975) [19], which stated that the mass susceptibility of an aqueous solution of a

paramagnetic salt could be obtained from the formula below[19]:
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The susceptibilities of MNCl, Xs5¢ @nd water Xqer are given as 114x10° and -0.724x10°® cms.g'l in cgs
Units respectively [19-22]. The volume susceptibility(k) of a 2M MnClI, solution can be obtained by

satisfying the following formulas as below:
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The corresponding volume magnetic susceptibility of 2 M, 3 M and 4 M MnClI, solution were

calculated and summarised in Table. 1.

2.1.2 Ore mineral particles

Ore mineral materials were prepared and investigated about the separation efficiencies in this paper.
They were nickel ore located at Australia, copper ore A located at South Africa and copper ore B
located at Atacama Desert, Northern Chile. These particles were crashed to the various size fractions
needed in experiments by Retsch milling. MLA (Mineral Liberation Analyser) was used to quantify
mineralogical characteristics of each kind of ore minerals.

The mineralogy compositions of the three kinds of ore samples obtained by MLA are listed in the
following tables: Table.2 (nickel ore), Table.3 (copper ore A) and Table.4 (copper ore B). The
magnetic susceptibility values from various references are to give understanding how strong

paramagnetic the mineralogy is.

2.1.3 The preparation and properties of run-of-mine coal samples

The run-of-mine coal used in this paper is Bituminous coal [24]. Bituminous coal is a soft, dense,
black coal. Bituminous coal is used for generating electricity, making coke, and space heating and

has calorific values ranging from 6.8 - 9 kW/kG approximately [25].



2.2 Superconducting magnet

The experiments were performed using an Oxford Instruments Minimum Condensed Volume (MCV)
superconducting magnet, which had a 5cm diameter open bore with the maximum magnet central
field being about 17 Tesla in the magnet bore, and the maximum BdB/dZ field gradient about + 1470
T?m™. The picture of the superconducting magnet is shown in Fig. 1a. The maximum field strength
position is about 19cm down into the bore from the top plate of the superconducting magnet. The

magnetic field strength plot is shown in Fig. 1b.

2.3 Design of glass box

As mentioned in our previous research work, the particles levitated in the Magneto-Archimedes fluid

were repulsed to the wall of a container in the superconducting magnet field centre area.

In order to explore this interesting behaviour a rectangular glass box was made with dimensions, 145
x 195 x 25mm (Fig. 2a). The box was placed on top of the magnet with one of the end faces being
positioned over the centre of the magnet bore. This was the point where the particles were fed or
introduced in the fluid. Besides that, a collector was designed to be installed in the container and
capture deflected particles as shown in Fig. 2b. The collector was put into the box during the
experiment. After the particles were fed in, separation occurs (under the influence of the forces
mentioned above) and they settle at different positions on the collector. The collector was then
extracted from the container. The particles were collected from the collector based on several zones
which depends on the distance from the magnet bore for analysis. For example, the zone of 0-40 mm
means that the area on the collector is from the edge of zero mm distance to 40 mm distance from the

magnet centre displayed Fig. 2b.

2.4 Heavy liquid analysis

After removing from the collector, the mixture of particles on every zone of the collector was
separated by putting it into the solution of sodium polytungstate (SPT). The density of SPT solution
was set to 3100 kg.m™ so the sand particles in it floated and the pyrite in it sank to the bottom. The
density of the SPT can be increased by vaporizing or decreased by adding distilled water. In this way,
the sand with a density 2650 kg.m™ and pyrite with a density around 4654 kg.m™ were separated

and measured about the weight percentages.



3. Results and discussion

3.1 Effect of magnetic field and particle size

The size of particles and strength of the magnetic field are important factors to be investigated for the
potential application of this technology. A series of experiments was carried out to study the effect of
the magnetic field and particle size on the separation of pyrite and sand. During the experiments, the
mixture of pyrite and sand (total 10g) with size fraction 0.15-0.6 mm were fed in to the experimental
setup illustrated in Fig. 2a. The results are shown in Fig. 3 and Fig. 4 after heavy liquid analysis using
SPT. Pyrite particles settled at the 0-40mm zone due to their high density and paramagnetism, their
data were not included in the graphs. So if more sand particles were deflected away from the 0-40mm
zone, better separation can be achieved. It can be seen from Fig.3 that the effect of particle size

(0.15-0.6mm) on the separation of sand and pyrite was negligible.

However, the intensity of magnetic field had a strong influence on the separation of particles as
shown in Fig. 4. It is possible that at a field strength of 9.5 T the sand and pyrite particles all stayed in
the 0-40 mm zone so were mixed and could not be separated. Most of the sand particles were
deflected into the 40-80 mm zone at 12.5 T, in this case, there was some separation of the sand and
pyrite particles. When the field strength increased to 16.5 T, the sand particles were deflected to a
position far from the magnet bore whilst the pyrite particles were not deflected. This resulted in a

complete separation of the sand and pyrite particles.

3.2 Effect of feeding positions on particle separation

In order to optimize the operating parameters to achieve better separation, several experiments were
carried out to determine the effect of the feeding position on separation. In these experiments, the
injector tube is inclined to form an angle with the top board surface of the magnet as shown in Fig. 5.
The angle (a) was defined as the angle between the tube and the top board surface of the magnet.
The velocity of particles as they leave the tube should be zero. The end of the injection tube was
above 4M MnCI, solution surface. The injection distance shown in Fig. 5 is half of the glass box

length.



As the inclined injection tube was pointing to the magnet bore, the particles would drop to the zone of
the collection system which was quite close to the magnet bore centre without the magnet field. The
results of sand particles deflection was shown in Fig. 6, it could be indicated that the effect of feeding
position on the sand particles deflection was negligible, as more than 99% of sand particles were

deflected far away from the magnetic bore centre by 3 different feeding methods.

3.3 Experiments of ore samples

The behaviours of particles from several ore samples were examined in the superconducting
magnetic system. SPT was used to analyze the distribution of particles in sink and float products at
this stage. To investigate the effect of size fraction of particles on the separation efficiency, MLA was

applied also.

3.3.1 Deflection of minerals under different magnetic field intensity

Magnetic field intensity shows paramount influence on the deflection of particles as per previous work.
Experiments had been carried out to investigate the effect of magnetic field intensity on 3 kinds of ore
samples, the results of SPT (whose density was set as 3000 kg.m®) analysis on sink and float
products were shown in Fig. 7 — Fig. 12. It can be seen from Fig. 7 that the compositions with lower
density in copper ore B mineral particles (mainly quartz, illite and pyrophyllite) could be deflected
away from magnetic bore centre (settling at 135-185mm zone) under 14.5 T and 16.5 T, but there
were no heavier particles (mainly pyrite) settling at this zone. However, most of the particles
(sulphides and gangues) would mix together if the intensity of magnetic field was lower than 14.5 T,
thus it could not be separated. It could be concluded that major sulphides (pyrite, chalcocite group
and covellite) could be separated from gangues such as quartz and illite among copper ore B sample
as per the data in Table. 4 and SPT results in Fig. 7 and Fig. 8.

The results of nickel ores separation are shown in Fig. 9 and Fig. 10. It is obvious that the sink and
float particles all stayed in the same area and mixed together under four different magnetic field
intensities. From Table.2, the main compositions in nickel ore are strong paramagnetic mineralogy
(mainly hornblende, pentlandite, pyrrhotite). However, the metallic (mainly magnetite, olivine) and
non-metalic (mainly calcite and dolomite) ores among copper ore A samples could be separated as
per Fig. 11 and Fig. 12. It can be seen from Fig. 11 and Fig. 12 that the particles had been well

separated under 14.5T and 16.5 T, as some non-metalic particles (mainly calcite and dolomite) had



been deflected far away from magnetic bore centre (110-185mm zone, Fig. 11), but particles with

higher density such as magnetite and olivine were attracted and settled at 0-40mm zone (Fig. 12).

3.3.2 Effect of particle size on deflection

Particle size is an important factor when it comes to the processing of ore minerals. The different size
fractions of the ore samples ranging from 0.106mm to 3mm were investigated and the results after
SPT analysis are shown in Fig. 13 and Fig. 14 (copper ore B), Fig. 15 and Fig. 16 (nickel ore), Fig.

17 and Fig. 18 (copper ore A).

It seemed the size fraction of particles (investigated range +0.106-3mm) showed negligible effect on
the separation of copper ore B sample according to the data in Fig. 13 and Fig. 14. Most of the
metallic minerals (mainly pyrite, chalcocite) were settled at the 0-30mm zone close to magnetic bore
centre, but the gangue minerals (quartz, illite and pyrophyllite) were deflected to the 100-185mm zone
away from the centre, thus there was a clear boundary between these two parts and the particles
could be completely separated. It is clearly seen from Fig. 15 and Fig. 16 that nickel ore mineral
particles could not be effectively separated even changing the size fraction of particles. This may be
ascribed to the fact that the main compositions among nickel ores are ferromagnetic (hornblende,
pentlandite, pyrrhotite), and the ferromagnetic particles had so strong magnetic property (include Fe)
that other diamagnetic particles (mainly talc and dolomite) had no chance to escape to the further end

of the narrow glass box even when the particle size fraction was as small as 106 um.

The results of copper ore A samples were shown in Fig. 17 and Fig. 18, it can be seen that there was
a clear boundary between high density paramagnetic particles which were mainly composed of
magnetite and olivine (settling at 0-35mm zone) and lower density diamagnetic particles which were
mainly composed of calcite and dolomite (deflected and settling at 100-185mm zone) under certain
conditions. The interesting thing was good separation could be obtained when the particle size was a
bit finer (+0.106-0.5mm), however, when the size of particle increased to about 0.71mm or coarser,
the separation would worsen. This could be explained as the paramagnetic particles (magnetite and
olivine) beginning to influence the movements of diamagnetic particles (calcite and dolomite) when
particle size increased. When the particle size range increased to about 3 mm, the diamagnetic

particles were not deflected at all but preferred to stay together with the paramagnetic particles. The



reason was hypothesized to be that when the big paramagnetic particles were attracted to the magnet
bore centre, the other diamagnetic particles could not escape but being pushed down to the bottom
with paramagnetic particles. When the size of particle decreased, the paramagnetic particles became
much smaller, the gap among the paramagnetic particles were increased. In that way, the
diamagnetic particles got more gaps and chances to escape so they could be deflected far away from

the magnetic bore centre.

The fractions of ore mineral particles with size 0.25-0.5 mm and 2-3 mm along the collector before the
SPT analysis were characterized by mineral liberation analyser (MLA) to obtain the MLA images and
mineralogy compositions. The affect of size fraction on the magnetic horizontal deflection separation
efficiency could be observed in more details and more clear by dividing the mineralogical
compositions of ore minerals into two groups. One group is called relatively magnetic (rel_magnetic)
and another group is called relatively diamagnetic (rel_diamagnetic) compared with 4 M MnCl,
solution. The definition of two groups of mineralogy is based on the Table.2, Table.3 and Table.4.
The mineralogy which has stronger paramagnetic susceptibility and higher density compared with 4 M
MnCl, solution in the tables can be called rel_magnetic. Other particles could be named
rel_diamagnetic. In rel_diamagnetic group, the mineralogy which has weight percentage less than 5%
can be summarised into “others” group. It should be noticed that the MLA method has a limitation that
the results are based on two-dimensional analysis (the polished and carbon coated cross section of
hardened round or square mould). The results do not include all of the particles but only the particles
on the cross section. But it still can give a lot of information about the effect of size fraction on

separation efficiency.

The MLA images of the copper ore B particles with different size fractions (0.25-0.5 mm, 2-3 mm)
were showed in graph Fig.19 and Fig.20. The particles with red colour were summarized as

rel_magnetic and the particles with green colour were summarized as the rel_diamagnetic.

There is no particle at the 30-100 mm area when the size fraction of copper ore B is as high as 2-3

mm so there is no image of the sample at that specific area. Although the particles in copper ore B



were grouped to rel_magneitc and rel _diamagneitc, the mineralogy composition of the two groups

could still be achieved and listed in the Table.5 and Table.6.

The combination of Fig. 19 and Table.5 revealed that most particles with higher density and/or
paramagnetism were settled at 0-100 mm zone especially in 0-30 mm zone, inversely the particles
with lower density were deflected and settled at 100-185 mm zone which is far from magnetic bore
centre. Compared with Fig.19 and Fig.20, the separation can be achieved better when the size

fraction of copper ore B is bigger.

The MLA images of the nickel ore particles with different size fractions (0.25-0.5 mm, 2-3 mm) were
showed in below graphs Fig.21 and Fig.22. The mineralogy (%wt) per fraction were listed in the
Table.7 and Table .8. It is displayed that the particles in nickel ore could not be separated well in Fig.
21 and Fig. 22. Even though, the relatively paramagnetic particles such as pyrrhotite, magnetite,
chromite still settled at the position which is near magnet bore centre area (0-30 mm). At the same
time, the rel_diamagnetic particles were deflected a little bit from rel_magnetic particles which can be
seen from Table.7. The weight percentages of rel_diamagnetic particles at 30-100 mm area are a
little bit more than the corresponding 0-30 mm area.

The MLA images of the copper ore A particles separation results with different size fractions (0.25-0.5
mm, 2-3 mm) were showed in graphs Fig.23 and Fig.24. The mineralogy (%wt) per fraction of copper

ore A samples were listed in the Table.9 and Table .10.

From Fig.23, Fig.24, Table. 9 and Table .10, the relatively magnetic particle (mainly magnetite and
biotite) can be separate effectively from relatively diamagnetic particles (mainly dolomite and apatite)
when the size fraction is small. When the size fraction increased to 2-3 mm, the particles were mixed

together and could not be separated effectively.

SPT analysis and MLA results demonstrate above indicate that particles with different density and/or

susceptibility in real ore minerals could be settled at a certain position on the container floor due to the



unbalanced horizontal driving force, thus could be explored to separate particles under certain

conditions.

3.4 Deflection of run-of-mine coal particles

From the above experiment results, it can be seen that the magnetic horizontal deflection has
potential in the separation of sand and pyrite particles system, and some kinds of ore mineral particles
system. The further exploration about the usage of magnetic horizontal deflection in the separation of

run-of-mine coal particles was described in this section.

3.4.1 The choose of coal particles for experiments

The coal samples investigated in this paper were chosen to be the run-of-mine coal particles. The
run-of-mine coal particles were treated to get rid of slurry first by washing with water. And then the
size fraction of run-of-mine coal particles was chosen to be +1-3 mm diameter. The reason to choose
the bigger size fraction is that the coal particles with fine size fraction would be dispersed in agent

solution without settling down at the bottom of the chamber box.

3.4.2 Run-of-mine coal particles separation

The run-of-mine coal particles with size fraction +1-3 mm were prepared to 20 grams, 30 grams and
40 grams randomly and individually fed into 2 M MnCl, solution in the narrow glass box described
before by a small tube under the high magnetic field strength where Bc=16.5 T. Every sample was
tested three times. It can be seen clearly that the run-of-mine coal particles were separated into two
streams which one of them stayed at the position near the magnet bore centre, another one were
deflected to the further end of the glass narrow box. Very few amount particles settled at the central

area of the bottom of the glass box. The mass distribution of the coal particles were showed in Fig.25.
The particles which settled at the area of 0-60 mm and 150-185 mm were collected and were
measured about the density by Accupyc 1330 helium pycnometer and ash contents by burning in

furnace for 2 hours. The results are shown in Fig.26 and Fig. 27.

The graphs Fig.26 and Fig.27 show that the different density and ash content particles in run-of-mine

coal were separated effectively. The particles which have density about 2600 kg.m™ in the run-of-
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mine coal samples stayed at the area near the magnet bore centre, at the same time, the coal
particles with about 1400 kg.m™ density were deflected to the further end of the narrow glass box from
the magnet bore centre. The particles with density about 2600 kg.m'3 have around 80% ash percent
and particles with density 1400 kg.m'3 have 6% ash percent accordingly. In this case, the relatively
pure coal particles which have lower density and lower ash contents can be separated from the other

mineral particles in the sample.

The measurement results in graphs Fig.26 and Fig.27 were based on the 0-60 mm and 150-185 mm
area of the bottom of the chamber box. Because the weight amount of the coal particles at the central
area of the bottom of the glass box was not enough to be measured about the density and ash
contents. To investigate the detailed separation efficiency of the particles at the central area of the
glass box bottom again, the run-of-mine coal particles from the same sample source as before were
treated to get rid of the particles density higher than 2600 kg.m™ and particles density lower than 1400
kg.m'3 by SPT (high density fluid) ‘sink and float' method. The remain particles whose density were
between 1400 and 2600 kg.m'3 were also prepared as 20 g, 30 g and 40 g randomly and feed into 2
M MnClI, solution. The settle down positions of these particles along the bottom of the narrow glass
box were explored. The results about mass distribution, densities distribution and ash contents

distribution were showed as below Fig.28, Fig.29 and Fig.30.

There were no particles at all in the central area of the bottom of the narrow glass box from the above
Fig. 28, Fig. 29 and Fig. 30. The particles with different density about 2500 and 2000 kg.m™ were
separated effectively. In Fig. 29 and Fig. 30, the particles with density about 2500 kg.m™ settled at
the position near the magnet bore centre which is the same zone with 2600 kg.m™ density particles,
the particles with density 2000 kg.m™ were deflected to the area further away from magnet bore
centre which is the same zone with 1400 kg.m™ density particles. The compositions with different

densities in run-of-mine coal materials can be separated effectively by magnetic horizontal deflection.

4. Conclusions

11



When streams of particles with different parameters such as sand and pyrite, ore samples and run-of-
mine coal particles were put in the same magnetic system, similar results were obtained as that of a
single particle. Particles with different density and susceptibility settled down at different positions on
the container floor due to the combined forces of gravity and magneto-Archimedes as well as a lateral

buoyancy (displacement) force.

Good results had been obtained during the separation of model minerals (pyrite and sand), however,
when it comes to the real ore samples, the separation efficiency would depend on the property and
complexity of ores. It was found that nickel ore sample could not be well separated as per the
experimental results, this was partly due to the entrainment of strong magnetic property particles
(mainly amphibole, pyrrhotite, pentlandite) during its attraction to the collector bottom which blocked
the deflection of diamagnetic particles. In order to solve this problem, pre-treating of materials

(magnetic separation) to remove magnetic particles is necessary in the future work.

Besides that, the compositions with different densities or ash contents in run-of-mine coal particles
can be effectively separated. The higher density compositions in run-of-mine coal particles with higher
ash contents prefer to stay at the area where is quite near the magnet bore centre. The lower density

particles with lower ash contents were repulsed to the further end of the narrow glass box.

The method potentially could be further developed for the separation of particles as per susceptibility

and/or density and recovery of metal and plastic from waste printed circuit board.
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B the magnetic induction field strength (M

Caat mass percentage of salt in the total mass (=)

g the acceleration of gravity (m/s?)
k volume magnetic susceptibility (=)

ke (or kp) mass susceptibility of the levitating substances ()

ko (or k) mass susceptibility of the medium gas (or liquid)  (-)

m the mass of the particle (kg)

X mass magnetic susceptibility (m3/kg)
o the permeability of free space (H/m)
p mass density (kg/m?)
E

dz vertical direction magnetic field gradient (T/m)
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Particle separation by horizontal deflection in paramagnetic fluid

Figure captions:
Fig.1: MCV magnetic system used in experiments and the field gradient at top surface
Fig.2: Experimental setup and design of collector
Fig.3: Effect of particle size on separation of sand and pyrite
Fig.4: Effect of magnetic field intensity on separation of sand and pyrite
Fig.5: Scheme for particle dropping position
Fig.6: Sand distribution mass on different feed positions
Fig.7: Effect of magnetic field intensity on separation of copper ore B: particle distribution in float
product
Fig.8: Effect of magnetic field intensity on separation of copper ore B sample: patrticle distribution in
sink product
Fig.9: Effect of magnetic field intensity on separation of nickel ore sample: particle distribution in float
product
Fig.10: Effect of magnetic field intensity on separation of nickel ore sample: Particle distribution in
sink product
Fig.11: Effect of magnetic field intensity on separation of copper ore A sample: particle distribution in
float product
Fig.12: Effect of magnetic field intensity on separation of copper ore A sample: particle distribution in
sink product
Fig.13: Effect of particle size on separation of copper ore B sample: particle distribution in float
product
Fig.14: Effect of particle size on separation of copper ore B sample: particle distribution in sink
product
Fig.15: Effect of particle size on separation of nickel ore sample: Particle distribution in float product
Fig.16: Effect of particle size on separation of nickel ore sample: Particle distribution in sink product
Fig.17: Effect of particle size on separation of copper ore A sample: Particle distribution in float
product
Fig.18: Effect of particle size on separation of copper ore A sample: Particle distribution in sink
product
Fig.19: The MLA images of copper ore B sample (0.25-0.5 mm)
Fig.20: The MLA images of copper ore B sample (2-3 mm)
Fig.21: The MLA images of nickel ore sample (0.25-0.5 mm)
Fig.22: The MLA images of nickel ore sample (2-3 mm)
Fig.23: The MLA images of copper ore A sample (0.25-0.5 mm)
Fig.24: The MLA images of copper ore A sample (2-3 mm)

Fig.25: The mass percentage distribution of run-of-mine coal particles
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Fig.26: The run-of-mine coal ash content percentage distribution results of 0-60 and 150-185 mm
areas.

Fig.27: The run-of-mine coal density distribution results of 0-60 and 150-185 mm areas.

Fig.28: The mass percentage distribution of the run-of-mine coal particle whose density were
between 1400 and 2600 kg.m'3

Fig.29: The density distribution of the run-of-mine coal particle whose density were between 1400
and 2600 kg.m™

Fig.30: The ash content distribution of the run-of-mine coal particle whose density were between
1400 and 2600 kg.m™.

All the colour figures are intended for colour reproduction on the web and black-and-white in print.
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Fig. 2: Experimental setup and design of collector

18



&

100 | ST
IR 1:5T S5gsand+05g pyrite

b=

a

I S sand(0.15-0.3mm)
B 00% s and(0.3-06mm)
P 05% sand(D.15-0.3mm)

g

1257

]

Sand distribution mass (%)
o &

Sand distribution mass (%)

=
0

a
0-40 A0-80 &0-130 130-185 40 A-E0 80185
Distance from magnetic bore centre (mm} Distance frommagnetic bore centre {mm)
Fig.3: Effect of particle size on Fig. 4: Effect of magnetic field intensity on
separation of sand and pyrite separation of sand and pyrite
Injection Distance
- & Particles Drop in Point
-
A angle
Magnet Bore Centre
Fig.5: Scheme for particle dropping position
100 F
100 -
. -0 £
= L. EOsT
~80 0 b ST
i = o 14T
& a0 E ST
= g 5 |
560 - a8 +0.25-0.5mm
2 =
3 2
Sal 165T Em
h= 3.9 sand(+0.212-0.6mm) =
w
= 0.4g pyrite(+0 212-0 6mm ) o
T [
L25] =
ol
o .
0-90 90-12% 125-185 o-40 A0-&0 g0135 135185
Distance from magnetic bore centre {mm) Distance frommagnetic bore centre (mm)
Fig.6: Sand distribution mass on Fig.7: Effect of magnetic field intensity on separation
different feed positions of copper ore B: particle distribution in float product

19



100 -
§
e L
@ ST
= 25T
560 |- 114,87
= I GAT
pal
© +0.258-0.8mm
=
wan L
2
wl
Q
T
20 |
m
[

0 y W

0-30 40-80 80-135 135-185

Distance frommagnetic bore centre (mm)

Fig.8: Effect of magnetic field intensity on
separation of copper ore B sample:

particle distribution in sink product

100 f Foos

F

weg |

(i)

Seol - 5T
= - 25T
a 1457
| T

il T
L= +0.25-0.5mm
w

o

]

'1:20 -

[

28

0-40

A0-80 20185

Distance from magnetic bore centre {mm)
Fig.10: Effect of magnetic field intensity on

separation of nickel ore sample:

Particle distribution in sink product

Particles distribution m ass

100 F
&
Zan |
wi
b
1
= T
gB0E 25T
= —
a - 55T
a0 +0.25.0.5mm
L
o
i
S|
-
T
g
o ™
0

40

S ST

12T
I 14 5T
I 1GST
+0.25-0.5mm

040

A0-80 20185

Distance from magnetic bore centre {mm)

Fig.9: Effect of magnetic field intensity on
separation of nickel ore sample:

particle distribution in float product

0-30 30-60 60-110 110-185
Distance from magnetic bore centre (mm)

Fig.11: Effect of magnetic field intensity on

separation of copper ore A sample:

particle distribution in float product

20



100 | _EIDD F
= R ;’80 I B +2-3mm
% F —12.5T o I 0 F1-1mm
- B 14.5T E ._ | +0.25-0.5mm
i 1557 -
Seo L =i I +0106+0.212mm
= +0.25-0.5mm =
3 ] 16.5T
0 £
x=. =
w0 b ma0 b
= T
L] L]
@ B
=t =20 b
5 c
a e
i i | D
0-30 3060 60-110 110-185 0-20 30400 100-185
Distance frommagnetic bore centre (mm) Distance from magnetic bore centre {mmj+
Fig.12: Effect of magnetic field intensity on Fig.13: Effect of particle size on
separation of copper ore A sample: separation of copper ore B sample:
particle distribution in sink product particle distribution in float product
100 180 -
inan B+ 2-Emm ,’U£:8° r 2 3mm
E B 07 imm = 07 Amm
= 1+0.28.0.5mm = [ 0.25-0.5mm
g8n B +0.106-0 212 mm L B 01 06-0.21 2mm
5 16.5T f‘; 18.5T
40 %fm F
5 3 w
i i
%20 ;20 F
- I e
1
o L]
20-100 100185 0-z0 S0-100 100-185
Distance from magnetic bore centre {mim) Distance from magnetic bore centre (mimy)
Fig.14: Effect of particle size on Fig.15: Effect of particle size on
separation of copper ore B sample: separation of nickel ore sample:
particle distribution in sink product Particle distribution in float product
1m L 100 |-
b = - 2-3mm
2 g - 071-1mm
v s - wgo | B +025-05mm
@ = :
E B cimm ;u B +0.106-0212mm
= B 07 Amm & 18.5T
Shl +0.25.0.5mm 260 -
= B +0.106-0 212mm =
x| T
E 16.48T +
Edﬂ = %40 -
= o
$ o
Tl S20 |
i P
P &)
T (a8
: .
o . . | . ; > | =
0-20 20-100 100-135 0-30 30-100 100-185

Distance from magnetic bore centre (mm) Distance from magnetic bore cantre (mm}



Fig.16: Effect of particle size on Fig.17: Effect of particle size on
separation of nickel ore sample: separation of copper ore A sample:

Particle distribution in sink product Particle distribution in float product
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Fig.21: The MLA images of nickel ore sample (0.25-0.5 mm)
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Fig.24: The MLA images of copper ore A sample (2-3 mm)
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Particle separation by horizontal deflection in paramagnetic fluid

Table captions:
Table.1: The density and volume magnetic susceptibility of different concentrations manganese (Il)
chloride solution
Table. 2: The mineral properties in nickel ore [19, 26-32]
Table. 3: The mineral properties in copper ore A [19, 26-32]
Table. 4: The mineral properties in Copper ore B [19, 26-32]
Table. 5: The mineralogy (%wt) per fraction of copper ore B (0.25-0.5 mm) obtained by MLA
Table.6: The mineralogy (%wt) per fraction of copper ore B (2-3 mm) obtained by MLA
Table. 7: The mineralogy (%owt) per fraction of nickel ore (0.25-0.5 mm) obtained by MLA
Table. 8: The mineralogy (%owt) per fraction of nickel ore (2-3 mm) obtained by MLA
Table. 9: The mineralogy (%owt) per fraction of copper ore A (0.25-0.5 mm) obtained by MLA
Table. 10: The mineralogy (%wt) per fraction of copper ore A (2-3 mm) obtained by MLA

Table.l: The density and volume magnetic susceptibility of different concentrations

manganese (11) chloride solution

Solution Density (kg.m™) kx10°
2 M Manganese(ll) Chloride 1227 345
3 M Manganese(ll) Chloride 1301 502
4 M Manganese(ll) Chloride 1395 660

Table. 2. Themineral propertiesin nickel ore[19, 26-32]

Density S X, X 10° Fraction
Compositions Chemical Form (kg.m™) | kX10® | (m’kg™h) | Percentages
Plagioclase (Na,Ca)(Si,Al)40g 2680 () () 6.5
Albite NaAlISi;Og 2620 -9.4 -3.6 5.12
Anorthite CaAl;:Si,Og 2730 () () 2.36
Quartz SiO, 2650 -15.1 -5.7 2.45
Talc Mg5SisO10(OH) 2750 67.32 24.48 14.88
Calcite CaCO; 2710 -10.3 -3.8 2.62
Dolomite CaMg(COs), 2974 45 15.1 5.94
Pyrite FeS, 4654 314 67.5 3.65
Ferroma | Ferromag
Magnetite FeFe,O, 4740 gnetic netic 1.9
Paramag
Pentlandite (Fe,Ni)gSg 4800 () netic 6.28
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Anti-ferro
Pyrrhotite FeuxS (x=0-0.17) 4610 () magnetic 8.84
Chalcopyrite CuFesS, 4250 6783 1596 0.72
2953-
Chromite (Fe,Mg)(Cr, A),O, 5091 5539 580-1088 0.49
limenite FeTiO3 4720 453.12 96 0.23
2900- 2500-
Hornblende (2.1% Fe) 3500 9000 3000 25.1
(Mgs,Fe2)Al(AlSiz)O10(
Chlorite OH)g 3000 4673 1558 6.33
K(Mg,Fe)g[S|3A|Olo](o 3020-

Biotite H,F), 3120 96-1180 32-378 3.99

Magnesite MgCO3 3000 -1.53 -0.51 2.26
CaAly(Fe++,Fe+++)(Si

Allanite 0,)(Si,07)0(0H) 3930 () () 0.02

Titanite CaTiSiOs 3480 () () 0.27

Table. 3: Themineral propertiesin copper ore A [19, 26-32]
Density ] X, X 10° Fraction
Compositions Chemical Form | (kg.m™) | kX10° | (m®kg™) | Percentages

MgeAl,(CO3)(OH) 64

Hydrotalcite (H,0) 2060 () () 0.22

Calcite CaCO; 2710 -10.3 -3.8 29.39

Dolomite CaMg(CO:s), 2974 45 15.1 6.26

Ferroma | Ferromag

Magnetite FeFe,O, 4740 gnetic netic 43.02
Chalcocite Cu,S 5700 () () 0.34
Chalcopyrite CuFesS, 4250 6783 1596 0.02

Uranothorianite (Th,U)O, () ) () 0.04
Galena PbS 7230 -31.8 -4.4 0
Bornite CusFeS, 5070 664.17 131 0.04

MA_Spinel MgAl,O4 3640 () () 1.09
4(Fe,Cu)S+3(Mg,Al)(

Valleriite OH), 3110 () () 0.36

Chlorite_ (Mgs,Fe,)Al(AISiz)O,

Group o(OH)g 3000 4673 1558 0.22
K(Mg,Fe)g[S|3A|Olol( 3020-
Biotite OH,F), 3120 96-150 32-48 0.91

Fluorite CaF, 3180 -2 -0.63 0.06

3170-
Apatite Cas(P0O,)3(OH,F,Cl)| 3180 -0.8 -0.26 7.46
4900-

Monazite (Ce,La,Y,Th) PO, 5500 53-60 10.9 0.07
Baddeleyite (Ce,La,Nd,Th) PO, | 5600 -0.62 -0.112 0.11
Serpentine_

Group () () () @) 0.21
Parama | Paramag
Olivine (Mg,Fe),SiO, 3320 gnetic netic 10.2




Table. 4: Themineral propertiesin Copper ore B [19, 26-32]

Density ] X, X 10° Fraction
Compositions Chemical Form (kg.m™) | kX10° | (m’kg™") | Percentages
(K,H30)(Al,Mg,Fe),(Si,
Illite Al 4010(OH)2(Ha0) 2750 138.2 50.25 10.96
Kaolinite AlLSi,O5(OH), 2600 65 25 1.54
Pyrophyllite Al,Si;O10(0H), 2840 () () 17.3
Quartz SiO, 2650 -15.1 -5.7 33.97
Albite_
oligoclase NaAISi;Og 2620 () () 3.51
Smectite () 2350 () () 0.57
Gypsum CaS0, 2H,0 2320 ) ) 0.01
Chalcopyrite CuFeS,; 4250 6783 1596 0.84
Bornite CusFeS, 5070 664.17 131 0.62
Covellite CusS 4700 () () 1.27
Chalcocite
group Cu,S 5700 () () 3.7
Sphalerite ZnS 4000 -13.2 -3.3 0.46
Galena PbS 7500 -33 -4.4 0.02
Rutile TiO, 4200 50-215 12-50 0.28
Pyrite FeS, 4654 314 67.5 23.39
2622-
Hematite Fe,O; 5245 19931 500-3800 0.27
Monazite (La,Ce)PO, 5100 55.59 10.9 0
(Mgs,Fe2)Al(AlSiz)O10(
Chlorite OH)g 3000 4673 1558 0.6
K(Mg,Fe)g[S|3A|Olo](o 3020-
Biotite H,F), 3120 96-150 32-48 0.37
Titanite CaTiSiOs 3480 ) ) 0.29
2900- 2500-
Hornblende (2.1% Fe) 3500 9000 3000 0.02

Table. 5: The mineralogy (Yowt) per fraction of copper ore B (0.25-0.5 mm) obtained by

MLA
Data Source Copper ore B Copper ore B Copper ore B
0.25-0.50 mm 0.25-0.50 mm 0.25-0.50 mm
0-30 30-100 100-185
Mineral Mineral Weight Mineral Weight Mineral Weight
(%) (%) (%)
Rel_magnetic Chalcopyrite 1.91 1.23 0.66
Bornite 1.66 1.26 0.46
Covellite 0.00 0.00 0.00
Chalcocite 7.81 6.30 2.16
Sphalerite 0.17 0.14 0.03
Galena 0.00 0.00 0.00
Rutile 0.02 0.07 0.09
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Pyrite 60.88 46.29 5.39

Hematite 1.20 5.60 0.11

Chlorite 0.07 0.11 0.00

Biotite 0.54 0.50 0.30

Titanite 0.03 0.03 0.06

Hornblende 0.25 0.10 0.07

Total Rel_magnetic 74.54 61.63 9.33
Rel diamagnetic Quartz 10.21 18.02 52.41
lite 8.89 12.88 24.95

Others 6.36 7.47 13.31

Total 25.46 38.37 90.67

Rel diamagnetic

Table.6: The mineralogy (%owt) per fraction of copper ore B (2-3 mm) obtained by

MLA

Data Source

Copper ore B

Copper ore B

Copper ore B 2-3

2-3mm 2-3mm mm
0-30 30-100 100-185
Mineral Mineral Weight Mineral Weight Mineral Weight
(%) (%) (%)
Rel_magnetic Chalcopyrite 0.48 0.00 0.53
Bornite 1.09 0.00 0.18
Covellite 0.00 0.00 0.00
Chalcocite 5.58 0.00 0.69
Sphalerite 0.13 0.00 0.01
Galena 0.00 0.00 0.00
Rutile 0.01 0.00 0.02
Pyrite 73.31 0.00 2.94
Hematite 6.22 0.00 0.01
Chlorite 1.83 0.00 0.00
Biotite 0.12 0.00 1.28
Titanite 0.97 0.00 0.03
Hornblende 0.05 0.00 0.02
Total Rel_magnetic 89.79 0.00 5.73
Rel_diamagnetic Quartz 2.72 0.00 34.52
Illite 4.66 0.00 38.62
Others 2.83 0.00 21.13
Total 10.21 0.00 94.27

Rel_diamagnetic

Table. 7. Themineralogy (% wt) per fraction of nickel ore (0.25-0.5 mm) obtained by

MLA
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Data Source Nickel ore Nickel ore Nickel ore
0.25-0.50 mm 0.25-0.50 mm 0.25-0.50 mm
0-30 30-100 100-185

Mineral Mineral Weight Mineral Weight Mineral Weight
(%) (%) (%)
Rel_magnetic Pentlandite 17.24 13.76 0.00
Pyrrhotite 26.33 2.78 0.00
Pyrite 5.18 6.14 0.00
Chalcopyrite 0.97 1.00 0.00
lImenite 0.19 0.24 0.00
Magnetite 4.34 0.86 0.00
Chromite 2.07 0.33 0.00
Titanite 0.03 0.16 0.00
Hornblende 15.19 24.54 0.00
Chlorite 5.55 7.43 0.00
Biotite 3.37 4.84 0.00
Total Rel_magnetic 80.46 62.07 0.00
Rel diamagnetic Talc 8.74 15.12 0.00
Dolomite 2.90 5.35 0.00
Calcite 0.91 3.12 0.00
Quartz 1.72 4.42 0.00
Others 5.28 9.92 0.00
Total 19.54 37.93 0.00

Rel diamagnetic

Table. 8: The mineralogy (Yowt) per fraction of nickel ore (2-3 mm) obtained by MLA

Data Source Nickel ore Nickel ore Nickel ore
2-3mm 2-3mm 2-3mm
0-30 30-100 100-185

Mineral Mineral Weight Mineral Weight Mineral Weight
(%) (%) (%)
Rel_magnetic Pentlandite 8.54 0.00 0.00
Pyrrhotite 18.50 0.00 0.00
Pyrite 3.70 0.00 0.00
Chalcopyrite 0.96 0.00 0.00
IiImenite 0.13 0.00 0.00
Magnetite 2.70 0.00 0.00
Chromite 1.05 0.00 0.00
Titanite 0.08 0.00 0.00
Hornblende 26.24 0.00 0.00
Chlorite 8.07 0.00 0.00
Biotite 3.75 0.00 0.00
Total Rel_magnetic 73.72 0.00 0.00
Rel diamagnetic Talc 10.16 0.00 0.00
Dolomite 4.33 0.00 0.00
Calcite 1.44 0.00 0.00
Quartz 1.23 0.00 0.00
Others 9.12 0.00 0.00
Total 26.28 0.00 0.00

Rel diamagnetic
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Table. 9: The mineralogy (Yowt) per fraction of copper ore A (0.25-0.5 mm) obtained by

MLA

Data Source

Copper ore A

Copper ore A

Copper ore A

0.25-0.50 mm 0.25-0.50 mm 0.25-0.50 mm
0-30 30-100 100-185
Mineral Mineral Weight Mineral Weight Mineral Weight
(%) (%) (%)
Rel_magnetic Magnetite 36.29 0.73 0.04
Chalcocite 0.00 0.00 0.00
Chalcopyrite 1.45 0.81 0.22
Uranothorianite 0.37 0.11 0.00
Galena 0.00 0.00 0.00
Bornite 0.87 0.58 0.10
MA_Spinel 0.25 0.04 0.08
Valleriite 0.31 0.30 0.03
Chlorite_group 1.21 1.01 0.26
Biotite 12.66 1.10 3.19
Monazite 0.07 0.04 0.04
Baddeleyite 0.06 0.06 0.03
Serpentine_ 0.14 0.44 0.20
group
Olivine 7.91 9.48 211
Total 61.60 14.71 6.31
Rel _magnetic
Rel Dolomite 6.98 17.25 12.79
diamagnetic
Apatite 7.07 13.11 13.75
Calcite 24.16 54.88 67.14
Others 0.19 0.05 0.02
Total 38.40 85.29 93.69

Rel diamagnetic

Table. 10: The mineralogy (Yowt) per fraction of copper ore A (2-3 mm) obtained by

MLA

Data Source

Copper ore A

Copper ore A

Copper ore A

2-3mm 2-3mm 2-3mm
0-30 30-100 100-180
Mineral Mineral Weight Mineral Weight Mineral Weight

(%) (%) (%)
Rel_magnetic Magnetite 40.02 0.00 0.00
Chalcocite 0.00 0.00 0.00
Chalcopyrite 0.60 0.00 0.00
Uranothorianite 0.07 0.00 0.00
Galena 0.00 0.00 0.00
Bornite 0.31 0.00 0.00
MA_Spinel 0.32 0.00 0.00
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Valleriite 0.24 0.00 0.00
Chlorite_group 0.29 0.00 0.00
Biotite 9.94 0.00 0.00
Monazite 0.06 0.00 0.00
Baddeleyite 0.02 0.00 0.00
Serpentine_ 0.27 0.00 0.00
group
Olivine 2.98 0.00 0.00
Total Rel_magnetic 55.12 0.00 0.00
Rel diamagnetic Dolomite 7.76 0.00 0.00
Apatite 3.23 0.00 0.00
Calcite 33.70 0.00 0.00
Others 0.19 0.00 0.00
Total 44.88 0.00 0.00

Rel diamagnetic
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