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PREFACE 

The problem of concentrating weakly magnetic rnineral fines and ultrafines has received 
considerable attention in recent years and this has led to the developments of several new 
methods of magnetic separation techniques. This dissertation concerns not only magnetic 
properties of minerals but also wet magnetic methods for concentrating weakly magnetic 
minerals from slimes. The exr^rimental work on which is based was carried out at the 
laboratories of: the Mineral Processing Division, Luleå University of Technology (LUT); 
the Solid State Physics Division of Uppsala University; and Sala International AB in the 
years 1989-1993. 

The thesis is a summary of eight scientific papers published or in press. They include 
theoretical treatments in addition to experimental investigations in wet magnetic 
concentration of weakly magnetic fines and ultrafines. Major areas covered are: magnetic 
behaviour of the natural minerals with respect to magnetizing field, particle size and 
temperature; comparative studies with modem matrix-type magnetic separators; particle 
size dependence, surface force effect and "carrier" coagulation in wet magnetic separation; 
aggregation with magnetic bonding; and selective magnetite seeding. 

This thesis is the result of enthusiastic support by numerous people. I wish to express my 
sincere thanks to my supervisor, Professor K. S. Eric Forssberg, who guided me along 
the long way from the very beginning. Without his valuable advice, encouragement, 
guidance, and support, my research would not be fulfilled. I also wish to thank Dr. Börje 
Sköld for his continuous interest and valuable suggestion for this work. My warm thanks 
are due to Professor Robert J. Pugh at the Institute of Surface Chemistry, Stockholm, Dr. 
Sten-Åke Elming at the Division of Applied Geophysics and Dr. Bo Kjellmert of the 
Division of Physics of the LUT, and Dr. Per Nordblad at the Division of Solid State 
Physics of Uppsala University for their fruitful discussions and helpful co-operations in this 
work. My appreciation also goes to the Staff of the Division of Mineral Processing of the 
LUT, especially to Dr. Bertil Pålsson and Mr. Jan Jirestig, for their assistance and 
friendship. The financial support from the Swedish Mineral Processing Research 
Foundation and the LUT is gratefully acknowledged. My gratitude is also extended to 
LKAB, Sweden and Kemi mine, Outokumpu OY, Finland for the ore samples, and Sala 
International AB, Sweden for the experimental device. I must express my deep 
appreciation to my pre-teachers in the Northeast University and in the Changsha Research 
Institute of Mining and Metallurgy, China, who influenced, guided and educated me in 
those past years. Finally I am deeply indebted to my parents, my wife Qiuqing and our son 
Jin for their patience, tolerance, love and support. 

Yanmin Wang 

June 8,1993 
Luleå, Sweden 



This thesis includes the following papers: 

Paper 1. Particle size dependence on the performance of HGMS for treatment of 
chromite slimes 
(co-author: K.S.E. Forssberg) 
Published in Scandinavian Journal of Metallurgy, 21, 1992, pp. 121-126. 

Paper 2. The influence of pH on wet high gradient magnetic separation of <10 pm 
particles of hematite and quartz 
(co-authors: K.S.E. Forssberg and R.J. Pugh) 
Published in International Journal of Mineral Processing, 36, 1992, pp. 93-
105. 

Paper 3. The influence of interparticle surface forces on the cogulation of weakly 
magnetic mineral ultrafines in a magnetic field, Part 1. Theory and basic 
principle 
(co-authors: R.J. Pugh and K.S.E. Forssberg) 
Accepted for publication in / . Colliod and Interface Sci., 1993. 

Paper 4. The influence of interparticle surface forces on the cogulation of weakly 
magnetic mineral ultrafines in a magnetic field, Part 2. Experimental 
investigation with hematite and chromite 
(co-authors: R.J. Pugh and K.S.E. Forssberg) 
Accepted for publication in / . Colloid and Interface Sci., 1993. 

Paper 5. Aggregation between magnetite and hematite ultrafines utilizing remanent 
magnetization 
(co-author: K.S.E. Forssberg) 
Published in Minerals Engineering, Vol.5, No.8,1992, pp. 895-905. 

Paper 6. The recovery of hematite and chromite fines and ultrafines by wet magnetic 
methods 
(co-author: K.S.E. Forssberg) 
Presented in the annual SME meeting, Reno, USA, Feb.,18,1993, (Preprint No. 
93-007).,submitted toMineral and Metallurgical Processing, 1993 

Paper 7. Carrier coagulation of chromite fines in wet magnetic separation 
(co-authors: R.J. Pugh and K.S.E. Forssberg) 
Accepted for publication in Magnetic and Electrical Separation, 1993. 

Paper 8. Hydrophobic magnetite seeding of hematite ultrafines in high gradient 
magnetic separation 
(co-authors: K.S.E. Forssberg and R.J. Pugh) 
Published in Minerals Engineering, Vol. 6, No. 5, 1993, pp. 537-546. 

2 



Contents 

ABSTRACT 7 

INTRODUCTION 8 

DISCUSSIONS AND SUMMARY 9 

1. Magnetic Characteristics of Natural Minerals 9 

1.1. Hematite 9 
1.2. Chromite 11 
1.3. Summary 12 

2. Wet High Intensity and High Gradient Magnetic Separations 13 
2.1. Fine particle entrapment devices 13 
2.2. Particle size dependence in HGMS 15 
2.3. Summary 20 

3. Surface Forces in Wet Magnetic Separation 21 
3.1. Total interaction energy 21 
3.2. Experimental results and discussion 23 
3.3. Summary 26 

4. Aggregation with Magnetic Bonding 27 
4.1. Due to external magnetic field-induced 27 
4.1.1. Theory and basic principles 27 
4.1.2. Experimental investigation 37 
4.2. Due to remanent magnetization 42 
4.2.1. Remanent magnetization consideration 42 
4.2.2. Experimental results and discussion 43 
4.3. Summary 47 

5. Carrier Coagulation in Wet Magnetic Separation 48 
5.1. Experiment results 49 
5.2. Interaction energy calculation and discussion 52 
5.3. Summary 57 

6. Selective Magnetite Seeding 58 
6.1. Hydrophobic and magnetic aggregation in seeding 58 
6.2. Susceptibility enhancement and magnetic separation 60 

6.3. Summary 63 

D E V E L O P M E N T S AND PROSPECTS 64 

CONCLUSIONS 66 

3 



REFERENCES 68 

APPENDIX A 74 

APPENDIX B 75 

APPENDED C 78 

Paper 1. Particle size dependence on the performance of HGMS for treatment of chromite 
slimes 

Paper 2. The influence of pH on wet high gradient magnetic separation of <10 pm 
particles of hematite and quartz 

Paper 3. The influence of interparticle surface forces on the coagulation of weakly 
magnetic mineral ultrafines in a magnetic field, Part 1. Theory and basic priciple 

Paper 4. The influence of interparticle surface forces on the coagulation of weakly 
magnetic mineral ultrafines in a magnetic field, Part 2. Experimental 
investigations with hematite and chromite 

Paper 5. Aggregation between magnetite and hematite ultrafines utilizing remanent 
magnetization 

Paper 6. The recovery of hematite and chromite fines and ultrafines by wet magnetic 
methods 

Paper 7. Carrier coagulation of chromite fine in wet magnetic separation 

Paper 8. Hydrophobic magnetite seeding of hematite ultrafines in high gradient magnetic 
separation 

4 



Glossary of Symbols 

A Hamaker constant 
A l , n constant to be determined 
a mineral particle radius 
B magnetic induction (B=HqH for cases of air) 

B c 
critical magnetic field to induce particle aggregation 

b matrix element radius 
c 2,n constant to be determined 
d50 mean mineral particle size 
e dielectric constant of water 

mean energy loss in the turbulent field 
E kinetic energy 

F m 
magnetic traction force 

Fr radial magnetic force 

<P surface potential 
<X> scalar magnetic potential 
3>1 magnetic potential outside the magnetized sphere 

<D2 
magnetic potential inside the magnetized sphere 

H magnetic field strength 

H r 
magnetic field strength component in radial direction 

H e 
magnetic field strength component in angular direction 

Tl dynamic viscosity of fluid 
I ionic strength 
K Debye-Hiickel reciprocal length parameter 
K l volume magnetic susceptibility of particle 1 

K 2 
volume magnetic susceptibility of particle 2 

'S volume magnetic susceptibility of mineral 

Km volume magnetic susceptibility of carrying medium 

X wavelength corresponding to the intrinsic electronic oscillations of atoms 
M magnetization 
m magnetic moment (or particle mass) 

M s 
saturation magnetization 

n magnetic permeability 

MO magnetic permeability of vaccum 
N collision rate of particles 

N L 
loading number 

Pn associated Legendre polynomial of first kind 
e separation angle (or angle between a dipole axis and radius vector from the 

dipole to a point considered) 
f distance vector connecting the particle centres 

p density of water 
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a specific magnetization of mineral 

Oo weak permanent ferromagnetic (pseudo-remanent) magnetization 
S standard deviation 
v mean velocity of a turbulent field 
V volume of particle 

v 0 
slurry velocity 

v A 
London-van der Waals potential energy 

v G 
gravitation potential energy 

v H 
hydrodynamic shear stress energy 

V m 
magnetic velocity 

v M 
magnetic dipolar energy 

v 
* max 

primary maximum 
v • 
* nun 

secondary minimum 

V r electric double layer energy 

V T 
total interaction energy 

W m 
suspension stability factor 

X distance of shortest approach between two particle surfaces 

% specific magnetic susceptibility of mineral 

specific magnetic susceptibility of mineral that describes the linear 

behaviour at higher magnetic fields 
zeta potential 
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ABSTRACT 

The first objective of the thesis was to reveal the characteristic magnetic behaviour of 
natural weakly magnetic minerals (such as hematite and chromite), and the size limits of 
the particles recoverable by the existing modem high intensity and high gradient magnetic 
separators. The second objective was to enhance the particle aggregation and/or the 
magnetic response for wet magnetic concentration of the ultrafines which escaped from 
the separators. 

It was observed that weakly magnetic natural minerals (hematite and chromite) exhibited 
variations in the magnetic behaviour with respect to magnetizing field, temperature and 
even particle size. It was indicated that high gradient magnetic separation with industrial 
matrices was efficient for weakly magnetic minerals as small as 10 pm, but below this size, 
poor separation efficiency was obtained. In this thesis, modifications to the existing 
magnetic technology or alternative methods were investigated for the efficient recovery of 
particles below 10 pm. The technology or methods included "carrier" or "piggy-back" 
method, aggregation with magnetic bonding (with permanent or field-induced magnetic 
moment), and hydrophobic magnetite seeding. The thesis discusses the theoretical aspects 
of the problem and the experimental work. It was clearly demonstrated that wet magnetic 
concentration was more efficient for the ultrafine fractions whereas other methods could 
be used to increase the effective particle size dimensions and/or the magnetic 
susceptibilities. 

Keywords: Magnetic properties of minerals; Weakly magnetic minerals; Hematite; 
Chromite; Fines and ultrafines; Wet magnetic separation; WHIMS; HGMS; Carrier 
magnetic method; Magnetic aggregation; Remanent magnetization; Colloidal stability; 
Electrolytic coagulation; Surface forces; Hydrophobic magnetite seeding; Hydrophobic 
bonding 
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INTRODUCTION 

As the world's sources of coarse grain mineral deposits become depleted, the recovery of 
fine and ultrafine minerals has been identified as one of the most important challenges 
facing mineral processors in the future1. Efficient recovery of fine and ultrafine particles is 
crucial to the processing of fine grained ore bodies or the re-processing of tailings. Among 
the many processes used for the concentration of valuable mineral particles, magnetic 
separation has a great potential due to the advent of high intensity and high gradient 
magnetic separation (HIMS and HGMS). Essentially, the techniques have been developed 
and applied for recovering weakly magnetic minerals from slimes2-3. The problems 
associated with the very fine particles have, however, not been completely solved. In 
recent years, the recovery of mineral fines and ultrafines by magnetic separation in the 
mineral treatment industries has been found to be influenced by the several causes, i.e., 
low magnetic susceptibility, small mass, high surface area, increased surface energy and 
heteroaggregation with gangue4. 

In order to recover the mineral fines and ultrafines, recent attention on magnetic 
separation has been devoted to the improvement of the existing techniques, and to the 
development of the new methods. Among these can be mentioned are "carrier" or "piggy
back" method4, aggregation with magnetic bonding 5 - 1 4, and selective magnetite seeding or 
coating (with colloidal magnetite)15"26. Since the formation of large units or aggregates 
increases the effective particle dimensions and/or the magnetic response, the possibilities 
of concentrating the ultrafine particles magnetically are increased 

In this thesis, wet magnetic concentration of weakly magnetic mineral (hematite and 
chromite) fines and ultrafines was investigated. The methods included wet high intensity 
and high gradient magnetic separations, carrier or "piggy-back" magnetic separation, 
aggregation due to magnetic bonding and hydrophobic magnetite seeding in magnetic 
separation. Magnetic behaviour of the natural minerals with respect to magnetizing field, 
particle size and temperature was also discussed. 
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DISCUSSIONS AND SUMMARY 

1. Magnetic Characteristics of Natural Minerals 

Initially, before proceeding with magnetic separation or concentration, characterisation of 
the magnetic properties of natural minerals (hematite and chromite) is essential. Large 
variation in magnetic behaviour has been observed between various natural minerals since 
they represent natural compounds, particularly containing ferro-magnetic ferrite or ferri-
magnetic minerals4-26. On the other hand, the magnetic characteristics have been found to 
be dependent on the magnetizing field, temperature and even particle size. 

The magnetic properties of natural hematite from Malmberget (97.93%Fe203; 
0.52%Fe2+) and Grängesberg (97.08%Fe2O3; 1.02%Fe2+), Sweden and a natural chromite 
from Kemi (49.23%Cr 20 3; 19.00%Fe), Finland were investigated. The natural minerals 
were determined by microscopy and X-ray diffraction studies. It was showed that the 
chromite consisted of FeCr 20 4 , MgCr 2 0 4 and (Mg,Al)(Cr,Al) 20 4 . These minerals would 
be encountered in the following magnetic separation methods. Magnetic measurements 
were performed on these samples using a Vibrating Sample Magnetometer (VSM) and a 
Super-conducting Quantum Interference Device magnetometer (SQUID). 

1.1. Hematite 

The specific magnetization of the two different natural hematite samples as a function of 
the magnetic field at room temperature (about 298°K) is shown in Fig. 1. At higher 
magnetic fields (>0.3 Tesla) an increase of the magnetization, a, with increasing the 
applied field become closely linear and it can be expressed according to: 

where x~ is a susceptibility that describes the linear behaviour at high fields, OQ a weak 

ferromagnetic moment and B the magnetic induction. Correspondingly the field-dependent 

susceptibility, %, can be expressed as: 

It can be seen from Fig. 1 that the values of the anti-ferromagnetic susceptibility x» of 

these two samples are similar, whereas the values of OQ are quite different This behaviour 
is what can be expected for natural hematite, since an additional weak ferromagnetic 
moment, originating from spurious ferrite or other magnetic minerals such as magnetite 
and maghemite(7-Fe203), may be present within the samples. Also the chemical assay on 
Fe 2 + and the temperature-dependent magnetization behaviour indicated the occurrence of 

(1) 

X = o/B = oJB + x„ (2) 
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ferrite or strongly magnetic minerals with the samples. On the other hand, it is known that 
pure hematite crystals have a weak spontaneous magnetisation above the transition 
temperature due to a departure from exact anti-parallel arrangement of the magnetic 
moments of Fe ions. 

1.00 

0 . 8 0 

0 . 6 0 

. ° 0 . 4 0 

0 . 2 0 

0 . 0 0 

• Molmb«rg«t homotlto 

O Grcng«oborg hcmothe 
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M a g n e t i c i n d u c t i o n , B , T e s l o 

1 .00 

Figure 1. Specific magnetisation as a function of magnetic induction at room 
temperature for two Swedish natural hematite (<53 pm) 

The dependence of particle size on the weak ferromagnetism and anti-ferromagnetic 
susceptibility at room temperature was determined for various fractions of these samples. 
The results are summarized in Table 1. The values of OQ and X - were calculated by linear 

regression of magnetization against magnetic field at higher fields. There is no significant 
variation among these fractions from coarse to fine or between the two samples of the 
values of %„, which is approximately 308.0xl0' 9m 3kg _ 1. This indicated that x~ of the 

natural hematite is almost independent of the particle size. The variations of OQ among the 
various fractions of these natural samples could be simply explained by different residual 
amounts of ferrimagnetic impurities depending on the preparation of the samples. 

Table 1. Effect of size fractions of Swedish natural hematite on magnetic 
characteristic 
Sample Size, pm °o. xlO^Tm^ke"1 X», xl0" 9m 3kg" 1 

Malmberget 

<212>106 0.243 307.4 

Malmberget <53>38 0.218 308.5 Malmberget 

<10>5 0.287 306.8 

Grängesberg 
<212>106 0.234 310.1 

Grängesberg <53>38 0.260 308.9 Grängesberg 

<10>5 0.502 305.2 
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The measurements on the Malmberget namral hematite at various temperature exhibits 
two magnetic transitions: (a) the Morin transition at 250°K. At the Morin transition the 
sub-lattice magnetization changes from parallel to the [111]-direction to being confined to 
[1 Ill-plane; (b) The measurement places the anti-ferromagnetic Néel point at 933°K. It 
was also observed that a phase transition corresponding to the Curie temperature of 
inclusions of ferrite in the namral hematite occurred at 845°K. 

1.2. Chromite 

A magnetic measurement with the VSM indicated that decreasing the particle size of Kemi 
namral chromite increased the magnetization,o"n, whereas paramagnetic susceptibility %«, 

was independent of the particle size at higher fields, as shown in Fig. 2 This behaviour 
according to Schwerer27 was attributed to mechanical working produced during the 
comminution of the material. It was considered that mechanical work due to crushing, 
produces an ordered magnetic phase in the chromite, that is apparently magnetically 
ordered on a sufficiently large scale to produce multi-domain-type a(B) characteristics. 
On the other hand, Owada and Harada28 found that the susceptibility % of chromite 
depends on the Fe 2 +. They explained that the distribution of magnetic ions is not uniform 
in the crystal structure and so ferromagnetism is created in the more concentrated 
sections. Fig. 2 also shows that the magnetization increases with increasing magnetic 
induction for various size fractions. 

O <10 fjffl 
• <20)10 

fc 0 . 0 0 0 . 2 0 0 . 4 0 0 . 6 0 0 . 8 0 1.00 

M a g n e t i c i n d u c t i o n . B , T e s l a 

Figure 2. Specific magnetization as a function of magnetic induction at room 
temperature for various size fractions. 
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1.3. Summary 

The results indicated that the natural hematite samples from the iron ore deposits located 
in Malmberget and Grängesberg, Sweden are anti-ferromagnetic materials with a weak 
superimposed ferromagnetism. The magnetic susceptibility is field dependent. At higher 
magnetic fields (>0.3 Tesla), the susceptibility can be represented by %=X».+c>o/B. For the 
temperature-dependent magnetization we observed the two intrinsic phase transitions of 
natural hematite: the Morin transition at 250°K and the Neel point at 933°K. In addition, a 
phase transition corresponding to the Curie temperature of the inclusions of ferrite in the 
sample was observed at 845°K. For the hematite samples, at room temperamre anti-
ferromagnetic susceptibility,^, was measured to be about SOS.OxlO'irfkg1, while the 
"spontaneous" magnetization, OQ, which indicated the degree of weak ferromagnetism, 

varied between these fraction samples. The variation of O"o may partly (and simply) be 
ascribed to the presence of different amounts of ferrimagnetic mineral impurities. 

The magnetic measurements also indicated that decreasing the particle size of Kemi 
chromite, increased the magnetization, o 0 , whereas its paramagnetic susceptibility (%_) 

was independent of the particle size. The magnetization increases with increasing apphed 
magnetic field 
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2. Wet High Intensity and High Gradient Magnetic Separations 

2.1. Fine particle entrapment devices 

Both wet high intensity magnetic separator (WHIMS) and high gradient magnetic 
separator (HGMS) are fine-particle entrapment devices. These separators generate, in a 
separation volume or zone, strong magnetic traction force by virtue of a combination of 
magnetic field and field force acting on a magnetic particle of volume, V, and of volume 
susceptibility, K p , in a non-uniform magnetic field is approximately determined by 

F „ = ( K p - K j p 0 v [ / / g r o d ( / ? ) ] (3) 

where grad{H) is the spatial gradient of the total magnetic field H at the location of the 

particle, and K m the susceptibility of medium, \IQ is the magnetic permeability of vacuum. 

It is seen from Eq. 3 that Kp and V are exclusively properties of the particle, while 

has the dimensions of force density which depends only on the properties of 

magnetic field system. At present, there are two quite distinctive and highly successful 
modem magnetic separators for concentrating weakly magnetic valuable mineral from 
slime, i.e., the Jones WHIMS and Sala HGMS types. 

In the investigation, a Jones P40 WHIMS device was operated in a stationary mode. This 
separator comprises of an array of grooved ferromagnetic plates in the field gap of a 
classical dipolar C-shaped electromagnet. It was calculated2 that at the surface of finest 
grooved plates (about 2x1fr4 m groove pitch) the force density is order 2xl0 9 Nm 3 . In the 
groove plate matrix, the plates were loaded in a box with the axes of the groove vertical. 
The HGMS device used is a Sala-HGMS 5-30-10 magnetic separator. It is based on the 
insertion of ferromagentic matrix such as expanded metal into working volume of high 
field solenoid magnet. The novel aspect of this particular design is that, if sufficiently 
strong magnetic fields are generated by the solenoid, then strands of this matrix, whose 
axes are orthogonal to the field axes of the solenoid, are magentized radically to 
saturation. Thus the magnetic field gradients, which can be determined by 2M s/b where 
M s is their saturation magnetization and b the effective filament diameter, are generated at 

the surface of the matrix 2 9. It is clear that the corresponding Hgrad(R) at the fibre matrix 

is increased with decreasing the filament diameter, generally greater than 10 1 1 Nnr 3 This 
gives a full two orders of magnimde improvement on the corresponding value for a Jones 
type separator. 

Experiments by these two separators were performed on a finely ground Malmberget 
hematite ore (94%<53 pm). This ore slime contained mainly hematite, apatite, quartz and 
albite. The experiments30 were designed by a statistical approach (L 1 6 [4 3 x2 6 ] ) . The 
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optimum experimental results obtained by these two separators are given in Table 2. On 
the other hand, Fig. 3 summarizes the Fe recovery as a function of the particle size. It is 
apparent that the Sala HGMS device shows higher recoveries of the particles smaller than 
30 urn, whereas the considerable loss of the values made with the Jones WHIMS is 

smaller than 15 urn. I f 85 percent of the recovery is to be defined as a criterion of limiting 
recoverable particle size, then this parameter should indicate how fine the particle can be 
recovered with these two devices, respectively. On the other hand, the Sala HGMS device 
has the capability of concentrating the particles with lower magnetic susceptibility than the 
Jones WHIMS, as shown in Fig. 4. 

Table 2. Experimental results of two magnetic separators under optimum process 
parameters 

Jones WHIMS Sala HGMS Difference(99.9% 
conf.*) 

Concentrate, %Fe 66.78 67.06 No 
Tailings, %Fe 19.06 14.24 4.8111.98 
Recovery, %Fe 87.35 91.40 4.05±1.72 
Efficiency, % 51.89 60.91 9.02+3.98 

* see Appendix A. 
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Figure 3. Fe recovery to magnetic fraction as a function of particle size. 

The reasons that the Sala HGMS devices to concentrate the fine hematite particles more 
efnciendy than the Jones WHIMS are related to the design of magnet and the matrix. As 
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mentioned above, the magnet of the Sala HGMS is a high field solenoid one. The uniform 
magnetic field throughout the entire working volume is generated by such a solenoid 
magnet. This uniform field means that a hematite particle at any place in the working 
volume will experience the same force density. Because the field is uniform throughout the 
working volume of the filamentary ferromagnetic matrix such as expanded metal will also 
be magnetized uniformly and the gradients will be of the same order of magnitude 
anywhere in the magnetized volume. In addition, the very high field gradients produced by 
the expanded metal matrix provide strong forces for retaining the finer hematite particles 
with the lower susceptibility against the fluid drag forces and gravity. These forces are 10 
to 102 times greater than those found in the Jones WHIMS and generally uniform 
throughout the matrix working volume while the gradients in the Jones WHIMS device 
decrease further the grooved plate matrix is from the magnet poles. It can be concluded 
that the Sala HGMS device makes superior beneficiation performance and is capable of 
recovering smaller hematite particles with lower susceptibility than the Jones WHIMS 
device. 
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8 0 . 0 0 
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Specific Susceptibility, x 10~°m k g - 1 

Figure 4. The partition ratio of susceptibility fractions, analyzed by wet 
Frantz isodynamic separator; size fraction <20>5 pm. 

2.2. Particle size dependence in HGMS 

For the recovery of weakly magnetic valuable minerals by HGMS, a knowledge of the 
separator performance as a function of particle size and of the lower size limit of the 
recoverable particles is important for optimization purposes and for its development as a 
commercial process. Early smdies 3 1 ' 3 2 on this subject were pursued with fine particulate 
and fine wire matrix and capture processes. Early work 3 3 emphasised only the coarse 
particle size (>53 pm) selectivity of a pure material using a characterized matrix. Studies 
reported in the present thesis (Paper 1) investigate the behaviour in a more practical case 
of chromite ore slimes (<53 pm) with various size fractions when processed through an 

15 



industrial expanded metal matrix in HGMS. The lower size limits of the recoverable 
particles by HGMS were studied in the experiments and theoretical models developed. 

The equipment used was the Sala HGMS separator. The experiments were performed on 
two chromite ore slimes from Kemi, Finland and from Greece. The X-ray diffraction 
analysis indicated that major minerals in Kemi slime involved chromite, magnesite, 
dolomite and talc. The Greek slime consisted of chromite, forsterite and lizardite. The 
materials were prehminarily ground to <53 pm to eliminate the problem of locked 

particles, and then sized into <53>38, <38>20, <20>10 and <10 pm size fractions. The 
loading on the expanded metal matrix (1.5xM0), defined as mass of feed in kilograms 
divided by the volume of matrix, was equal to 300 kg nv 3. The slurry concentration was 
200 g H . 

The capture process is groverned by interplay of magnetic force on the valuable mineral 
particle with the viscous drag force and the inertial and gravitational forces. A typical 
particle in the separator moves under the influence of two conservative force fields, the 
field due to the magnetized matrix and the gravitational field. The particle is subjected to 
viscous forces arising from its motion relative to the fluid. The experimental results for the 
fractions of two chromite slimes at various magnetic inductions and slurry velocities are 
presented in Fig. 5 to 6. It is seen that the recovery of C r 2 0 3 increases with increasing 
particle size. The grade of the magnetic concentrate only depends slightly on the particle 
size. Such a dependence is due to the distribution of C r 2 0 3 in the various size of the feed. 
It is evident that the efficiency of capturing chromite particle above 10 pm can be 
enhanced significantly at 0.43 T and 0.105 m s_1. The particles below 10 pm can readily 
escape from the separator even at high magnetic induction or at low slurry velocity. On 
the other hand, at low velocity, the separation is non-selective, so that an increase in the 
recovery is negligible and the grade of the magnetic concentrate is poor; at high velocity, 
the selectivity improved and the concentrate of high quality can be obtained for the 
particles above 10 p m 

Consider the role of these forces from the case of a spherical chromite particle at the 
capture radius, that is, about to be captured by or escape from a magnetized matrix 
element. As the particle approaches the element, its magnetic field with high gradient 
exerts a force on the particle. Work is therefore made on the particle by the magnetic force 
field of the matrix element. Whenever the motion of the particles is made to deviate from 
the fluid flow direction, work must be made against the viscous forces. This energy will be 
supplied by the magnetic field. I f the magnetic field cannot supply sufficient energy, the 
particle will not be captured. The magnimde of the magnetic force field also relates to the 
magnetic susceptibility of mineral particle in addition of the particle size. For very fine 
particles, the viscous forces are large compared with the magnetic traction force. In turn, 
the relative magnitudes of magnetic energy and the work necessary to be made against 
drag forces will govern the capture. Furthermore, the surface interaction energy between 
the fine particles and the particle and the matrix become important in the capture34. For 
coarse particles, the magnetic attractive interaction exceeds the work required to 
overcome drag, but the gravitational forces become significant. 
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Figure 7 summarises the dependence of the particle size on the concentrate of 
grade/recovery of C r 2 0 3 from these slimes at a magnetic induction of 0.43 T and slurry 
velocities of 0.105-0.158 m s 1. It is apparent that the performance of the separator 
strongly depends on the particle size, and the chromite particles below 10 urn cannot be 
captured efficiently. 
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Figure 7. Dependence of particle size on the grade/recovery of C r 2 0 3 

for Kemi s l ime ( *A iT ) and Greek slime (o & D V ) in HGMS. 

Microscopic and macroscopic investigations deal with the mechanisms of capturing 
particles on a matrix in HGMS. Detailed description of the work was given by Gerber and 
Briss 2 9. They represented the theoretical models describing the capture on a single matrix 
element and on multi-elements in details. In this study, attention was solely focused on the 
particle motion model introduced by Watson3 5 and the particle build-up model developed 
by Nesset and Finch 3 6. One possible application of these models is to develop a method of 
determining theoretically the lower size limits of recoverable particles by HGMS. 

Watson3 5 described the dynamic behaviour of a magnetized particle moving near an 
isolated ferromagnetic matrix in homogenerous magnetic field by a particle motion model. 
In this model, the probability of capturing a particle on the matrix is proportional to the 
ratio V m /Vo- The quantities V m (the magnetic velocity) and VQ (the velocity of slurry) are 
the dimensions of m s_1. It is anticipated that a strong capture wil l occur only i f 

K, /V 0 = ( 2 K p a

2 M Ä ) / ( 9 r l ö p 0 V 0 ) > l (4) 
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where a is the radius of the particle, M the magnetization of matrix, and r\ the slurry 
viscosity. 
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Figure 8. Limiting particle diameter as a function of magnetic induction, 
calculated from the models. 

Nesset and Finch 3 6 developed a static model of particle build-up in HGMS, which 
considers the balance between magnetic and fluid forces around a matrix element. The 
model indicated that the build-up of particles on a matrix is a function of the loading, N L , 
given as: 

where p is the density of a f luid This loading number represents the ratio of the magnetic 
force to the fluid shear force, and permits the practical determination of the fine size limit 
when N L =25. 

To evaluate the suitability of these models for defining the fine size limits for both the 
chromites, it was assumed that the parameters in Eqs. 4 and 5 have the following values: 
V0=0.105 ms"1; T )= lx l0 3 kg m V 1 ; p=1000 kg nr 3; b=3xl0^ m; M=1.70 T. The volume 

susceptibility, K p , found to be 3.3xl0~3(SI) for Kemi chromite and 2.7xl0 3 (SI) for Greek 
chromite. Fig. 8. shows the limiting chromite particle sizes as a function of magnetic 
induction for X M expanded metal matrix, calculated according to V m / V o and N L . As a 
condition of capture (Eqs. 4 and 5), Watson's model predicts the capture of 10 pm 
chromite particles at very high magnetic induction. However, in this investigation the 

(5) 
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limiting particle size captured was 10 pm at 0.43 T and 0.105 ms - 1. For the same 

experimental parameters, Nesset and Finch's model gives the practical limiting size as 15 p 
m for X M expanded metal matrix. It can thus be seen that these models give the limiting 
particle size which is higher than those indicated by the experiments. This can be explained 
by the fact that these approaches neglect the important interaction of particles that have 
already been deposited such as surface interaction and the mechanism of transfer of 
particles onto the matrix. 

2.3. Summary 

It was considered that the Jones WHIMS and Sala HGMS devices could both be applied 
to wet treatment of a finely ground hematite ore (<53 pm), but the latter device was more 
efficient in cases in which the particle size was very fine (<30 pm) and where the magnetic 
susceptibility was low. Very fine particles of hematite were rejected from both the matrix 
magnetic separators. 

As a fine particle entrapment device, the performance of HGMS with an industrial matrix 
(1.5xM0) is strongly dependent on the particle size for the treatment of chromite ore 
slimes (<53 pm). High quahty concentrate can be achieved at high recovery for the 

chromite particles above 10 pm. However, the chromite particles below 10 pm cannot be 
recovered efficiently. The theoretical models do not give the same particle size limits as 
those obtained from experiments. 
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3. Surface Forces in Wet Magnetic Separation 

In the wet magnetic separation of mineral ultrafines and colloids, surface forces can be 
expected to play a major role in addition to magnetic and hydrodynamic forces. Surface 
forces for the particle-particle and the particle-matrix systems in wet magnetic separation 
are mainly of the London-van der Waals and the electrical double layer interaction type. 
Some investigations 3 7 - 3 9 have shown that these forces may have a substantial effect on the 
performance of a magnetic separator. The question of whether a particle will be captured 
by a matrix element covered by the particles deposited previously is determined, 
particularly by the surface properties of the particles. In practice, therefore, the particles to 
be separated should be colloidally unstable, i.e., they should be a minimum interparticle 
repulsive interaction each other and thus prevent contact. The particle of the gangue 
minerals should not coagulate with those of the desired mineral. On the other hand, the 
surface interaction between the particles and the matrix element should be recognized. In 
view of the considerations above, the object of Paper 2 in the thesis was to investigate the 
effect of surface interactions on HGMS of hematite (from Malmberget) and quartz 
ultrafines (<10 pm) through adjusting the slurry pH value, and determine the condition 
under which the separation efficiency is maximized. 

3.1. Total interaction energy 

For the separation of hematite from quartz by the magnetized matrix in HGMS, three 
major types of specific interactions can occur for the hematite particle: 
a).homocoagulation; b). heterocoagulation with quartz particles; c). interaction with a 
matrix element. 

a). Homocoagulation 
Svoboda6 and Chan et a l 1 4 extended the DLVO theory of colloidal stability to include an 
additive attractive magnetic dipolar interaction potential, V M . The interaction energy 
between two equi-sized hematite particles may be expressed as 

VT=VR+VA + V[ M 

Ttec^V exrj-ioc) A , 0 1 

+ x 6 

2a? { 2a? A A^x + x2 

Aa.x + x2 (20j + x ) 2 \ (2a ! + xf 

9\i0(x + 2a1) 
(6) 

where aj is the radius of hematite particles, and x the distance of shortest approach 
between the surfaces of two particles. A I 0 1 is the Hamaker constant for interaction 
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between hematite particles 1 in wateT 0. e is the dielectric constant of water (e=78.36 at 

298°K), Kj the volume magnetic susceptibility of the particle, q>! the surface potential of 

the particle. For water at 298°K and ionic strength I , the Debye-Hiickel reciprocal length 

parameter, KOn-1), can be calculated from K- I =4.3xl0 1 0 /(2I) 1 / 2 (m). It is seen that 

homocoagulation between hematite particles mainly depends on the surface potential (q^) 

and on the thickness of the double layer ( K 4 ) in the magnetic field. 

b) Heterocoagulation with quartz particle 
Since hematite and quartz particles from different electrical double layers, their mutual 
interaction should be treated in terms of heterocoagulation theory40. The interaction 
energy governing the heterocoagulation process can be expressed as 

vT=vR + vA 

4(o, + 0,) 

_ . l+exrX-ia) / 2 

1-exp -Kx) 
(p 2

2 )lr<l-exp(-2icx)) 

A<xfh<h 
1 + L 7 7 ( 2 « A ) 

(7) 

where a 2 is the radius of quartz particle, cpj its surface potential, X is the wavelength 
corresponding to the intrinsic electronic oscillations of the atoms. The Hamaker constant, 
A 1 0 2 for hematite and quartz in water, is given by A 1 0 2 = A 1 2 + A 0 0 - ( A ] 0 + A 2 0 ) . The 
magnetic dipolar energy between hematite and quartz is minimized since the latter exhibits 
diamagnetism. This magnetic interaction can thus be ignored in Eq. 7. 

c) Interaction with a matrix element 
Unlike the interparticle interactions, magnetic dipolar energy ( V M ) and hydrodynamic 
shear stress ( V H ) should also be considered when evaluating V T for the system hematite 
particle-matrix element in the magnetic field in addition to V R and V A . The former is due 
to a V M between a hematite particle and a magnetized matrix. The latter is due to the 
actual velocity of the particle relative to the static matrix to be set up. The V T should be 
described by 3 4 

vT=vR + vA + vM + vH 

= TtEOj^tp! + (p 3)
2 l n ( l + exp(-rac)) + (cp, - (p 3)

2 l n ( l - exrf-Kx))] 

Ao3 
6 

2a1(a1 + x) x + 2a, 

x{x + 2a) x 

47tKijB2a1

3 

3p 0 d\iQ{x + a, + b)3 
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:V2pV2TiV2(a1 + ö) -V2 
1 3! + 5! 7! + ' 

(8) 

where (p3 is the surface potential of the steel matrix, A 1 0 3 the mean Hamaker constant for 
the hematite particle 1 and the matrix 3 in water 0. 0 is the separation angle expressed in 
radians. 

3.2. Experimental results and discussion 

The experiments in HGMS were carried out with a hematite-quartz mixture (1:1 by mass; 
<10 pm). The magnetic induction applied was 1.00 T at a slurry velocity of 0.026 m s"1. 
The results is shown in Fig. 9. It can be seen that the efficiency in the WHGMS of the 
mixture appears to reach a maximum at pH=6.5-7.0. This corresponds to the region about 
one unit of pH above the zero point of charge (pH(zpc)) of hematite. 
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Figure 9. Dependence of pH on the zeta potential and the efficiency of 
separation. 

The interaction energy between hematite particles in the magnetic field was obtained by 
the summation of V R , V A and V M . The total energy was calculated at various pH values 
from Eq. 6, as shown in Fig. 10. The net negative interaction energy curve shows the 
strongest attractive potential at pH=5.3, namely at the pH(zpc) of hematite. The 
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electrostatic repulsion between hematite particles is negligible at this pH value. This 
should enhance the attachment of the particles and their stability on the matrix in WHGMS 
Furthermore, it is also seen that the potential barrier disappears at a slightly higher pH 
value (pH=6.5). This may also cause coagulation of the particles in the inter-matrix space 
before their capture onto the matrix. At high pH values, coagulation of the particles is 
prevented by the high potential energy barrier. 

1000 
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Figure 10. Total interaction energy (V T ) for the system hematite-hematite as 
a function of their distance x is shown at different pH values. 

The total energy of interaction between hematite and quartz particles at various pH values 
is given in Fig. 11, which was obtained from Eq. 7. Variation in the total energy between 
those dissimilar particles is also determined by the slurry pH value. In this case 
heterocoagulation occurs at pH<5.3. This agrees with the data showing that coagulation 
should occur if the potential of one mineral converges to its pH(zpc), or if the potential of 
dissimilar particles are opposite in sign4 1. On the other hand, the presence of a potential 
energy barrier tends to prevent heterocoagulation of hematite with quartz particles at pH 
value of 6.5 or above in alkaline regions. This may result in a stable dispersion of these 
dissimilar mineral particles. In the latter case their separation should therefore be selective 
in WHGMS, whereas in the former case the separation will be non-selective. Our 
experimental data show that the heterocoagulation between hematite and quartz particles 
at pH value below 5.3 impairs their effective magnetic separation. 

As mentioned earher, the attachment stage becomes important once a particle reaches the 
surface of a matrix element A combination of surface and magnetic dipolar interactions 
between the matrix element and the particles and between the particles themselves will 
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determine the efficiency with which particles become attached to the matrix. The situation 
is therefore more complex in WHGMS. High recovery of hematite particles must be 
guaranteed. This means that quartz particles must be removed from the matrix surface by 
hydrodynamic forces and by the repulsive character of the surface interactions, so that 
quartz particles will not adhere to either the matrix or hematite particles. 

Fig. 12 shows the total interaction energy for the system hematite-steel matrix element at 
various pH values. This was computed by Eq. 8. It is seen that favourable conditions for 
the deposition of hematite particles on the matrix can be achieved at pH=6.5 or 4.0 in 
WHGMS. On the other hand, the existence of a repulsion barrier at a high pH value 
should inherently inhibit the deposition of the particles on the matrix. This might explain 
our experimental results. 

It can be concluded that the hematite utrafines and its aggregates can be selectively 
attracted on the matrix in WHGMS since the net attractive energy favours their contact at 
pH=6.5, namely about one pH unit above pH(zpc) of hematite. The inclusion of quartz 
particles in the magnetic fraction is due mainly to the heterocoagulation with hematite 
particles and can occur at a slightly lower pH value. A phenomenon of this type results in 
the non-selective separation of those dissimilar particles by WHGMS. The adherence of 
quartz particle to hematite particles or even to the matrix may be eliminated by performing 
the separation under shghtly higher pH conditions so that the dissimilar mineral particles 
have the same negative potentials, but about one pH unit above the pH(zpc) of hematite. 
The latter requirement should favour the homocoagulation between hematite ultrafines, 
but prevent heterocoagulation of hematite with quartz. 
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Figure 12. Total interaction energy (V T ) for the system hematite particle-
steel matrix as a function of distance x at different pH values. 

3.3. Summary 

It is evident that the metallurgical performance of wet HGMS for hematite and quartz 
ultrafines (<10 pm) is strongly affected by the surface charge on the particles. The 
efficiency of the separation process can be improved by adjustment of the pH to a value 
which is near the pH(zpc) of hematite. Theoretical interpretation in terms of the total 
particle-particle and particle-matrix interaction energies suggests that such an 
improvement in the separation process can be explained by the retention of hematite 
particles on the matrix, and by homocoagulation of hematite ultrafines. The 
heterocoagulation of the hematite with quartz particles was prevented at this critical pH 
value, since this could lead to the contamination of the magnetic fraction with quartz in 
wet HGMS. 
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4. Aggregation with Magnetic Bonding 

4.1. Due to external magnetic field-induced 

In recent years, considerable attention has been devoted to magnetic field-induced 
aggregation of weakly magnetic particles, with particular interest in mineral processing5" 
1 4 . Developments in this technique has been focused towards improving the recovery of 
the mineral ultrafines which readily escape from the industrial matrix-type magnetic 
separators. 

In the thesis (Paper 3), the theoretical basis of magnetic field-induced aggregation of 
weakly magnetic mineral ultrafines and colloids was formulated based on the extended 
DLVO theory6. In addition, the experimental investigations with natural hematite and 
chromite ultrafines illustrating the principles were reported (Paper 4). 

4.1.1. Theory and basic principles 

Essentially the aggregation of sub-micron sized particles, undergoing Brownian motion in 
the absence of magnetic interactions, is determined by the balance between the London-
van der Waals interaction potential (V A ) and the repulsion double layer potential (V K ) and 
this interplay of interparticle forces is the basis of the classical DLVO theory. However, in 
the case of colloidal particles exposed to a magnetic field, the magnetic interaction 
potential ( V M ) between the particles with the permanent or field induced magnetic 
moment has to be taken into consideration and a modification of the theory is required. 

Several approaches have been made to derive criteria to describe the flocculation process 
for colloidal mineral particles in an external magnetic field. Initially, Svoboda6 took a fairly 
direct approach and assumed V M as an additive attractive potential to be included into the 
colloid-chemistry model. The total potential energy of the interaction ( V j ) could then be 
defined as the sum of the three individual components ( = V A + V R + V M ) . 

In the case where the attractive contribution ( V M + V A ) was of sufficient magnitude to 
overcome the electrostatic stabilizing repulsive force, then the system coagulated. Under 
practical conditions, magnetic induced coagulation can occur readily for fairly 
concentrated suspensions when the coagulation time is less than the residence time of the 
suspension in the induced field. 

As discussed above, several different types of potential energy-distance profiles could be 
constructed which have similar feamres to the well established DLVO curves. In some 
cases, the total potential energy curve showed a "primary minimum" potential energy sink 
at close interparticle distances with a strong repulsive potential energy "primary 
maximum" and the height of this maximum ( V m a x ) can be compared to the energy of 
thermal motion kT and used as the critical for stability. In addition, a lesser potential 
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energy sink sometimes occurred at greater interparticle distances and this is known as the 
"secondary minimum". If this minimum is moderately deep (compared to kT), then it can 
also give rise to instability, but if the minimum is shallow then weakly bonded coagula are 
formed which can be fairly easily redispersed by shear. 

More recently, Svoboda42 developed a slow magnetic flocculation rate by combining the 
von Smoluchowski theory of fast flocculation kinetics with the Fuchs theory43, which 
takes into account the repulsive forces. This leads to the formulation of a modified 
stability factor ( W m ) which provides a quantitative measure of colloid stability in a 
magnetic field. Also Parker and co-workers7 developed a theoretical approach and took 
account of this angular dependence of Vm but this was based on a classical mechanics 
rather than following conventional von Smoluchowski/Fuchs flocculation theory43. Also a 
more rigorous approach by Janssen et a l 1 3 included the magnetic potential with the 
thermal energy in the Fuchs model and also took account of the angle dependence of the 
flux but this treatment led to a fairly complicated mathematic expansion. 

In this thesis, the working equations used in the extended DLVO theory will be 
summarised Fortunately, in recent years relatively simple expressions for the electrostatic 
repulsive energy, London-van der Waals interaction energy and magnetic interaction 
potential have been derived. Although these equations are only precise under limited 
conditions (low potentials and relatively large sizes) they are adequate in approximately 
describing the behaviour of mineral systems undergoing slow coagulation. 

Essentially the coulombic repulsive interaction ( V R ) between two colloidal particles with a 
set distance of approach between the surfaces can be factorized in the form of two 
functions; 

In Eq. 9, the function f(a) is independent of the solution conditions and the function g(K,cp) 
is independent of the particle size. From the DLVO theory, equation 9 has been expressed 
in a workable form as by substituting; 

In addition, for oxide minerals, if we assume a Nernstian model surface with the H: as the 
potential determining ion, then the surface potential can be related to the solution pH by 
the equation; 

VW(fl)«?(K,(p) (9) 

f(a) = a2/(2a+x) (10) 

g(K, cp) = 7tetp2 exp(-Kx) (11) 

(p = 0.0592 [p / / (zpc)-p / / ] (12) 
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Attractive forces between individual atoms or molecules arise due to interactions between 
permanent dipoles (Keesom interactions), between a dipole and an induced dipole (Debye 
interactions) and due to fluctuations in the electron density distribution (London-van der 
Waals interactions). 

The London-van der Waals interaction can be expressed as; 

VA=f(a,x,A) (13) 

A simple working equation which has been derived by Schenkel and Kitchener44 to take 
into account the retardation is given by; 

= - A o / 1 2 x [ l / ( l + L77p 0 )] for 0<p0<2 (14) 

and 

VA = - Aalx(-2,45l60p0+2.17ll80p0

2-05l420p0

3) for 0<p0<260 (15) 

where p0=27txA. 

In the case of the magnetic dipolar forces between two particles, the interaction is not 
spherically symmetric but depends on the angle between the interacting magnetic dipole 
moments m, and m 2 . The complete equation for the potential energy of interaction may be 
expressed as4 5; 

VM = ( p ^ T t r 3 ) ^ • n\) - 3(/n, • f){n\ • r)] (16) 

where r - f / r is the unit vector connecting the particle centres (r=2a+x). The effective 
magnetic interaction is obtained by averaging V M over all orientations of the colloidal 
particles. 

Although the magnetic dipole-dipole interaction (Eq. 16) can be either attractive or 
repulsive, depending on the relative orientation of the dipoles, the orientation averaging 
process gives heavy weighting to the energetically favourable attractive orientations. 
Under these circumstances, the angular effect may be neglected and for two magnetic 
particles the Eq. 16 can be re-expressed as: 

VM=-$na%2B2/9ii0(x + 2a)3

 ( 1 7 ) . 

From these relatively simple expressions for the individual potential energy contributions 
of equi-sized particles in the colloid size range the following points deserve attention. 
1). The magnimde and range of the repulsive contribution to the potential energy V R is 

sensitive to K , and (p which are essentially controlled by the solution conditions (i.e. ionic 

29 



strength and pH) whereas the attractive contribution, V M and V A , are independent of 
these parameters. 
.2). The magnimde of the individual potential energy component has a different 
dependence on particle size. V M is extremely sensitive to particle size since it is directly 
proportional to the third power of the radius. However, V R and V A are less sensitive and 
are directly proportionate to the first power. 
3) . V A has an exponential dependence on interparticle instance and can be considered as a 

short range force whereas V M is a relatively long range force. 
4) . The most convenient means of controlling the aggregation of a dispersion would be 
by; (a) adjustment of pH and/or ionic strength in order to change V R : (b) adjust the 
magnetic induction which leads to a change in V M . 

A computer program was used to calculate the V A , V R and V M and the total interaction 
energy (V T ) as a function of the interparticle separation for a suspension of colloidal 
mineral particles. The following values of the variables were considered to cover all cases 
of interest for a practical process of magnetic aggregation, which might be operated with 
finely divided oxide mineral suspensions, such as hematite and chromite: 
- a=0.25 to 2.00 pm; 

- £=-40 mV corresponding to an approximate average value for the oxide mineral 
dispersion such as hematite or chromite at a natural pH of 7 to 8 4 6 . In special cases, 
lower £ (corresponding to lower pH) is taken into consideration. 

- K=5xl0 7 n r 1 , 1 0 8 n r 1 and 109 n r 1 corresponding to roughly 10^M, 10 3 M and lO ' M 
concentrations of 1:1 electrolyte; 

- Magnetic induction (B) from 0 to 2.00 Tesla (T); 
- The Hamaker constant was taken as 3xlO _ 2 0J which is a typical value for an oxide 

mineral in water where the range has been reported to lie between 1.7 and 
4.2xlO- 2 0J 4 7. 

The results of the computations which cover the variables listed above are presented in 

Figs. 13-16 with each figure corresponding to a fixed particle size (a=0.25 pm, 0.50 pm, 

1.00 pm and 2.00 pm respectively) 

Also in each figure, a set of three separate graphs are shown designated (a), (b), (c) with 
each graph illustrating a series of computation curves. Graph (a) shows curves 
representing the sum of the London-van der Waals attraction and the double layer 
repulsion ( V A + V R ) for three different ionic strengths (K values). These conditions apply 
when there is no magnetic interaction. Graph (b) shows the same information as graph (a) 
but includes separate computation curves of V M corresponding to a range of magnetic 
induction (B values between 0 to 2.00 T). 

Finally graph (c) gives computation curves for the total potential energy, 
V-r (=V A +V R +V M ) versus the interparticle distance at moderate values of the ionic 
strength (k=108 n r 1 ) . 
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Figure 13. Interaction energy versus interparticle distance curves for 0.5 pm 
particles of hematite. 

(a) V R + V A and no magnetic induction B=0.0 T with Q=-40 mV and 
K=5X10 7 m-l(a), K=10 8 nr 1 (•) and K=10 9 nr 1 (0); 

(b) V R + V A with K=5X10 7 nr 1 (o), K=10 8 nr 1 (0) and K=10 9 nr 1 (•) 
and V M with B=2.0 T ( B ) ; 

(c) V R + V A + V M with K=10 8 nr 1 and B=0.0 T (a) and B=2.0 T (•) . 
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In t e rpa r t i c l e Distance, A 

Figure 14. Interaction energy versus interparticle distance curves for 1.0 pm 
particles of hematite. 
(a) V R + V A and no magnetic induction B=0.0 T with £=-40 mV and 

K=5xl0 7 m-'(u), K=10 8 nr 1 (•) and K=10 9 nr 1 (is); 

0>) V R + V A with K=5X10 7 m-1 (0), K=10 8 nr 1 (•) and K=10 9 m-' (o) 
and V M with B=0.5 T (a), B= 1.0 T (• ) and B=2.0 T (•); 

(c) V R + V A + V M with K=10 8 m-1 and B=0.0 T (B), B=0 5 T (•), 
B=1.0T(D)andB=2.0T(o). 
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Figure 15. Interaction energy versus interparticle distance curves for 2.0 pm 
particles of hematite. 
(a) V R + V A and no magnetic induction B=0.0 T with £=-40 mV and 

K=5xl0 7 nWfjj), K=10 8 nr 1 (•) and K=10 9 nr 1 (ø); 

0>) V R + V A w i * *=5xl0 7 m-1 (n), K=10 8 m-1 (•) and K=10 9 trr 1 (o) 
and V M with B=0.5 T (s), B=1.0 T (•) and B=2.0 T (•); 

(c) V R + V A + V M withK=10 8 m-1 and B=0.0 T (s), B=0.5 T (•) , 
B=1.0T(D)andB=2.0T(o). 
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Figure 16. Interaction energy versus interparticle distance curves for 4.0 pm 
particles of hematite. 
(a) V R + V A and no magnetic induction B=0.0 T with £=-40 mV and 

K=5xl0 7 m-Ho), K=10 8 nr 1 (•) and K=10 9 nr 1 (a); 
(b) V R + V A with K=5xl0 7 nr 1 ( • ) , K=10 8 nr 1 (•) and K=10 9 nr 1 (o) 

and V M with B=0.5 T (a), B=l .0 T ( • ) and B=2.0 T (•); 
(c) V R + V A + V M with K=10« m-1 and B=0.5 T ( • ) , B=l .0 T ( • ) and 

B=2.0 T ( 0 ) . 
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In Fig. 13(a), the three curves of ( V R + V A ) versus interparticle distance, corresponding to 

k=5xl0 7 nr 1 , 108 nr 1 and 109 nr 1 are shown for the a=0.25 um. From these curves the 

dominating influence of K on the electrostatic repulsion can be clearly seen causing the 

interaction potential to extend to interparticle distances as 800 Å in a moderately ionic 

solution (K=10 8 nr 1 ) . In most cases V R is of sufficient strength to exceed V A (except as 

high ionic strength K=10 9 n r 1 ) . In fact, generally V A is only dominant at a close distance. 

From 13(b) it can be seen that with such small particles, V M can only a negligible influence 
on stabihty, even at moderately high B values and this appears to be confirmed by the total 
interaction curve shown in 13(c). Essentially this system behaves according to the 
conventional DLVO theory, with the suspension remaining stable with a high V m a x , except 
in the region of high ionic strength. 

For a=0.50 pm, the potential interaction curves are shown in Fig. 14. The results in 14(a) 
and 14(b) suggest that at moderate interparticle distances, similar stability behaviour 

would be expected as for the 0.25 pm at moderate or weak ionic strength (K=10 8 nr 1 and 
5x l0 7 n r 1 ) and but with greater values of V R at the same interparticle distances (due to 
the increase in particle size) and V M again only capable of marginally reducing V m a x . 
However, at larger interparticle distances (>300 Å) then as shown in Fig. 14(b), V M is of 
sufficient magnimde to make a significant contribution to the "secondary rninimum" 
instability of the system, particularly at higher B values (>1.0 T). In fact, from Fig. 14(c) it 
can be seen that the total interaction energy curves are characterized by the "secondary 
minimum" coagulation sink which in the case corresponding to B=2.0 T for k=10 8 nr 1 has 
a depth of about -150 kT at about 400 Å. 

In strong electrolyte, since V m a x is reduced then the long range magnetic forces 
completely dominate causing complete "primary minimum" instability with a deep energy 
sink. However, in weak electrolyte, since V R has a relatively long decay length extending 
to over 1000 Å then V M can play an important role in creating a long range "secondary 
minimum" energy sink causing weaker coagulation. 

For larger size particles (a=1.00 pm and 2.00 pm), the simation is illustrated in Fig. 15 

and 16. The importance of B on V M in these cases, as well as K on V R and is clearly 
shown. With higher values of B, then the deep secondary minimum dominates the stabihty 
plots, even at moderate and high K values due to the long range nature of V M . This 
simation is clearly illustrated in Fig. 15(c) and 16(c) where deep long range energy sinks 
of over -1000 kT and -4000 kT respectively are shown. For high K values (10 9 n r 1 ) , V m a x 

is eliminated which ensures "primary minimum" instability of the system. 

These theoretical curves suggest that weakly magnetic mineral colloidal particles (a>l pm) 
in low and medium ionic strength solution, will have preference to flocculate into the 
"secondary minimum" energy sink. Under such circumstances, the particles will probably 
be prevented from achieving surface to surface contact and may be only weakly held 
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together at close interparticle distances in the magnetic fields. In some cases, where the 
rninimum is shallow, only temporarily interparticle adhesion may occur. This may cause 
some particles to diffuse out again but many will remain trapped and could show 
rotational and lateral Brownian motion. This can cause a range of weakly linked aggregate 
morphologies to form, such that the particles may line up or form weakly linked units, 
although stronger links can be formed under strong magnetic induction. 

In cases where an adjustment of the pH causes a lowering of the zeta potential, then the 
deep "potential energy minimum" starts to become important again and the coagulation 
process can lead to stronger interparticle adhesive forces and closer interparticle contact. 
An example of this simation is illustrated in Fig. 17 which corresponds to a plot of V T 

versus distance for 2.00 pm particles with B=1.00 T with zeta potential values of -40 mV, 
-30 mV, -20 mV, -10 mV and zero. Clearly the "secondary minimum" energy sink 
becomes less important as the potential is reduced. 
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Figure 17. Total interaction energy (V T =V R +V A +V M ) versus interparticle 
distance curves for 2 pm hematite particles with k=108 n r 1 and 
B=1.00 T. 
a) £=0 m V ( i ) , b) £=-10 mV(9, c) £=-20 mV (•) , d) £=-30 mV(n), 

e) £=-40 mV (o). 

Also V A and V R are obviously relatively short range compared to V M and only come into 
play when the interparticles distances are much smaller than the particle size. However 
they are important in determining the stability and the adhesive strength of the aggregates. 
These forces, however, cannot control for the transport of particles above the colloidal 
range and in such cases, additional forces such as gravitational, hydrodynamic and inertial 
will begin to play an important role. Under such circumstances, V M must compete with 
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these other external forces and generally for larger particles, then gravitation and 
hydrodynamic forces begin to play the major role in balancing the magnetic contributions. 

Each of these interaction potentials, again show a different dependence on particle size. 
The gravitation potential ( V G ) is dependent on the third power while the hydrodynamic 
shear stress energy in the Stockes law region ( V H ) is dependent on the first power of the 
radius compared to the magnetic interaction which is dependent on the third power of the 
radius. These equations suggests that V G will be more important for large particles and V H 

for small particles. As suggested by Svoboda4, only in some limiting intermediate region 
V M wil l make the greater contribution to the aggregation. 

However, under practical processing conditions (as for example in a wet magnetic 
separation process), the hydrodynamic contribution between the particles may not be 
significant, especially for downward-fluid-flow conditions since the relative velocity of the 
particle along the sedimentation direction will be low. In addition, the gravitation effects 
from micron size particles with small mass may also be neglected. 

4.1.2 Experimental investigation 

As discussed above, particle aggregation occurs when a suspension of weakly magnetic 
minerals is exposed to an external magnetic field and the magnetic attraction between the 
particles with the induced or permanent magnetic moment is strong enough to outweigh 
the stabilizing double layer electrochemical forces. This phenomenon has a potential as a 
separation technique, providing conditions can be selected, i.e., magnetic field, slurry pH, 
ionic strength, concentration, etc, such that one component of mixture can aggregate and 
settle while the other remains dispersed in slurry. 

Samples of namral weakly magnetic minerals consisted of the Malmberget hematite and 
the Kemi chromite, respectively. The particle size distributions, as measured by the 
granulometre were found to rather broad. The average diameter of the Malmberget 
hematite was 3.9 pm and the Kemi chromite 3.6 pm. Magnetic field-induced aggregation 
studies on these mineral suspensions were carried out by a magneto-sedimentation 
analysis46. 

The magnimde of the magnetic field needed to suppress the electro-chemical potential 
energy barrier depends on the magnetic susceptibility of mineral, the particle size, the ionic 
strength of suspension and the surface potential. 

Initial aggregation tests were carried out at a range of pH values without the application 
of a magnetic field and the results are represented by dashed lines in Fig. 18 for these 
minerals, respectively. A typical curve shows the settled-weight rising rapidly with time as 
the system approaches equilibrium. On increasing the pH from about 8 (the natural value 
of the dispersions) to over 11 the particles show an increase in the electronegativity and 
this will cause an increase in the interparticle electrochemical repulsion. However, for 
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hematite particles the existence of remanent magnetization may give rise to a magnetic 
interaction causing aggregation and this effect, together with gravitation settling of some 
of the larger particles can explain the increase in settled-weight with time. For the 
chromite, as the pH is reduced, the charge will also be increased causing an increase in 
double layer repulsion and a decrease in the amount of electrostatic coagulation as 
indicated by the lower settled-weight curves. 

0 50 100 150 200 

Time, t, sec. 

Figure 18. Magnetic field-induced coagulation for hematite and chromite 
samples at various pH values. 

With the application of a magnetic field, induced aggregation can occur, but it is well 
known that the externally applied magnetic field must exceed a threshold value B c

6 . In the 
present study, imtially a magnetic induction of 1.00 Tesla was selected and this was shown 
to be of sufficient magnimde to excess B c for both the hematite and chromite samples. The 
results (solid lines in Fig. 18) indicate that aggregation of both types of mineral particles 
occurred over complete range of pH values occurs. 

Also from these curves, i t can be seen that the difference in the relative order of stability of 
the suspensions at the different pH values (with and without the applied magnetic field) 
does not appear to change significantly. In addition, both systems showed the highest 
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degree of stability at high pH where the particles have the greatest repulsive electrostatic 
charge. 

From the these results it may be suggested that both: (a) the remanent magnetization in the 
case of the namral hematite and (b) the induced magnetization on application of an 
external magnetic field can cause aggregation of the minerals. However, since maximum 
aggregation occurs near pH(zpc), then the process appears to be still strongly influenced 
by electrochemical charge. These results indicate, according to the DLVO theory, that at 
a magnetic induction (1.00 T), "primary minimum" aggregation can occur providing the 
eletrostatic repulsion can be suppressed sufficiently to eliminate the "primary maximum". 
This aggregation behaviour appears to be similar to the previous reported magnetic 
induced aggregation investigations, carried out on uranium and gold ores3 8 and hematite48 

where it was observed that maximum instability occurred in the presence of an external 
magnetic field and near the pH(zpc) of the desired mineral. 
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Figure 19. Magnetic field-induced coagulation for hematite and chromite 

samples at various magnetic induction. 

Fig. 19 shows the experimental results of the magnetic field-induced aggregation for the 
hematite and chromite particles carried out at a range of magnetic induction (0 to 2.15 
Tesla) at the namral pH of the dispersions (pH=8). At this pH both minerals have fairly 
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high negative charge between -40 mV and -50 mV. For the chromite sample, in the case of 
low magnetic induction (<0.65 T), the settled-weight does not rise significantly, 
suggesting that the particles cannot aggregate efficiently below this field. However, a 
sharper increase in instability occurs at 0.65 T, particularly for the hematite. In the case of 
higher magnetic induction, both samples follow similar behaviour with increased 
aggregation occurring with the increase in the magnetic induction up to a value of 2.15 T. 

For a magnetic induction of 1.00 T, it was observed from microscopic observations that 
particle aggregation occurred, forming initially vertical axis pairs and clusters which 
appeared to be stable. At higher fields, the pairs appeared to form chains (Fig. 20). An 
increase in the particle magnetization with increasing magnetic field appeared, in most 
cases, to cause an increase in strength of the particle chains. 

Figure 20. Magnetic field-induced coagulation for hematite ultrafines 
at a magnetic induction of 2.15 T (SEM). 

The fact that the particles formed loose chains in weak magnetic fields suggested that 
aggregation was occurring by particles entering into a "secondary minimum" energy sink. 
In fact, in many cases, the particles appeared to be sufficiently mobile due to Brownian 
motion become detached from the chains and re-arrange in different types of structures. 
The presence of such chain structures, appear also to be in agreement with previous 
reported magnetic aggregation smdies8-9 where "secondary minimum" aggregation was 
reported as the mechanism. 

Using the data presented in Fig. 19, plots on the settled-weights (corresponding to settle 
time intervals) versus the magnetic field can also be drawn. The series resulting of curves 
are shown in Fig. 21 where a rapid increase in the field-induced aggregation can be seen to 
occur corresponding to a fairly well defined value of the external magnetic field. This 
value may be taken as an approximate value of Bc for these mineral systems and in the 
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Figure 21. Particle coagulation due to magnetic fields. 



above experiments it is most pronounced for these plots and correspond to a magnetic 
induction of 0.5-0.6 Tesla. Earlier, Svoboda6 determined B c values for some weakly 
magnetic minerals using similar plots, it was also reported the binary pairs formation 
occurring in the region of B c but they appeared to be unstable and were easily disrupted by 
simple mechanical stirring. This step then characterized the initiation of the field-induced 
aggregation process. 

Generally, the settled-weight determined in the present experiments suggests that the 
magnetic fields are of sufficient magnitude to form strongly bonded pairs and chains and to 
withstand the settling process without disintegration. 

4.2. Due to remanent magnetization 

Magnetic measurements26 have confirmed that the ferrimagnetic and canted anti-
ferromagnetic iron oxide minerals possess remanent magnetization in varying degrees. 
The remanence may originate in the ambient geomagnetic (or laboratory) field, geothermal 
and geochemical processes. The existence of the remanent magnetization may give rise to 
an aggregation between the mineral particles due to their magneto static energy. Lantto 4 9 

considered the flocculation of ferrimagnetic particles due to remanence. 

Paper 5 in this thesis concerns heteroaggregation between magnetite and hematite 
ultrafines (<10 pm) by utilizing only the remanences in a well-dispersed slurry to pre-
concentrate and concentrate hematite ultrafines. The ultrafines are difficult to be recovered 
by conventional physical separation techniques. 

4.2.1. Remanent magnetization consideration 

Ferrimagentic and canted anti-ferromagnetic iron oxide minerals may become magnetized 
in a number of ways. There are the induced magnetization of these minerals that is 
determined by the earth's (or laboratory) field and permanent (spontaneous) 
magnetization. The intensity of permanent or remanent magnetization depends mainly on 
the nature of the mineral present, and on the external magnetic field strength at the time of 
formation of the remanence. Magnetite (Fe 30 4) is a typical ferrimagnetic cubic mineral 
with strong spontaneous magnetization. The Fe 2 + and Fe 3 + ions are arranged intersitially 
in a face-centred cubic oxygen lattice on two types of lattice sites, A in fourfold co
ordination with the oxygen ions and B in sixfold co-ordination, such that anti-
ferromagnetic coupling between the A and B ions causes anti-parallel alignment of their 
magnetic moments. But the B ions are twice as numerous as the A ions, so that the lattice 
has a strong spontaneous magnetization. Hematite (a-Fe203) is a representative of weakly 
magnetic uniaxial minerals. The oppositely magnetized sub-lattices of interacting Fe 3 + ions 
are equally balanced, that is anti-ferromagnetic, but canted at a small angle to give a slight 
spontaneous magnetization perpendicular to the ion moment. Its spontaneous 
magnetization is confined to the basal plane except at temperature below 248°K. As 
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discussed already, natural hematite is likely to be contaminated with traces of strongly 
magnetic cubic oxides magnetite and maghemite (7-Fe203) which may contribute to weak 
ferromagnetism50. 

4.2.2. Experimental results and discussion 

Both dispersion and aggregation tests were performed in a cylindrical jar with a stirrer 
(rotation: 500 rpm). The aggregated and non-aggregated portions were collected in each 
test. 

Initial experiments were carried out with a mixture of hematite, quartz and fluorapatite 
(<10 pm) in the presence of fine magnetite. Fig. 22 shows an increase in Fe recovery of 
the aggregated portion with an increasing content of various sized magnetite at p H = l l . 
Conversely, the Fe content in the non-aggregated portion drops significantly after adding 
magnetite particle fractions. This illustrates that the sized magnetite particles will 
aggregate hematite ultrafines appreciatively but only disperses quartz and fluorapatite. 

Aggregation experiments were also performed on the Malmberget hematite ore slime 
(97%<10 pm; 38.58%Fe) and the Grängesberg ore slime (99%<16 pm; 30.88%Fe). The 

magnetite particles below 10 pm were used at pH=l 1. Table 3 lists the results at various 
settling times and different additions of the magnetite. An increase in the amount of the 
sized magnetite or in the settling time reduces the Fe content in unsettled portion. Table 3 
also shows the improvements in both of the Fe content and Fe recovery in the aggregated 
portion in the presence of sized magnetite particles. 

<D 
L _ 

oj 
> 
o 
o 
<u 

100 

95 

90 

85 

80 

75 

70 

65 

60 

Material: Hematite—Quart*-Fluorapatite 
Na(PO j ) , : 0.75 kg /d ry ton 
Settling time: 6 min . 
Slurry pH : 

O O With <10/ im m a g n e t i t e 

• • With <38>20>im m a g n e t i t e 

-o- • — — 

o 

60 

55 

50 

45 
O 

40 o 
35 nT 

n 
-I 30 ~ 

25 » 

20 m  

15 

10 

5 

10 20 30 40 50 

Addition of magnetite, % 

Figure 22. Effect of magnetite addition (%) on Fe recovery in aggregated 
portion (—) and on Fe content in non-aggregated portion (---). 
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Table 3. Aggregation between magnetite and hematite ultrafines in slurries of ore 
slimes 

Sample of Magneti Settling Add. of Assay, Assay, Recovery 
slime zation time, min <10 urn Agg-, Non- , %Fe 

magnetite %Fe* agg-, 

,% %Fe** 

6 No 48.90 29.80 56.17 
Primary 6 17.0 51.08 23.70 69.58 

6 28.5 53.98 21.30 73.60 
Malmberget 6 37.5 54.16 18.30 78.20 

(<10 urn) 10 No 48.10 25.50 72.61 

10 17.0 50.43 20.30 79.56 

Remag- 6 17.0 54.33 18.90 78.23 
netized 6 28.5 55.01 15.40 86.46 

6 No 38.00 18.60 77.90 
Gränges Primary 6 17.0 39.89 12.00 91.39 
berg 6 28.5 41.71 9.70 93.80 

(<16pm) Remag- 6 17.0 42.08 9.80 93.76 

netized 6 28.5 42.95 8.80 94.04 

* Values calculated by G=(w 1g 1-w 3g3)/(w 1-w 3) where gi and g 2 are Fe content in the 
aggregated portion and sized magnetite, Wj and w 3 the corresponding weight yields; 

** Analysed values 

It has been shown5 1 that hematite particles below 10 urn could be aggregated by stirring 
the suspension at a high shear rate (1200 rpm) at pH=3, but that at low shear rates the 
particles did not readily form aggregates. The energy barrier resulting in repulsion of 
similarly charged particles cannot be overcome at a low shear rate. On the other hand, 
dispersion of an iron oxide-bearing slurry with sodium hydroxide and a dispersant, such as 
sodium hexametaphosphate, is well known 5 2. The reagents increase the slurry pH and 
consequentiy increase the electronegativity of the iron oxide, siliceous and even carbonate 
minerals. The electrostatic forces of repulsion between the particles are increased and 
prevent their contact. Fig. 23 presents the electrokinetic characteristics of magnetite, 
hematite, quartz and fluorapatite at various pH values in the absence or presence of 
sodium hexametaphosphate. It is seen that in the case of an alkaline slurry all the mineral 
particles should be highly dispersed since they are negatively charged. However, the 
experimental results obtained demonstrate that hematite ultrafines can be selectively 
aggregated with sized magnetite particles at p H = l l , in the absence of any polymers, high 
shear rate and/or an external magnetic field. 

To interpret the experimental results, the magnetic effect of magnetite particles that 
originates in its remanent magnetization will be mainly considered. Assuming that a 
magnetite particle is an uniformly magnetized sphere, the magnetic field from the 
magnetite particle may be approximated by that of a magnetic dipole. This arises from its 
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magnetic moment, m. The dipole field is conveniently represented in term of the scalar 
magnetic potential5 3, d>m , which is expressed as H=-grad(Om). Therefore, the radial 

magnetic force, F r, holding a hematite particle with susceptibility Kp and volume V onto a 
magnetite particle can be written as (see Appendix B): 

Fr = p 0 V ( K P - Km)[Hr dHJdr + H, dHJdr] (18) 

where |H grad(H) r| specifies the attraction of a magnetite particle situated at the position 
of a hematite particle. 
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Figure 23. Zeta potential-pH dependence for magnetite, hematite, quartz 
and fluorapatite (<10 pm particles) 
— in distilled water; 
— in distilled water containing l x l O 4 M Na(P0 3) 6 . 

The gradient magnetic field around a magnetite particle is generated by means of its 
permanent magnetic moment. Hematite particles can be attached to the surface of 
magnetite particles and the aggregates are then formed by the magnetic force field 
However, since the magnitude of the magnetic field of a magnetite particle is limited by its 
remanence, it is favourable to increase the magnitude of the gradient as much as possible 
to achieve large magnitudes of |Hgrad(H)r| For this purpose, it is advisable to use the 
ultrafines of magnetite in magnetite-hematite aggregation. The application of ultrafines 
may have two functions: (a) to enhance the values of |Hgrad(H)r| and (b) to provide a high 
collision probabihty for hematite particles during stirring. Fig. 24 gives the values of 
Hgard(H) r| for various sizes of magnetite particles, assuming that its remanence be a 
constant. On the other hand, previous smdies 5 4 - 5 5 showed that a decrease in magnetite 
particle size is followed by an increase its remanence. Furthermore, since a magnetite 
particle is in fact not spherical, hematite ultrafines and colloids become attracted and 
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migrate to the sharp edges of a coarse magnetite particle (see Fig. 25). As discussed 
above, the fine magnetite particles become more efficient than the coarse particles for the 
attracrion of hematite ultrafines and colloids. In addition, the magnetite-hematite 
aggregates formed in the slurry should relate to the magnetic characteristic of hematite. As 
mentioned already, hematite has a very weak remanent magnetization since this mineral is 
an anti-ferromagnetic material with a weak superimposed ferromagnetism. Its 
magnetization may be expressed as the sum of induced and residual magnetizations. 
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Figure 24. Dependence of particle size of magnetite on the |Hgrad(H)r|. 

Figure 25. Hematite ultrafines aggregated with a <38>20 pm magnetite particle 
(SEM). 
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4.3. Summary 

From the theoretical analysis, the colloidal stability of small weakly magnetic oxide mineral 
particles (a<0.25 pm) such as hematite or chromite at natural pH (with a moderate zeta 

potential £=-40 mV) in magnetic induction (<2.00 T) can essentially be predicted from the 

DLVO theory. For larger colloidal particles (a=1.0 pm) the magnetic field (even at a low 
induction where B=0.50 T) may overrides the electrostatic repulsive forces causing long 
range attraction leading to instability. The aggregation process can be theoretical 
explained by the particles entering a "secondary minimum" energy sink. In this 
intermediate particle size range (0.5-1.0 pm), the situation appears to be critical and 
extremely sensitive to K and the exact particle size. In most cases, for particles with a>0.5 

pm, V M has the greatest influence at large interparticle distances, and causes aggregation 
to occur (at moderate or weak ionic strength) in a long range "secondary minimum" 
potential energy sink. Under such conditions, the particles will be separated by a thin 
water film. In the cases where the energy sink is shallow in the presence of magnetic fields 
the particles may be subject to rotary motion and under these conditions the aggregates 
may have a preference to form loosely bonded aggregate morphology. For relatively large 
colloidal particles in relatively weak magnetic field, the "secondary minimum" energy sink 
may be so shallow such that the aggregate may be redispersed under shear. Adjustment of 
pH can lead the reduction or elimination of the surface charge. This causes the "secondary 
minimum" energy sink to become less important which may lead to "primary minimum" 
aggregation and stronger interparticle adhesive forces. 

The magnetic field-induced aggregation of dispersions of hematite and chromite fines and 
ultrafines was studied in a laboratory scale electromagnetic solenoid. At an induction of 
1.00 T, the dispersion stability appeared to vary as a function of pH, with the highest rate 
occurring near the pH(zpc) of the mineral and the lowest rate occurring at high pH where 
the particles and the strongest electrochemical charge. The stability pH relationship of the 
dispersions appeared to follow the same order as in the presence and absence of magnetic 
field and indicated that the electrostatic double layer repulsion played an important role in 
the aggregation processes. This suggested from the DLVO theory that the particles enter 
the "primary minimum" energy sink. Magnetic field-induced aggregation was also studied 
at namral pH at a range of magnetic induction. The main feature of the experiments was 
that at the magnetic induction of >1.00 T, aggregation occurred forming chains and rings 
and the particles within the chains showed considerable mobility possibly due to thermal 
motion. The chain formation was explained by "secondary minimum" aggregation at large 
interparticle distances. However, the interparticle bond strength was sufficiently high to 
prevent the chains form disintegrating during sedimentation. 

The experiments indicated a selective heteroaggregation between magnetite and hematite 
ultrafines when dispersed in the slurry by utilizing only their remanent magnetization in 
the absence of aggregating reagents, high shear rate and/or an external magnetic field. It is 
evident that hematite ultrafines and colloids become attracted to the finer magnetite 
particles. 
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5. Carrier Coagulation in Wet Magnetic Separation 

It is well known that in matrix magnetic separators, the surface, magnetic and 
hydrodynamic interactions strongly depend on particle size. A "carrier" or "piggy-back" 
coagulation process which utilizes a coarse particle size fraction to collect the fines of the 
same mineral was first reported by Svoboda4. The early experiments indicated the 
"carrier" coagulation process played an important role in increasing the recovery of the 
slime fractions and it was suggested that the behaviour of the very fine particles in a 
magnetic separator, should be studied in the presence of a range of coarser fractions of the 
same ore. 

Coagulation of the fines and ultrafines prior to particle attachment to the matrix is 
regarded as one of the most decisive steps to improve the efficiency of the matrix 
magnetic separator. Coagula formation increases the effective panicle dimensions, and 
hence enhances the retention probability of particles to the matrix. In cases where the 
interparticle repulsion between primary particles of different sizes in a dispersed system 
can be sufficiently reduced, then coagulation readily occurs. This can take place by charge 
neutralization of the surfaces of the particles or by compressing the electrical double layer 
thickness. In homo- and hetero-coagulation, the particles in the slurry may have the same 
charge or may be oppositely charged. Electrostatic attraction dominates in the case of 
particles of opposite signs, while repulsion would be expected for particles of similar 
signs. In the case of the interaction of higher-charged surfaces with lower-charges 
surfaces, repulsion occurs at larger interparticle distance but it may revert to attraction at 
close interparticle distances56. 

The surface charge of a mineral is determined by the distribution of various ion species in 
the solution and the concentration of a species that creates a zero charge on the surface is 
known as the zero point of charge. Because hydroxyl ions influence the surface potential, 
then solution pH plays an important role in determining slurry chemistry condition and the 
zero point of charge can be expressed in terms of the solution pH (i.e. pH(zpc)). Previous 
smdies38-48 showed that a pH near to the pH(zpc) of the valuable mineral is preferred to 
maximize homocoagulation and to minimize the heterocoagulation with gangue minerals. 
However, the surface charge is also affected by numerous other ion solution species, and it 
is hence difficult to ensure that the stability of the colloidal valuable mineral is completely 
determined by pH(zpc) in cases of a natural ore dispersed as a slurry. 

In addition, for a magnetic valuable mineral, particle aggregation can be induced in the 
presence of an external magnetic field. In the case of low magnetic fields, electrostatic 
interparticle repulsion may predominate causing the suspension is to remain colloidally 
stable. Such a simation wül seriously affect the probability of capture of the particles on a 
matrix which is already covered by the previously deposited particles. However, in the 
case of particles subject to high magnetic fields with zero or even low electrostatic 
repulsion, total interaction between particles is usually attractive. Under these 
circumstances, the particles can not only aggregate in the intermatrix space but may also 
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increase the cross-section of the matrix through the deposition. Earlier studies10 on Fe 2 0 3 

particles of radius 3.5 um clearly showed that the particles aggregate in pairs at about 0.60 
Tesla. Hencl and Svoboda11 observed a magnetic aggregation with a siderite slurry with 
an average grain size of 30 urn under the Field of 1.00 Tesla at lower flow rates. 

Since "carrier" or "piggy-back" coagulation process in wet magnetic separation uses 
coarse particle as the carrier to increase the recovery of finer fractions, it is possible by 
further refinement to increase the overall efficiency of the separation technique. Generally 
the process utilizes the fact that the frequency of particle collisions is much greater 
between particles of different sizes and this is caused by the different trajectories in an 
accelerating f luid The probability of collision depends mainly on the fluid flow in the 
matrix magnetic separator which is influenced by slurry viscosity and external stirring. 
Furthermore, the probabilities of collision between particles, attachment during collision 
and detachment of particles from aggregates have a direct effect on the rate of 
aggregation. The adhesion and detachment steps depend on the physico-chemical 
interactions between particles which, in turn, are mainly affected by the magnetic field, the 
slurry pH, the particle size distribution and the slurry density. The rate of adhesion of fine 
particles (a=2 pm) to coarse ones (a=30 pm) is from 103 to 104 as high as the rate of 
adhesion between fine particles57. 

In Paper 7, a "carrier" or "piggy-back" coagulation process in the wet magnetic separation 
process was to be demonstrated and employed for the concentration of the Kemi chromite 
and the Malmberget hematite ultrafines (<10 pm). 

5.1. Experimental results 

From the results in Fig. 26, it was indicated that the presence of coarse chromite particles 
from Kemi can improve the recovery of the <10 pm particles in HGMS at its pH(zpc) 
(pH=6.0) and at high magnetic inductions. The pH(zpc) of chromite leads to a suppression 
of potential barrier between the interacting particles and to an increase of the recovery of 
<10 pm particles in wet magnetic separation. This may be due to two factors: (a) 
negligible electrostatic repulsion among the particles at pH(zpc) enhances the capture rate 
and stability of build-up profile on the matrix; (b) the absence of a potential barrier can 
result in the aggregation of particle into the primary minimum prior to their capture onto 
the matrix. In addition, the application of an external magnetic field causes that the 
particles come into contact. The magnimde of the magnetic induction needed to favour 
their contact mainly depends on the magnetic susceptibility of mineral, particle size and 
solid concentration in addition to the slurry pH. It can also be seen from Fig. 26 that high 
magnetic field favours the attraction interaction between the particles in the intermatrix 
space. 
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Figure 26. Effect of magnetic induction on the mass recovery of Kemi chromite 
particles below 10 pm in the presence or absence of the "carrier" in 
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In theory, i f two colloidal minerals with different pH(zpc) values are considered, then it 
should be possible to improve the separation efficiency in wet magnetic separation by 
adjustment of the pH. As discussed above, this predication was confirmed by a study of 
the selective aggregation of mixed hematite-quartz ultrafines in HGMS 4 8 . The highest 
performance of the separator occurred at a pH value(pH=6.5) at which hematite and 
quartz have the same negative sign, but nearby the pH(zpc) of hematite. The results in Fig. 
27 thus illustrate that hematite particles below 10 pm may be selectively carried onto the 
surface of the coarse particles at the slurry pH of 6.5 and high magnetic induction of 1.00 
T. In the strong magnetic fields, the values of total interaction energy between hematite 
particles and that between the particle and the matrix in energy curve can be reduced, and 
selective aggregation may occur, in case where hematite particles have a lower 
electrostatic repulsion potential. 

Finally, a separate carrier coagulation experiment in wet magnetic was carried out on a 
chromite ore slime (7.8 %Fe; 15.3%Cr 20 3) at a magnetic induction of 1.00 T and a slurry 
velocity of 0.072 m s_1. In this study, a mixture was prepared of the <10 pm fraction with 

the <53>38 pm fraction in the ratio of 4:1 by mass. The experimental results obtained 
from this study are summarized in Table 4. It can be seen that the presence of the coarse 
carrier fractions (<53>38 pm) improves the overall recovery of C r 2 0 3 and the grade of the 
magnetic product in the <10 pm fraction. Also, the recovery and the grade become 

dependent on the slurry pH value. The good results occur at higher pH values (=9.5-9.9). 
These results confirm that efficient carrier coagulation process in the wet magnetic 
separation takes place, in which the coarse particles act as carriers for the fine particles. 

Table 4. Results of HGMS on Kemi chromite ore slime below 10 pm in the presence 
or absence of the "carrier" 

No Wiih <53>38n (4:1) 
earner carrier 

PH Product Grade Recovery Grade Recovery 

% C r 7 0 3 %Fe % C r 7 0 3 %Fe CrFe % C r 7 0 3 %Fe %Cr 9 0^ %Fe CnFe 

4.5- Mag 35.00 14.8 53.58 48.62 1.62 36.90 18.0 58.74 57.19 1.41 
4.9 Non-

mag 
9.50 4.9 46.42 51.38 1.33 9.06 4.7 41.26 42.81 1.32 

7.6- Mag 35.09 15.4 60.37 53.30 1.56 37.43 17.9 62.57 60.78 1.43 
8.0 Non-

mag 
8.19 4.8 39.63 46.70 1.17 8.33 4.30 37.43 39.22 1.33 

9.5- Mag 34.00 14.8 61.27 55.58 1.57 37.47 17.6 66.67 64.44 1.47 
9.9 Non-

mag 
8.00 4.4 38.73 44.42 1.24 7.60 3.9 33.33 35.56 1.33 

11.3 Mag 33.00 14.5 59.13 55.11 1.56 38.45 18.5 63.43 61.93 1.42 
Non- 8.30 4.3 40.87 44.89 1.32 8.19 4.2 36.57 38.07 1.33 
mag 

As mentioned above, in the treatment of a natural ore the surface charge of the valuable 
mineral may be also affected by other cationic species which may be released into the 
slurry from the lattice of the gangue minerals. Forssberg and Sivamohan73 reported that 
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the pH(zpc) of Kemi chromite was influenced by the presence of different amounts of A l 2 + 

ions in the slurry. In the present study, Ca 2 + and M g 2 + ions were detected in the Kemi 
chromite slurry which appeared to be released from the major gangue minerals (dolomite 
and magnesite)58. Fig. 28 shows the zeta potential-pH dependence for Kemi chromite at 
various Ca and Mg metal ions concentrations. The curves show that the pH(zpc) of 
chromite in the ore slurry may be increased to the pH range 8 to 11. Also, Sagheer59 early 
considered the effect of these metal ions, dissolved in the pulp on a pure chromite. It was 
indicated that metal ions precipitates are formed in alkaline solution which also dissolved 
in acid Fig. 29 shows the relationship between the concentrations of these ions in solution 
and pH (as calculated by a computer program SOLGASWATER14. These diagrams may 
explain why the overall recovery and the grade of the magnetic fraction in the fine 
fractions of the chromite ore slime is improved in the presence of the "carrier" of <53>38 
pm at higher pH. 
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Figure 28. Zeta-potential-pH dependence of Kemi chromite 
in distilled water and Ca and Mg salt solutions. 

5.2. Interaction energy calculation and discussion 

To interpret the experimental results, the total interaction energy, V T , between two 
magnetic dissimilar particles was calculated taking into consideration electrostatic40, 
dispersion44, and magnetic contribution using expressions giving in ref. 45, i.e. 
V R + V A + V M . 
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Figure 29. Logarithmic concentration diagram for 2 .5x l0 4 M Ca 2 + 

and 5.9X10-4 Mg 2 + . 

The energy of interaction between the electrical double layers associated with the particle, 
V R has been derived previously40, for two spherical dissimilar particles, radii aj and a2 

and at constant total double layer potentials tp; and q>2 with a distance x between then-
surfaces. The term V A is the energy of interaction between the particles due to London-
van der Waals dispersion forces. Schenkel and Kitchener44 have derived for V A , corrected 
for the effects of retardation, which are valid at different separations, for equal spheres. 
Their treatment is readily extended two spheres of unequal radii 7 1 . The calculation of 
V R + V A thus involves known expressions72 (=[a1a2/(a I+a2)][-Ay6x+Tte/4f((p1,(p2,K,x)]). In 
addition, for the dissimilar particles exposed to a magnetic field, the magnetic interaction 
is most attractive along the direction of the applied field. The maximum attraction will be 
in the polar regions of axial approach with 

vu +a2 + * ) f -[Smc.K^/Vo] (19) 

where KX and K 2 are the volume magnetic susceptibilities of the particle 1 and 2, 
respectively. For cases of x « a , + a 2 , the Eq.(19) can be simplified: 
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VM - - { W / f a +<h)]' • [ 8 i « I K 2 Ä I / 9 j l 0 ] (20) 

Fig. 30 displays calculations of V T as a function of interparticle distance at a range of 
surface potentials (values of 0, 10, 40, 55 mV were chosen) which are controlled by the 
slurry pH. Fig. 30(a) shows data in the absence of the magnetic field and Fig. 30(b) in the 
presence of the field of 1.0 T using a Hamaker constant for chromite of A=3xl0 2 0 J 4 6 . 
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Figure 30. Total interaction energy calculated at various surface potentials 
in the absence or presence of magnetic field (1.00 T), for dissimilar 
chromite particles, for K=108 n r 1 and A=3xl0 2 0 J . 

The two types of particles (the fine and the coarse carrier) were considered in the 

computations. For the fine fraction three particle size were selected (a2=0.1 pm, 0.5 pm 

and 1.0 pm) and for a coarse carrier particle a sized fraction of a, =20 pm was selected. 

The potential energy versus distance curves were computed to represent the interaction 

between the three fine fractions with the coarse carrier fraction (i.e., 0.1 pm:20 pm, 0.5 p 

m: 20 pm and 1.0 pm:20 pm). 

In the absence of the magnetic field (Fig. 30(a)) the curves clearly show the influence of 
particle size and surface potential in determining the magnitude of V T . As the size of the 
fine fraction increases the interaction energy curves increase in magnitude indicating a 
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greater interparticle repulsive force. However, repulsive can only be seen to occur at high 
surface potential values of 40 mV. At lower surface potential values the curves show a 
steep fall in V T at close interparticle distances indicating instability. 

With regard to the influence of V M on V T the data is shown in Fig. 30(b). Although the 
overall features of the curves do not appear to have changed from Fig. 30(a), the curves 
appear to have shifted to lower potential regions. This can be explained by considering 
equation (20) where V M can be seen to be almost independent on x but changes with 
[ a j a j / ^ + a j ) ] 3 . 

For the interaction between the 20 u.m/0.1 urn particles, the V M has little influence of V T 

and the system shows a considerable degree of stability at 40 mV surface potential. 
However, at low or zero surface potential (10 or 0 mV) coagulation can occur in the 
primary minimum. 

For the case of the interaction between the 20 um/0.5 urn panicles, the V M has a more 
pronounced influence on the interaction curves and V T is shifted to negative values with 
repulsion occurring only at shorter interparticle distances (at positive V T values). This 
causes a secondary minimum energy sink ( V m j n ) to occur (=-800 kT) in the cases where 
the particles have a surface charge and these curves represent so called secondary 
minimum stability. Under these conditions, the coagula are more ltx>sely bonded than so 
called primary minimum coagula; However, in the cases where the particles have low or 
zero surface charge primary minimum coagulation can occur into the deep primary 
minimum energy sink. 

For the 20 um/1.0 pm particles interaction, a similar situation occurs as for the 20 um/0.5 

urn particles interaction, but the secondary minimum potential energy sink produced in the 

case of charged particles in much deeper (=-5500 kT). 

These results clearly indicate the importance of the secondary minimum instability which 
occurs for 0.5 urn and 1.0 urn charged fine panicles. On the other hand, the barrier 
disappears in cases where the particles have no or even low electrostatic repulsive 
potentials (-10 mV). The absence of potential barrier results in particle coagulation into 
primary minimum prior to their capture onto the matrix in the magnetic separator. 

Earlier smdies46-75 have shown that the magnetic field and the slurry pH affect the stability 
of the suspension and suppression of repulsive electrostatic interaction takes place at the 
pH(zpc). At the pH(zpc), the potential barrier between interacting chromite particles 
vanishes and the particles can rapidly coagulate into the primary potential well. If they do 
not coagulate, they can more readily be attracted to the particles deposited on the matrix 
surface. However, i f the slurry pH is substantially different from the pH(zpc), the potential 
barrier may prevent the particles from intimate contact. This barrier enhances the 
repulsive interaction among the particles already captured by the matrix and the incoming 
particles. In this investigation, at a pH of corresponding to the pH(zpc) of chromite (Fig. 
28), we could expect efficient mutual coagulation of the particles, more effective 
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deposition of incoming particles on a matrix already coated by the particles and a higher 
resistance of the build-up profile against shear stress. At the pH(zpc) the mass recovery of 
chromite particles below 10 urn was maximum regardless whether or not the coarse 
particles were present at a magnetic field of 1.0 T. In addition the application of an 
external magnetic field causes the particles to come into contact. The magnitude of the 
magnetic induction needed to favour their contact mainly depends on the magnetic 
susceptibility of mineral, particle size and solid concentration in addition to the slurry 
pH. For the experimental results obtained, strong magnetic field favours the total 
attractive interaction between the particles in an intermatrix space. Svoboda42 also 
indicated that a suitable combination of the slurry pH and the external magnetic field can 
lead to a formation of a secondary minimum in the curve of total energy of the particles 
interaction, which, if deep enough, can induce a rapid aggregation of the particles. The 
threshold magnetic induction needed to commence an aggregation in the secondary 
minimum is an order of magnimde lower than the magnetic induction for the onset of 
aggregation in the primary minimum. 

- 8 ' 1 

- 1 0 1 2 3 4 

L o g , 0 (Vmin ) , kT 

Figure 31. Depth of the secondary minimum at constant surface potential 
in the absence or presence of a magnetic field (1.00 T) . 

Finally, Fig. 31 shows a series of computations relating the depth of secondary minimum 
potential energy well as a function of particle size (expressed by the size function, 
a1a2/(a1+a2)). These plots were carried out for charged particles (40 mV) with the ionic 
strength of the solution expressed in terms of the reciprocal of the double layer thickness K 
=10* nr 1 , and illustrate the simation without and with the magnetic field (B=1.00 T). 
These results suggest that in the presence of a sufficiently strong magnetic field (1.00 T), 
the V m i n can be sufficiently deep to prevent the particles disintegration. This conclusion is 
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strongly supported by earlier experiments46. In the absence of the magnetic field, particles 
slowly coagulate only in the primary minimum for cases of no electrostatic repulsion. If a 
high magnetic field is applied in the course of carrier coagulation, the clusters can appear. 
Such a mechanism is possible only if carrier coagulation takes place in the V m i n . as 
indicated by the nature of the energy functions in Fig. 31. 

5.3. Summary 

It has been shown that the presence of coarse chromite or hematite can enhance the 
overall recovery and the grade of the magnetic fraction for the ultarfmes (<10 pm) in 
HGMS. The experimental results indicate that the fine particles aggregate onto the coarse 
ones and the cluster is recovered by the matrix in the combination of magnetic and surface 
interactions. This "carrier" or "piggy-back" coagulation process plays an important role in 
the capture of the valuable slimes in the wet magnetic separation. Strong magnetic fields 
and a pH nearby the pH(zpc) of the valuable mineral are pre-requisite for the formation of 
the coagula. 
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6. Selective Magnetic Seeding 

The technique of selective magnetic seeding or coating (with colloidal magnetite) 
originated in the early 1940's from the studies on waste water treatment60. More recent 
apphcation of this technique to mineral processing offers a novel and convenient method 
to selectively concentrate non- or weakly magnetic mineral particles. Basic principle of the 
technique is to essentially enhance the magnetic response of non- or weakly magnetic 
mineral by using strongly magnetic seeds such as magnetite (Fe 30 4). The seeds attach to 
the surface of the desired mineral particle causing aggregation, and enabling efficient 
recovery to be achieved by magnetic means with low field strength. The probabilities of 
the particle adhesion can usually be increased by at lease one or a combination of three 
possible mechanisms: a) electrolytic coagulation 1 5 1 7; b) hydrophobic bonding 1 8 - 2 2; c) 
polymer bridging 2 3* 2 5; d) magnetic bonding61. Recent investigations on the technique for 
mineral separation have been reviewed by Parsonage69. 

Previous smdies61 have shown that hematite particles dispersed in a slurry can aggregate 
with fine magnetite due to interparticle attraction caused by their residual magnetization. 
Also, the addition of oleate to the iron oxide mineral suspension can lead to aggregate due 
to hydrophobic attraction between the oleate coated panicles62 6 4 . It was therefore 
assumed, that aggregation of the hematite ultrafines and colloidal magnetite coated with 
sodium oleate, followed by HGMS would increase the capture efficiency of hematite 
ultrafine particles which are often lost in the industrial matrix magnetic separators. The 
investigation in Paper 8 presented conoborated this assumption. 

Samples consisted of Malmberget hematite ore slime (94.2%<10 pm; 43.4%Fe) and 

Grängesberg ore slime (85.1%<10 pm; 44.2%Fe). A finely ground purified magnetite 

from Malmberget (94.7%<5 pm) was used as seeds. Technical grade sodium oleate 
(NaOl) was used as a surfactant. Experiments of magnetic separation were performed in 
the Sala HGMS separator with a coarse expanded metal matrix (1.5xR0). 

6.1. Hydrophobic and magnetic aggregation in seeding 

It has been well estabhshed that aggregation of mineral particles under high shear rate can 
occur efficiendy if the particle surfaces are strongly hydrophobic. Oleic acid or sodium 
oleate can be used to induce hydrophobicity on the iron oxide mineral surface62 6 3 . Fig. 32 
shows that the addition of sodium oleate enhances the recovery of hematite ultarfmes from 
Malmberget slime in the presence of colloidal magnetite. 

The amount of sodium oleate may be of importance for selective magnetite seeding. It is 
seen from this study that the excess of NaOl in a hematite-magnetite system prevents the 
recovery of hematite particles from the slime by HGMS. This result appears to be in 
agreement with Parsonage20 where it was shown that large amount of oleate acid or 
sodium oleate (larger than the critical micelle concentration) will cause the magnetite to be 
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heavily seeded with multiple layers of adsorbed surfacant. This acts of excessive protective 
seeding prevents the close approach of magnetic particles and behaves as a dispersant. 
This is the condition in which the stock magnetite seeds were kept. With smaller surface 
coverage, a lateral association between the hydrocarbon chains may occur provided that 
the zeta potential is low allowing close approach of the particles. This will increase the 
attraction energy between the particles and reduce the rate of desorption of magnetite. 
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Figure 32. Effect of sodium oleate addition on the Fe grade/recovery from 
Malmberget hematite slime by HGMS at various pH values. 

The hydrophobic heteroaggregation between hematite and magnetite particles may be 
related to the pH effect on the oleate adsorption on these iron oxide mineral surfaces (Fig. 
32). The degree of adsorption in the form of oleate ions and/or oleic acid molecules affects 
the mineral-aqueous solution interfacial properties and particle hydrophobicities. 

Several mechanisms64"66 have been proposed to explain the nature of oleate adsorption at 
the iron oxide mineral/aqueous interface. It is usually suggested that chemisorbed oleate at 
or near the zpc of the minerals (pH=5-8) is responsible for the hydrophobicity reflected in 
a flotation behaviour or in a particle aggregation. However, it has been suggested that 
oleate adsorbs physically from acidic medium and this does not impart the hydrophobicity. 
On the other hand, according to the oleate solution chemistry62 6 3 ' 6 6 , oleic acid molecules 
start to precipitate at low pH values. The formation of oleic acid molecules will affect the 
kinetics of chemisorption. The mineral surface may be armoured by a rigid water structure 
due to the high surface charge and thereby kinetically retard chemisorption. For this 
reason, a poor recovery of hematite by HGMS was observed at very low pH values. When 
pH>5, oleate ions become the predominant species. Oleate chemisorption on the surfaces 
of hematite particles and magnetite seeds may occur, which favours the hydrophobic 
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heteroaggregation. This leads to an increase in the recovery of hematite particles by the 
magnetic separation. However, a decrease in oleate adsorption at high pH is caused by 
negative surface charge. Also, it is unfavourable to produce a hydrophobic mineral surface 
under highly basic conditions where oleate dimer is the predominant species. This may 
contribute to the decrease in hematite particle recovery by HGMS. 

Turbulent agitation is recognized to be essential to aggregation of hydrophobic mineral 
particles. Warren6 7 observed early that finely dispersed scheelite particles in a suspension 
(with sodium oleate) may be aggregated by the use of high shear rate. It has been 
proposed that this phenomenon is caused by kinetic energy imparted to the colliding 
particles. They can surmount the potential energy barrier, which under less agitation 
prevents their close approach. The kinetic energy, E, of a particle is determined by 
E=mv2/2, where m is the particle mass, v mean velocity of a turbulent field which is 
created by intensive agitation. It is apparent that the formation of aggregates is favoured 
by an energy of hydrophobic association which comes into effect if hydrophobic particles 
are brought in contact by intensive stirring. On the other hand, the collision rate of 

particles, N, is proportional to (eo) 1 / 2, where EQ is the mean energy loss in the turbulent 
field if other factors are kept constant according to Levich 6 8. This shows that intensive 
agitation can enhance the particle collision frequency, and thus promote the contact of 
hydrophobic particles. The contact time is another important factor for hydrophobic 
particle aggregation69. I f the contact time is less than the time needed for thinning of the 
interparticle water film then the particles will separate after contact and aggregation will 
not occur. On the other hand, an increase in conditioning speed can reduce the time of 
contact. 

The magnetic effect of selective magnetite seeding of hematite particles originating from 
their remanent magnetisation should also be considered. As discussed above, the existence 
of the remanent magnetization may give rise to a heteroaggregation between these iron 
oxide mineral particles due to their magneto-static energy. This fact has been confirmed by 
earlier experiments61. 

6.2. Susceptibility enhancement and magnetic separation 

Fig. 33 shows the effect of a range of magnetite addition on the concentration of Fe 
grade/recovery to mags from both hematite slimes. It has been shown that the addition of 
colloidal magnetite into such slimes causes the Fe recovery to increase while the Fe grade 
remains stable. The recovery of hematite ultrafine particles increases in this process. 

It has been well estabhshed that the introduction of colloidal magnetite to a slurry system 
can improve the magnetic response of the desired mineral to be recovered at low 
magnetic fields. Parsonage calculated that 0.01 to 0.10 volume percentage of magnetite 
per non-magnetic particle is needed to acquire a magnetic susceptibility similar to that of a 
paramagnetic mineral according to X=(0.0026P 1 1 1)4TC/10 3 (SI unit), where P is volume 
magnetite content. For a weakly magnetic mineral containing magnetite, the magnetic 
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susceptibility was rising more than proportionally to the increase in the percentage 
concentration of magnetite4. The magnetic response of a Malmberget hematite (<38>20 u 
m) without or with magnetite seeds (25 g/t) in the presence of sodium oleate (1.5 kg/t) at 
various magnetic fields is shown in Fig. 34. It is seen that the seeded hematite exhibits a 
field-dependence, and a saturation magnetization in low fields. The magnitude of magnetic 
response for the seeded hematite is similar to that of maghemite (7-Fe 20 3)

4. Therefore, it 
should be possible to efficiently capture the seeded particles from the slime using low 
magnetic fields. Meanwhile, the formation of aggregates with colloidal magnetite increases 
the effective particle dimensions, and then can enhance the probability of particles 
captured. 
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Figure 33. Effect of magnetite addition on the Fe grade/recovery 
to mags for two hematite ore slimes by HGMS. 

The particle extraction in a magnetic separator is dependent on the magnetic force. The 
force is direcdy proportional to the magnetization of the matrix material and the 
magnetization of the particle. Previous smdies70 have shown the efficiency of capturing 
the particles in HGMS depends slightly on the magnetic properties of the matrix. For a 
weakly magnetic mineral as hematite the magnetization is a field-dependent function. An 
increase in the applied magnetic field leads to a continuous increase in the magnetization 
for such a mineral. When colloidal magnetite is added to a hematite slime, the magnetic 
susceptibilities of hematite particles will be determined by such seeded particles. Magnetite 
is a ferrimagnetic mineral, with a saturation at low magnetic fields. Further increase in 
applied magnetic field in the separator will not increase the magnetization of magnetite. 
Therefore, separation of the seeded hematite particles by HGMS should not significantly 
improve above 0.43 T (Fig. 35). 
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Figure 34. Magnetic response of a Malmberget hematite (<38>20 pm) 
without or with magnetite seeds by means of sodium oleate 
(1.5 kg/t) at various magnetic fields. 
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from Malmberget hematite slime by HGMS at various magnetite 
additions. 
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6.3. Summary 

Hematite mtrafines were efficiently concentrated by a selective heteroaggregation with 
colloidal magnetite in the presence of sodium oleate followed by HGMS with an industrial 
matrix. The oleate was used to induce hydrophobic heteroaggregation between hematite 
and magnetite particles. Furthermore, the remanent magnetization of these iron oxide 
minerals is another contributing factor to the aggregation process. Intensive stirring was 
responsible for effective particle contact. It was indicated that fairly low magnetic fields 
were sufficient to capture hematite ultrafines seeded with colloidal magnetite at adaptable 
slurry velocities in the HGMS. 
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DEVELOPMENTS AND PROSPECTS 

It was found that the modern magnetic separators with industrial matrix (grooved plate or 
expanded metal) were inefficient for the minerals below 10 urn. Therefore, modifications 
to the existing magnetic technologies or alternative methods have been investigated for 
efficient recovery of the ultrafine fractions. The basic principles underlying the methods 
have been outlined and the performance of these new techniques evaluated. These 
methods appear to have considerable potential, in view of practical application, for 
concentrating weakly magnetic mineral ultrafines. 

The possibilities application of at which the extended DLVO theory included a magnetic 
contribution to obtain selective beneficiation of a mixed dispersion were examined 
theoretically and experimentally. It was found that in order to improve the selectivity in 
magnetic treatment of mineral ultrafines and colloids it was necessary to change the 
surface potentials which was controlled by the slurry pH value. For practical control, the 
ionic strength is also an adjustable parameter. 

Experiments have shown that weakly magnetic mineral ultrafines can aggregate due to the 
effect of an external strong magnetic field. Although the investigation is still in 
fundamental stage, it has promising potential for application in concentrating magnetic 
mineral fines and ultrafines. Better recovery of the ultrafines would be achieved if a pre-
treatment process was applied before separation, to increase the effective particle 
dimensions. This method would also be effective for the treatment of the fine fractions in 
combination with hydrophobic aggregation. On the other hand, concentration based on 
this technique would benefit from the rapidly evolving technology of superconducting 
magnets. 

Selective heteroaggregation of magnetite-hematite due to the remanent magnetization can 
occur and may find application in the pre-concentration or concentration of hematite 
ultrafines, or in the removal of hematite impurities from fine industrial minerals. It is likely 
that this technique can be used as a desliming process in the treatment of finely 
disseminated hematite ores or hematite-magnetite ores. 

A carrier or "piggy-back" phenomenon in wet magnetic separation was observed. This 
phenomenon enhances the recovery of the desired mineral ultrafines in wet high intensity 
magnetic separation. It was demonstrated that the carrier method was possible on a small 
scale for the treatment of low-grade weakly magnetic mineral dispersion. However, the 
deliberate exploitation of this method may be difficult to control the surface charge for 
various minerals in the system. This method may be applicable to some materials having 
simple surface properties at high magnetic fields. Furthermore the employment of non-
polar oil or selective polymer in the system may enhance this entrapment. 

High recoveries of ultrafines by aggregation with hydrophobic magnetite has been 
demonstrated with hematite particles. Application of this technique to achieve selective 
recovery requires that particles must be selectively made hydrophobic. Selective 
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magnetite seeding is advantageous for ultrafine particle treatment. Therefore, such a 
technique may find applications in recovery of rare and precious metals and minerals or in 
purification for industrial minerals. Separation of the magnetite from the desired mineral 
needs further investigations, as this step may be critical to the production of an acceptable 
concentrate and the recycling of the magnetite may be critical to economics of the process. 
To reuse the magnetite, it may be possible to break the aggregates by removal of the 
hydrophobic layers or by the application of extremely high shear rates. Low intensity 
electromagnet or permanent magnet can be then used at a high recovery level for the 
treatment of non- or weakly magnetic ultrafines and even colloids. 

All the above methods offer considerable potential and may be useful when the 
fundamental reasons for the size limits of their efficient performance have been 
understood. It is clear that even though these techniques are on the horizon for recovering 
weakly magnetic mineral slimes, many important practical problems remain to be solved 
before they can be used on a large scale. In turn, solutions to these ultrafines problems will 
best be achieved when the many fundamental problems related to the behaviour of the 
mineral fines and ultrafines in magnetic concentration systems are better understood. 
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CONCLUSIONS 

Magnetic measurements showed that namral hematite exhibits weak ferromagnetic 
characteristics which could account for variations in susceptibility with magnetic field and 
particle size. The variation of weak ferromagnetism may partly be caused by residual 
amounts of ferrimagnetic impurities in namral hematite. Apparently, magnetic behaviour 
of natural chromite is associated with magnetizing field and particle size. 

It has been demonstrated that the Jones WHIMS and Sala HGMS devices can both be 
applied to wet concentration of weakly magnetic fine minerals, but the latter is more 
efficient with fine particle size in which the magnetic susceptibility is low. The very fine 
particles (<10 urn) escape readily from both the separators. Furthermore, as a fine-particle 
entrapment device, the performance of industrial matrix HGMS is strongly dependent on 
particle size for the treatment of the ore slimes. The existing models cannot predict the 
same behaviour for the same particle size as obtained from experiments. 

Adjustment of the slurry pH value could improve the efficiency of HGMS in separation of 
hematite-quartz mixture (<10 urn). Such an improvement could be explained by the 
retention of hematite particle on the matrix, and by homocoagulation of hematite particles 
near the pH(zpc) of hematite. The heterocoagulation of hematite with quartz particles was 
prevented as this critical pH value, since this could lead to the contamination of the 
magnetic fraction with quartz. 

Aggregation of weakly magnetic mineral (hematite and chromite) fines and ultrafines in 
aqueous medium due to the effect of magnetic fields was experimentally observed. It was 
found that at high magnetic induction (e.g., 1.0 T), aggregation occurred forming weakly 
linked chains and rings, and that particles within the chains showed a considerable amount 
of mobility possibly due to thermal motion. The chain formation was explained by 
"secondary minimum" aggregation at larger interparticle distances. The reduction or 
elimination of surface charge of the particles caused the "secondary minimum" energy sink 
to become less important which might lead to "primary minimum" aggregation in the 
presence or absence of an external magnetic field. 

Experimental results indicated a selective heteroaggregation between magnetite and 
hematite ultrafines by utilizing only the remanent magnetizations. It was evident that 
hematite ultrafines and colloids became attracted to the finer magnetite particles. 
Remagnetization of magnetite might enhance the interparticle attractive forces with 
hematite particles. 

In "carrier" magnetic separation, ultrafine particles of weakly magnetic minerals (hematite 
and chromite) coagulated onto the coarse particles and the resulting cluster was recovered 
by a magnetized matrix by a combination of magnetic and surface interactions. This 
"piggy-back" phenomenon plays an important role in the recovery of the valuable mineral 
slimes in wet magnetic separation. 
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In has been demonstrated that the introduction of colloidal magnetite to hematite ultrafine 
slimes can increase the magnetic response and enhance the hydrophobic and magnetic 
interactions. A low magnetic field was sufficient to efficiently capture the seeded hematite 
ultrafines in an industrial matrix HGMS. 
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APPENDIX A 

A significance testing method, namely the t-distribution in statistics, was used to compare 
the optimum process results obtained by Jones WHIMS and Sala HGMS. This method is 
an appropriate technique for comparing two treatments on a small amount of observations 
(n<40). Consider the case where two treatments 1 and 2 (Jones WHIMS and Sala HGMS) 
were investigated on the repeated samples, as is shown in Table A. 

Table A 
Treatment Observed Results Times Averages 

1 at, a 2 a,,, " i 
" i 

2 b-,b2 b n 2 
n 2 

«2 

The means of these two treatments of size nj and n 2 having the variances of S,2 and S 2

2, 
the value of t in the investigation was calculated by 

t = 

c l '_1 1\ 
+— 

(A- l ) 

where S 2=[Xx 1

2-(Ix 1)
2/n 1+2:x 2

2-(Xx 2)
2/n 2]/(n l+n 2-2). In eq. A - l , the calculated t value 

was compared to a standard value of t 0 which is taken from the standard table30 with 
(n1+n2-2) degrees of freedom at the desired confidence level (in this study, 99.9%). If the 
calculated t value was less than the standard value t 0 , we should conclude that there was 
no difference in the mean values obtained by either treatment. In reverse, the significant 
difference between the quantities existed: 

{ x 1 - x 2 ) ± t 0 s i - + - . 
V " l " 2 
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APPENDIX B 

Unlike linear or approximately linear magnetic material for which B=u 0 H (u0=47txl0"7 

H/m), the problem we wish to solve deals with a particle of magnetite with its remanence. 
Assuming that the particle is an uniformly magnetized sphere (the magnetic field from a 
magnetite particle may be approximated by that of a magnetic dipole), let's describe the 
magnetic potentials outside and inside the sphere with the magnetization, M(=3m/47ta3) 
where m is the magnetic moment of the sphere in water and its radius, a, when no other 
magnetic fields are present (see Figure 36). The boundary value problem can be solved 
by cylindrical functions that satisfy the Laplace's equation. Using <!>] and <J>2 f ° r t n e 

magnetic potentials outside and inside the sphere gives 

where Al n and C 2 n are constant to be determined and Pn is the associated Legendre 
polynomial of first kind. From the boundary conditions at r=a: 

(B-1) 
n=0 

* 2 = I W ( e ) (B-2) 
n=0 

28 (B-3) 

(B-4) 

we obtain 

d 
(B-5) 

and 

M y r * 2 + M - o I > n ( e ) [ A , > + 1 ) ^ " 2 ' + C^ntf1] - PoMcosG = 0 (B-6) 
n = l 

From n=0 term, 

dPo/de=0 and PoAj 0 a"2=0. 

From n=l term, 
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A u a - 3 - C 2 i l = 0 and 2AX ia- 3+C 2 ,-M=0 

which may be solved simultaneously to yield 

A u =Ma 3 / 3andC 2 - 1 =M/3 . 

For all n=2, the only Ax n and B 2 n compatible with 
the two equations are A j j , =0 and B 2 n = 0 . 

Putting these results back into Eqs. (B-1) and (B-2), we obtain 

<&, = M(%2)COS8 

<52 = i w ( ^ ) c o s 0 

Figure 36. 

(B-7) 

(B-8) 

The magnetic force, which holds a hematite particle with susceptibility K p and volume 
can be defined as: 

Fm = {[iJ2)v{K!>-Km)grad[H2) 

where 

graaiH2) = 2HgardH 

and 

(B-9) 

(B-10) 

H=-grad[^1) ( B " n ) 

In cylindrical co-ordinates, the field components H r and H e are given by 

Hr = -d4>Jdr = 2iW(a 3/3r 3)cos6 (B-12) 

Ha = - ( l / ^ d O y a e = M[a3/3r3) sin6 (B-13) 

The corresponding radial magnetic field gradients are then given by 
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3Hr/dr = ~{2MdlrA) cosø ( B - 1 4 ) 

dHJdr = -(Md/r*) sinØ ( B - 1 5 ) 

K = H „ ( K P - K m )v(if r dHJdr+ H% dHJdr) ( B - 1 6 ) 

Combining Eqs. ( B - 1 2 ) , ( B - 1 3 ) , ( B - 1 4 ) and ( B - 1 5 ) and putting in ( B - 1 6 ) 

Fr = - U 0 ( K p - K j ^ a ^ / S r ' X S c o s 2 0 +1)] ( B - 1 7 ) 

Since the maximum F R occurs along radial direction at 0=0 (or 0=7t), therefore 

{Hr dHJdr + fl, dHJdr) = - 4 a 6 M 2 / 3 r 7
 ( B - 1 8 ) 

which specifies simply the attraction of a magnetite particle situated at the position of a 
hematite particle. 
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Paper 1: Particle size dependence on the performance of HGMS for 
treatment of chromite slimes. 

(Published in Scandinavian Journal of Metallurgy, 21, 
1992, pp. 121-126) 



PARTICLE SIZE DEPENDENCE ON THE PERFORMANCE OF HGMS 
FOR TREATMENT OF CHROMITE SLIMES 

Yanmin Wang and Eric Forssberg 

Division of Mineral Processing, Luleå University of Technology, Sweden 

ABSTRACT 

An experimental study of particle size dependence on the performance of a high 
gradient magnetic separator for the treatment of the fine fractions of chromite ores is 
described A high quality concentrate can be obtained at high recovery for the chromite 
particles above 10 urn. Particles below 10 urn cannot be recovered efficiently. The 
determination of the lower size hmit of the recoverable particle by experiment and by 
theoretical models is also discussed. 

Keywords: Chromite, HGMS, Magnetic separation, Particle size. 

INTRODUCTION 

It is well known that the performance of a high gradient magnetic separator (HGMS) 
is determined by the interplay of different forces acting on a particle [1], namely, 
between magnetic traction forces on the one hand and the hydrodynamic drag, inertial 
and gravitational forces on the other. All of these forces depend on the particle size. A 
study of the separator performance as a function of particle size is therefore useful. 

The determination of the lower size hmit of recoverable particles and the effect of 
slime in HGMS is very important [2]. The lower size hmit of particles to be recovered 
affects not only the recovery but also the selectivity of this magnetic separation 
process. The limitation has a significant effect on the efficiency of the overall flowsheet 
at which including HGMS. Excessive slimes volumes in the slurry often require the 
slurry flowrate through the separator to be reduced to enhance the recovery. This 
procedure, however, results in a deterioration of the selectivity of magnetic separation 
and in a reduction of the throughput of the magnetic separator. A possible solution is 
to deslime the slurry, but this yields high losses of desired mineral into the slimes. If 
desliming is to be avoided, a magnetic separator with greater throughput will be 
needed, leading to increased capital and running costs. It is therefore clear that 
knowledge of the separator performance as a function of particle size and the lower 
size hmit of the recoverable particles is of importance for treating a fine comminuted 
ore. 

The object of this work is to investigate the effect of particle size on the performance 
of HGMS for the treatment of chromite ore slimes. The lower size limit of the 
recoverable particles will also be established by experiment and theoretical models. 



EQUIPMENT 

A SALA-HGMS, model 5-30-10 magnetic separator was utilized This separator 
employs a longimdinal configuration, in which the vectors of magnetic field and flow 
velocity of a slurry are parallel to each other. The matrix used was made of 
ferromagnetic stainless steel in the form of an expanded metal, which was XMO type. 
The matrix material was packed into a canister 3.8 cm in diameter and 36.0 cm long, 
so that the material occupied a central section, 15 cm long inside the canister. The 
packing density was 18.6%. The applied magnetic field could be varied in five steps 
between 0.19 and 1.00 Tesla (T). The flowrate of the slurry was fixed by using 
different flow orifices. This gave flowrates ranging from 0.016 to 0.204 m s*1, 
depending on the orifice size. 

The performance of the magnetic separator can be expressed by the recovery, the 
grade and the ratio of magnetic material in magnetic fraction (mags), relative to the 
feed 

STUDIES ON A PURIFIED CHROMITE CONCENTRATE 

Sample and procedure 

Powdered chromite concentrate (chemical grade, 46%Cr 20 3) was obtained from the 
Kemi mine, Outokumpu Oy, Finland This concentrate was purified further by 
electrostatic, gravity and low intensity magnetic separations to remove the impurities. 
X-ray diffraction showed that this purified chromite consists of FeCr 20 4, MgCr 2 0 4 

and (Mg,Al)(Cr,Al) 20 4 , which belongs to the group of iron-rich magnesia and alumina 
chromites. The highest C r 2 0 3 content is in the region of 46-52%. A chromite 
containing less than 50%Cr 2O 3 is composed mainly of zoned grains with iron-rich rims 
around cores of normal chromite [3]. A magnetic measurement with a vibrating sample 
magnetometer indicated that decreasing particle size increases the magnetization, o~0, 
whereas the susceptibility is independent of the particle size at higher field strength, 

as shown in Fig. 1. This behaviour was attributed to mechanical working produced 
during the comminution of the material [4]. Schwerer [4] considered that mechanical 
work due to crushing produces an ordered magnetic phase in the chromite, that is 
apparently magnetically ordered on a sufficiently large scale to produce multidomain-
type o"(B) characteristics. The purified chromite concentrate was primarily ground in a 

porcelain mill, and then classified into <53>38, <38>20, <20>10 and <10 pm size 
fractions by sieves and a cyclosizer. Table 1 lists the relevant properties of these size 
fractions. 

Magnetic separation was performed on a slurry of purified chromite concentrate 
particles, which ranged in mean size from 3.9 to 43.9 pm. The slurry with a 
concentration of 200 g/1 was fed into the separator from a constant-head tank. The 
feed was subjected to ultrasonic dispersion for fifty minutes before separation. The 
experiments were run at a flowrate of 0.016 to 0.204 m s 1. The magnetic induction 
was varied between 0.19 and 1.00 T. The loading on the expanded metal matrix, 
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defined as mass of feed in kilograms divided by the volume of matrix, was equal to 140 
kg nr 3 . 
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Figure 1. Specific magnetization as a function of applied magnetic field at 
room temperature for various size fractions of a purified chromite 
concentrate from Kemi, Finland 

Table 1. Properties of the fractions from a purified chromite concentrate 
Fraction, % C r 2 0 3 %Fe Cr:Fe d 5 0 , pm' Sp.Gr.2, Suscept.3,x 
pm 

d 5 0 , pm' 
xlO 3 kg n r 3 lO-8 m 3 k g ! 

<53>38 48.98 19.00 1.76 43.9 4.33 68.3 
<38>20 49.71 19.00 1.78 30.0 4.33 69.6 
<20>10 49.56 19.30 1.76 17.0 4.31 81.7 
<10 46.49 18.30 1.74 3.9 4.29 90.6 

1 determined by Granulometre 715 (Cilas Alcatel, France) 
2 determined by Air Comparison pycnometer model 930 (Beckman Instru. Inc., USA) 
3 determined by JM magnetic susceptibility balance (Oxford Instrument Ltd., UK) 

Results 

Mechanical entrapment of the purified chromite concentrate particles for the XM0 
matrix was observed at various flowrates and zero magnetic field. Fig. 2 presents such 
a dependence of mechanical entrapment on particle size. It is seen that mechanical 
entrapment increases as the particle size increases. For the very fine particles (<10 p 
m), the mechanical entrapment was found to be almost independent of flowrate. For 
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the coarser particles, however, the entrapment depends on flowrate. Mechanical 
entrapment can be eliminated for all these fractions at a flowrate of 0.105 m s 1 . 
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Figure 2. Mechanical entrapment of the particles from purified chromite 
concentrate as a function of flowrate. 

As already mentioned, the capture process is governed by interplay of magnetic force 
on the particles with the viscous drag force and the inertial and gravitational forces. A 
typical particle in the separator moves under the influence of two conservative force 
fields, the field due to the magnetized matrix, and gravitational field. The particle is 
subjected to viscous forces arising from its motion relative to the fluid. The 
relationships of the mass recovery in mags and the panicle size at various magnetic 
induction and flowrates are shown in Figs. 3 and 4, respectively. It is seen that the 
recovery increases with increasing particle size. The recovery can be enhanced 
significantly at 0.43 T and 0.105 m s"1. The particles above 10 pm can also be captured 
efficiently at the values of parameters selected. Less material for all size fractions, 
however, was captured at a high flowrate. The particles below 10 pm can readily 
escape from the separator even at high magnetic induction or at low flowrate. Consider 
the role of these forces for the case of a spherical chromite particle which is at the 
capture radius, that is, about to be captured by or escape from a magnetized matrix 
element. As the particle approaches this element, its magnetic field exerts a force on 
the particle. Work is therefore done on the particle by the magnetic field of the matrix 
element. Whenever the motion of the particles is made to deviate from the fluid flow 
direction, work must be done against the viscous drag forces. This energy will be 
supplied by the magnetic field. I f the magnetic field cannot supply sufficient energy, the 
particle will not be captured. For very fine particles, the viscous forces are large 
compared with the magnetic traction force. In turn, the relative magnitudes of the 
magnetic energy and the work necessary to be done against drag forces will govern 
capture. Furthermore, the surface interaction energy between the fine particles and 
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between other particles and the matrix element become important in governing the 
capture [5]. For coarse particles, the magnetic energy supplied exceeds the work 
required to overcome drag, but the gravitational forces become significant. 
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Figure 3. Dependence of mass recovery on magnetic induction for size 
fractions of a purified chromite concentrate. 
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fractions of a purified chromite concentrate. 
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STUDIES ON C H R O M I T E O R E SLIMES 

Samples 

One of the chromite ore samples used in this study was the undersize of a primary 
screen from the slime circuit at the Kemi mine, in Finland. X-ray diffraction analysis 
indicated that major minerals consist of chromite, magnesite, dolomite and talc. Table 
2 gives its chemical composition. 

Table 2. Chemical composition of Kemi ore sample 
Assay Cr?0, Fe ? 0, SiO, A1,0, MgO MnO TiO? V,0« ZnO NiO 
% 25.60 17.01 18.90 8.60 21.95 0.22 0.27 0.06 0.03 0.10 

The other was a Greek chromite ore fine supplied by Sala International AB, 
Sweden. This was also characterized by chemical assays, X-ray diffraction and 
microscope studies. The desired mineral is chromite. Forsterite and lizardite are the 
major gangue minerals. Its chemical composition is presented in Table 3. 

Table 3. Chemical composition of Greek ore sample 
Assay Cr?0, Fe SiO? A1?G, MgO NiO TiO? MnO 
% 16.20 7.30 30.70 3.00 30.80 0.32 0.17 0.13 

These materials were initially ground to <53 pm to eliminate the problem of locked 
particles. The ground products were then sized into <53>38, <38>20, <20>10 and <10 
pm size fractions. From the microscope it could be seen that the chromite grains were 

almost completely liberated when ground to <53 pm. Table 4 gives their respective 
characteristics. 

Table 4. Characteristics of the fractions from chromite slimes 
Material Fraction Weight Assay Distribution d.w. 

, pm ,% %Cr 2 0 3 %Fe Cr:Fe ,%Cr 20, %Fe pm 

<53>38 10.76 28.10 12.70 1.51 11.79 11.48 41.6 
Kemi <38>20 23.22 29.90 13.50 1.51 27.08 26.32 27.6 
ore <20>10 34.20 31.22 14.22 1.50 41.65 40.82 15.1 

<10 31.82 15.70 8.00 1.34 19.48 21.38 5.0 
Sum 100.00 25.64 11.91 1.47 100.00 100.00 
<53>38 9.92 23.23 8.90 1.79 13.72 12.01 43.1 

Greek <3820> 22.49 18.71 7.30 1.75 25.05 22.35 28.5 
ore <20>10 37.61 19.88 7.80 1.74 44.53 39.93 14.9 

<10 29.98 9.36 6.30 1.02 16.70 25.71 4.0 
Sum 100.00 16.80 7.35 1.53 100.00 100.00 

Experimental procedure 

Before the magnetic separation, the slurry concentration was adjusted to be 200 g l 1 . 
The slurry was gravity fed into the separator. Based on the results obtained for the 
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purified chromite, the flowrate ranged from 0.046 to 0.158 m s"1, and the magnetic 
induction varied between 0.19 and 1.00 T. The XMO expanded metal was used as a 
matrix. The matrix loading was 300 kg tri"1. Since no rinse step was employed in the 
experiment, a magnetic concentrate and a tailing were collected. These products were 
subsequentiy filtered and weighed after drying. Each sample was then analyzed to 
determine its C r 2 0 3 content. 

Results 

The experimental results for the fractions of two chromite slimes at various magnetic 
inductions and flowrates are presented in Figs. 5 to 8. It can be seen that the recovery 
of Cr 203 increases with increasing particle size. The magnetic concentrate grade is 
slightly dependent on the particle size. This dependence is due to the C r 2 0 3 

distribution in the various feed sizes. 

It can also be seen that an increase in magnetic induction or a decrease in flowrate 
increases the C r 2 0 3 recovery, whereas the magnetic concentrate grade drops. This 
occurs because the interparticle forces enhance the retention of non-magnetic particles 
in various size fractions. It is evident that the recovery can be greatly enhanced at a 
magnetic induction greater than 0.43 T. However, efficiency in capturing the chromite 
particles below 10 urn cannot be improved further at high magnetic induction. On the 
other hand, at a low flowrate, the separation is non-selective, so that an increase in the 
recovery is negligible and the magnetic concentrate grade is poor; At a high flowrate, 
the selectivity improved and a high quality concentrate can be obtained for the particle 
above 10 urn. For particles below 10 urn, a poor concentrate is obtained because the 
finest fraction had the lowest head value in both the chromite slimes. Fig. 9 summarises 
the dependence of particle size on the grade/recovery of C r 2 0 3 in two chromite slimes 
at a magnetic induction of 0.43 T and flowrates of 0.105-0.158 m s 1 . It is apparent 
that the performance of the separator is strongly dependent on the particle size, and 
chromite particles below 10 urn cannot be captured efficiently. 

IDENTIFICATION OF THE LOWER SIZE L I M I T W I T H MODELS 

In microscopic and macroscopic studies, attempts were made to understand the 
mechanism by which a particle is captured on a matrix in HGMS. A detailed 
description of these works was given by Gerber and Birss [6]. They represented in 
detail theoretical models for the capture on a single matrix element and on multi-
elements. In this investigation, attention was devoted solely to the model of particle 
motion introduced by Watson [7] and the model of particle accumulation developed by 
Nesset and Finch [8]. One possible application of these models is the theoretical 
determination of the lower size limits for recoverable particles by HGMS. 

Watson [7] described the dynamic behaviour of a magnetized particle moving near 
an isolated ferromagnetic matrix in a homogeneous magnetic field by a model of 
particle motion. In this model, the probability of capturing a particle on the matrix is 
proportional to the ratio V m / V 0 . The quantities V 0 and V m , both having the dimensions 
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Figure 5. Dependence of particle size on the 
grade/recovery of C r 2 0 3 in Kemi 
slime at various magnetic inductions. 
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Figure 7. Dependence of particle size on the 
grade/recovery of C r 2 0 3 in Greek 
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grade/recovery of C r 2 0 3 in Greek 
slime at various flowrates. 
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of m s-1, are called the slurry velocity and the magnetic velocity. The latter is defined 
by the relation: 

where K is the volume magnetic susceptibility of the particle and b its radius. M is the 

magnetization of the matrix, B the magnetic induction, r| the viscosity of the slurry, a 

the radius of matrix and p^ the magnetic permeability of the vaccum. It can thus be 
anticipated that a strong capture will occur only if 

In this model, interactions between the particles and matrix are considered. Particle 
trajectories and the probability of capture onto the matrix can also be calculated. 

Although particle trajectories give much information about the possibility of capture, 
they cannot, on their own, fully explain the mechanism of HGMS. To obtain a 
complete picture of the HGMS process it is necessary to also consider particle build
up on the matrix. This is important since particle build-up determines the maximum 
loading of a matrix, and thus the total amount of recovered mineral. A study of particle 
build-up is also important in the determination of the changes in the hydrodynamic 
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force near the matrix. Nesset and Finch (1980) developed a static model of particle 
build-up in HGMS. Their model considers the balance between magnetic and fluid drag 
force around a matrix element. It is shown that the build-up of particles on a matrix is 
a function of the loading number N L given by the equation: 

where p is the density of a fluid. The loading number represents the ratio of the 
magnetic force to the fluid shear force, and permits determination of the fine size hmit 
The lower hmit corresponds to the condition that the volume loading, 7, is equal to 
zero. This volume loading is given by: 

where £ is a packing fraction in particle build-up volume. From the loading vs loading 

number relationship the technological size limit corresponds to N L =2.5 which gives 7 
=0. N L =2.5 corresponds to the magnetic force which will equilibrate the fluid drag 
force. The practical lower size hmit can be determined from 7=1 which corresponds 
to N L =25. 

In this investigation, the models of Watson and of Nesset and Finch were used to 
evaluate their suitability for defining the fine size limits for both the chromites. It will 
be assumed that the parameters in Eqs. (2) and (3) have the following values: 

Slurry velocity, V 0 0.105 m s"1 

Viscosity of water, r j l x l O 3 kg nr 1 s_1 

density of water, p 1000 kg n r 3 

radius of matrix (XM expanded metal), a 3x10^ m 
Saturation magnetization of matrix material, M 1.7 T 

The susceptibility of the volume, K, was determined to be 3.3x10 3(SI) for Kemi 
chromite and 2.7xl0~3 (SI) for Greek chromite. Fig. 10 shows the limiting chromite 
particle sizes as a function of magnetic induction for X M expanded metal matrix, 
calculated from V„/V 0 and N L . As a capture condition (Eqs. (2) and (3)), Watson's 
model predicts the capture of 10 pm chromite particles at very high magnetic 
induction. In this investigation, however, the limiting particle size captured was 10 pm 
at 0.43 T and 0.105 m s"1. For the same experimental parameters, Nesset and Finch's 
model gives the practical limiting size as 16 pm for Kemi chromite and 19 pm for 
Greek chromite by using X M expanded metal matrix. It can thus be seen that these 
models give a limiting particle size higher than those indicated by the experiments. This 
discrepancy arises because the important interaction of particles that have already been 
deposited such as surface interactions and the mechanism of particle transfer onto the 
matrix have been ignored in the models. For the experimental results, a better estimate 

bxBM 
(3) 1/2 

(4) 
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of threshold particle size is obtained from Nesset and Finch's model although this 
model is incomplete. 
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Figure 10. Limiting particle diameter as a function of magnetic induction, 
calculated f rom the models. 

CONCLUSIONS 

It has been shown that the performance of a high gradient magnetic separator is 
strongly dependent on the particle size for the treatment of chromite slimes. High 
quality concentrate can be achieved at high recovery for the chromite particles above 
10 p.m. However, the chromite particles below 10 u,m cannot be recovered efficiently. 
The theoretical models do not give the same particle size limits as those obtained from 
experiments. 
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ABSTRACT 

This paper presents the influence of surface interaction on wet high gradient magnetic 
separation (WHGMS) for hematite and quartz particles (<10 pm), by controlling the 
pH value of the slurry flow. This influence is discussed by computing the net 
interaction energies for the particle-particle and particle-matrix element systems at 
various pH values. Such an approach leads to an improvement in the efficiency of 
separating the mineral ultrafines by WHGMS. 

Keywords: Magnetic separation, WHGMS, pH, Hematite, Quartz, Ultrafines 

INTRODUCTION 

In the Wet High Gradient Magnetic Separation (WHGMS) of mineral ultrafines and 
colloids, surface forces can be expected to play a major role in addition to magnetic 
and hydrodynamic forces. Surface forces for the particle-particle and the particle-
matrix systems in WHGMS are mainly of the London-van der Waals and the electrical 
double layer interactions type. The London-van der Waals force is usually attractive. 
The interaction of electrical double layers for each system can be attractive or 
repulsive, depending on the surface charge of the interacting bodies. These forces have 
a relatively short range (<1000 Å) and cannot be used to explain the transport of 
particles. However, they could have an important effect on the particle-particle and 
particle-matrix interactions and their strength of adhesion in WHGMS. A combination 
of surface forces and magnetic dipolar interactions for these systems will determine the 
performance of the magnetic separator. 

Previous studies (Arellao, 1984; Svoboda et al, 1986; Maurya, 1990) have 
demonstrated that the efficiency of capturing weakly magnetic mineral fines in 
WHGMS can be enhanced by adjusting the slurry pH value. Adjustment of the slurry 
pH value changes the electrostatic interaction for each system through the surface 
potentials and the electric double layers, and further affects the total interaction 

This study will deal with the influence of surface forces on WHGMS for hematite and 
quartz ultrafines (<10 pm particles) through controlling the pH value of the slurry 
flow. The total interaction energies for various systems will be computed to evaluate 
whether these values exhibit sufficient attraction or repulsion at different pH values to 
affect the WHGMS separation process. Theoretical models for the computation are 



based on the DLVO theory (Deryagin and Landau, 1941; Verwey and Overbeek, 
1948) and its developments (Hogg et al, 1966; Svoboda, 1981). 

EXPERIMENTAL 

Samples 

Powdered hematite concentrate was obtained from an iron ore deposit at Malmberget, 
Sweden. It was preliminarily purified to remove the impurities, ground in a porcelain 
mill and classified by a cyclosizer to prepare a <10 pm fraction as a sample. The 
magnetic field dependent susceptibility of this purified hematite, %, was determined 

from the equation X=%«,+<5(JB, where X» is a susceptibility that exhibits linear 

behaviour at high magnetic fields, a 0 the magnetization and B the applied magnetic 

field (Wang et al, 1990). For instance, %=3.201xl0"3 (SI) at 1.00 Tesla (T). Quartz 
was purchased from Gregory, Bottley & Lloyd, in Great Britain. This material was 
crushed and ground to 53 pm. The fraction <10 pm was also prepared by using a 
cyclosizer. Fig. 1 shows the particle size distributions of these ultrafine samples*. Their 
characteristics are given in Table 1. 

Table 1. Characteristics of the samples 
Mineral 
sample 

Volume magnetic 
suscept., SI, (LOOT) 

%Fe %Fe2O s %Si0 2 d s o , xlO" 6 

m* 
Sp.Gr., 
kg n r 3 ** 

Hematite 3.201x10-3 97.93 0.20 2.4 4994 
Quartz -1.330x10-5 0.01 97.80 3.6 2648 

* determined by Granulometer 715 (Cilas Alcatel Co., France). 
** determined by Air Comparison pycnometer model 930 (Beckman Instru. Inc.,USA) 

Method 

The experiments were conducted in a solenoid magnetic separator (SALA-HGMS, 
Model 5-30-10). The matrix was a fine expanded stainless steel metal (average 
radius=l.lxl0 - 4 m), which was packed into a canister. Magnetization of the matrix 
began to saturate at 1.00 Tesla (Nesset, 1978). The electrokinetic measurements were 
made in a micro-electrophoresis instrument, the Laser Zee model 501 (PEN.KEM.lnc, 
(7.5A.). The pH value of the water-minerals slurry was recorded in a PHM80 pH 
meter (RADIOMETER A/S Co., Denmark). The pH range of the slurry was adjusted 
from 4.0 to 11.3 by adding hydrochloric acid and sodium hydroxide solutions. Distilled 
water was used throughout the study. 

A mixture of the two minerals (1:1 by mass) was thoroughly wetted with distilled 
water by vigorous mixing, and then subjected to ultrasonic dispersion for 15 min.. The 
slurry with an adjusted pH value was gravity fed into the canister containing the 
magnetized matrix. Hematite ultrafines were separated at a magnetic induction of 1.00 
T, and a loading factor (Mass of feed/Working volume of matrix) of 150 kg nr 3 . The 
flow-rate of the slurry was maintained at 0.026 m s_1. The magnetic and non-magnetic 
fractions were collected in each test. Each test was repeated three times to ensure 
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reproducibility. This was generally to within ±3 percent. All samples were filtered and 
weighed after drying for assaying. The percentage efficiency of the separation, E, was 
determined from the Douglas' equation (1962) 

fc, wm){g g f ) Q Q % ( 1 ) 

(l00-wm){gp-gf) 

where r m is the Fe recovery (%) in the magnetic fraction, w m the weight yield (%) in 
the magnetic fraction, g m , g f and g p denote the Fe grade (%) in the magnetic fraction, 
in the feed and in pure hematite, respectively. 

Figure 1, Cumulative particle size distributions of samples 

Results 

Zeta potential-pH dependence 

Since H + or OH~ are potential-determining ions for oxides, their concentration in bulk 
solution controls the electric potential at the mineral particles surface. The curves for 
the dependence of the zeta potential on pH are shown in Fig. 2. This indicates that the 
pH value of the zero point of charge (pH(zpc)) for hematite and quartz have values of 
5.3 and 2.2 respectively. In the region 2.2 to 5,3, the signs of the potentials for these 
two minerals are opposite, but above pH 5.3 both minerals exhibit negative charges. 
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Figure 2. Zeta potential-pH dependence for hematite and quartz. 

Magnetic separation 

It was intended that the experiments with WHGMS would determine the effect of 
surface interaction through adjusting the slurry pH value. Fig. 3 is a plot of Fe- and 
Si02-grades in the magnetic fraction as a function of pH. It can be seen that the Fe-
grade improves significantly at pH > 6.5, in the region where both minerals have a 
negative charge. Correspondingly, the dependencies of the Fe recovery and the weight 
yield of magnetic fraction on the slurry pH are also shown in Fig. 3. The rapid fall in 
the weight yield begins to level off at about pH6.5, while the Fe recovery decreases 
insignificantly in the range pH=4 to 8.5. Within the range pH=8.5 to 11.3, the weight 
yield rises slightly, whereas the Fe recovery drops. The efficiency of this separation 
appears to reach a maximum at pH=6.5-7 as shown in Fig. 4. This corresponds to the 
region about one unit of pH above the pH(zpc) of hematite. 

TOTAL ENERGY OF INTERACTION 

To interpret the experimental results, it is necessary to calculate the total interaction 
energy for the particle-particle system and the particle-matrix element system ( V T ) in 
an external magnetic field. The total interaction energy involves the electric double 
layer energy ( V R ), the London-van der Waals potential ( V A ), the magnetic dipolar 
interaction potential ( V M ) and the hydrodynamic shear stress energy ( V H ), and can be 
determined approximately by summation of these individual interactions: 

Vj=VR+VA+VM+VH (2) 

It is clear that three major types of specific interactions can occur for the hematite 
particles: 
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Figure 3. The dependence of pH on Fe- and Si02-grade in the magnetic 
fraction, on the Fe recovery and on the weight yield of magnetic 
fraction. 

a) , homocoagulation; 
b) . heteroaggregation with quartz particles; 
c) . interaction with a matrix element. 

To analyze this problem in some detail, the interparticle interaction energies can be 
calculated from sphere-sphere approximation and those between a particle and a matrix 
element from a sphere-plate approximation using well established theoretical 
expressions. 
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Figure 4. The dependence of pH on the efficiency of separation. 

Homocoagulation 

For the case of weakly magnetic mineral colloidal fines (i.e., hematite) in an external 
magnetic field, Svoboda (1981, 1987) and Chan et al (1985) extended the DLVO 
theory of colloidal stability to include an additive attractive magnetic dipolar 
interaction potential, V M . The total interaction energy of the two equi-sized particles 
was calculated from the equation 

vT = vR + vA + vM 

Tcea,2^!2 exjj-Kx) A.0, 
2a, + x 6 

2a,2 2a,2 

4a,x + x2 (2a, + x) 

4a,x + x2 

(2a, + xf 

9p0(* + 2a,)3 
(3) 

a[ is the radius of hematite particles, and x the distance of shortest approach between 
the surfaces of two particles. A 1 0 1 is the Hamaker constant for interaction between 
hematite particles 1 in water 0. B is the magnetic induction, e is the dielectric constant 
of water (e=78.36 at 25°C), x l the volume magnetic susceptibility of the particle, mO 
the magnetic permeability of vacuum (p0=47txl0 7 in SI units), the surface potential 
of the particle. For water at 25°C and ionic strength I , the Debye-Huckel reciprocal 
length parameter, K(mA), can be calculated from KT 1=4.3X10- 1 0/(2I) 1 / 2 (m). In this 
approach, the hydrodynamic shear stress, V H , is neglected since the relative velocity 
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between the particles in the slurry tends to zero. It is seen that the homocoagulation 

between hematite particles mainly depends on the surface potential (tpj) and on the 

thickness of the double layer (ie 1) in the magnetic field. 

Heterocoagulation with quartz particles 

Since hematite and quartz particles form different electrical double layers, their mutual 
interaction should be treated in terms of heterocoagulation theory (Hogg et al, 1966). 
The total interaction energy governing the heterocoagulation process can be calculated 
from the equation 

vR + vA 

4(0,-1-02) 
2cp,cp2 lrJ 

I 1+ exp(-Kx) 

1- exp(-Kx) 
• ( ( p , 2 + ( p 2

2 ) l i < l - e x F ( - 2 o ) ) 

Avflx<h 

6x(a, h-Oj) 
1 

l+L77(27ctA) 
(4) 

where a,, a2 are the particle radii, and tp, and (p2

 m e corresponding surface potentials, 

respectively. X is the wavelength corresponding to the intrinsic electronic oscillations 
of the atoms. The Hamaker constant, A 1 0 2 , for particles 1 and 2 (hematite and quartz) 
in water 0, is given by A 1 0 2 = A ] 2 - t - A 0 0 - ( A 1 0 + A 2 0 ) . The electrostatic contribution, V R , 
in Eq. (4) was evaluated in the Hogg, Healy and Fuerstenau expression (1966) for 
constant potential interaction. Although this term was derived from the assumption 
that magnitudes of (pj and (p2 are small, it is a good approximation when tpj and (p2 are 
<50-60 mV. The dispersion contribution due to the London-van der Waals interaction 
V A , is given by Wiese et al, 1970. The magnetic dipolar energy between hematite and 
quartz particles is minimized since the latter exhibits diamagnetism. This magnetic 
interaction can therefore be ignored in Eq.(4). 

Interaction with a matrix element 

Unlike the interparticle interactions, V M and V H should also be considered when V T is 
evaluated for the system hematite particle-matrix element in the magnetic field in 
addition to V R and V A . The former is due to a larger magnetic dipolar energy between 
a hematite particle and a magnetized matrix. The latter is due to the actual velocity of 
the particle relative to the static matrix to be set up. Svoboda and Ross (1989) recently 
described the total interaction energy for the system particle-matrix element in an 
external magnetic field: 

vT = vR+vA + vM + vH 

= *ea,[(<Pi + cp3)
2 exp(-Kx)) + (tp, - cp3)

2 l n ( l - exrf-ia:))] 
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where M s is the saturation polarization of the matrix material, b is the radius of the 

matrix element, p is the density of water, v the velocity of the slurry, t) the viscosity of 

water, tp3 the surface potential of the steel matrix, A ] 0 3 the mean Hamaker constant for 

the hematite particle 1 and the matrix 3 in water 0, and 0 is the separation angle 

expressed in radians. 

COMPUTATION AND DISCUSSION 

The total interaction energies, V T , for various systems were computed. The curves 
(Figs. 6-8) were plotted showing the variation of V T with distance, x, at different pH 
values. This energy function is considered when analyzing attraction (-) and repulsion 
(+) for each system and plotted in units of thermal energy, kT. The particle radii were 
varied from 0 .5x l0 6 to l .OxlO 6 m, while that of the matrix element was l . l x l (H ;m. 
The reverse Debye-Huckel length, K was varied from 108 to 106 nr 1 (corresponding to 

roughly lO - 3 to 10 -7 M of 1:1 electrolyte). The measured zeta potential £ for the 

mineral particle (Fig. 2) can be used for the evaluation of tp (Kallay et al, 1989). The 
surface potential for steel was taken from Kuo and Matijevic's work (1979). From the 
Hamaker constant values for hematite-water (A 1 0 ]=3.0xl0" 2 0 ,J) and for quartz-water 
( A 2 0 2 = 1.5x1 (r 2 0,J) given by Rao (1974), the A 1 0 2 for hematite-water-quartz was 
calculated to be 2.1xl0 2 0 ,J. The value of the Hamaker constant for hematite-water-
steel was taken to be equal to A 1 0 3 = 7 x l 0 - 2 0 , J (Visser, 1972; Kallay et al, 1986). 

The total potential energy of interaction between hematite particles in the field was 
obtained by the summation of the electric double layer, the van der Waals and the 
magnetic dipolar energies. This total energy was calculated at various pH values from 
Eq. (3). The results are shown in Fig. 5. It can be seen that net negative interaction 
energy curve shows the strongest attractive potential at pH=5.3, namely at the 
pH(zpc) of hematite (Fig. 2). The electrostatic repulsion between hematite particles is 
negligible at this pH value. This should enhance the attachment of the particles and 
their stability on the matrix in WHGMS. Furthermore, it is also seen that the potential 
barrier disappears at a slighdy higher pH value (pH=6.5). This may also cause 
coagulation of the particles in the intermatrix space before their capture onto the 
matrix. At high pH values, coagulation of the particles is prevented by the high 
potential energy barrier. 

The total energy of interaction between hematite and quartz particles at various pH 
values is given in Fig. 6, which was obtained from Eq. (4). It can be seen that variation 
in the total interaction energy between those dissimilar particles is also determined by 
the slurry pH value. In this case heterocoagulation occurs at pH<5.3. This agrees with 
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the data showing that coagulation should occur if the potential of one mineral 
converges to its pH(zpc), or if the potential of the dissimilar particles are opposite in 
sign (Pugh, 1974). On the other hand, the presence of a potential energy barrier tends 
to prevent heterocoagulation of hematite with quartz particles at pH value of 6.5 or 
above in alkaline regions. This may result in a stable dispersion of these dissimilar 
mineral particles. In this latter case their separation should therefore be selective in 
WHGMS, whereas in the former case the separation will be non-selective. Our 
experimental data show that the hetercoagulation between hematite and quartz 
particles at a pH value below 5.3 impairs their effective magnetic separation. 

1000 

500 

(— 

- 5 0 0 

- 1 0 0 0 

0 100 200 300 400 500 

X , Å 

Figure 5. The total interaction energy (V T ) for the system hematite-
hematite as a function of their distance (x) is shown at 
different pH values. 

As mentioned earlier, the attachment stage becomes important once a particle reaches 
the surface of a matrix element. A combination of surface and magnetic dipolar 
interactions between the matrix element and the particles and between the particles 
themselves will determine the efficiency with which particles become attached to the 
matrix. The situation is therefore more complex in WHGMS. High recovery of 
hematite particles must be guaranteed. This means that quartz particles must be 
removed from the matrix surface by hydrodynamic forces and by the repulsive 
character of the surface interactions, so that quartz particles will not adhere to either 
the matrix or hematite particles. 

Fig. 7 shows the total interaction energy for the system hematite-steel matrix element 
at various pH values. This was computed by Eq. (5). It is seen that favorable 
conditions for the deposition of hematite particles on the matrix can be achieved at 
pH=6.5 or 4.0 in WHGMS. On the other hand, the existence of a repulsion barrier at a 
high pH value, i.e. pH=l 1.3, should inherently inhibit the deposition of the particles on 
the matrix. This might explain our experimental results. 
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Figure 6. The total interaction energy (V T ) for the system hematite-
quartz as a function of their distance (x) is shown at 
different pH values. 
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Figure 7. The total interaction energy (V T ) for hematite particle-
steel matrix as a function of their distance (x) is shown 
at different pH values. 

10 



As discussed above, it can be concluded that the hematite ultrafines and its aggregates 
can be selectively attracted on the matrix in WHGMS since the net attractive energy 
favours their contact at pH=6.5, namely about one pH unit above pH(zpc) of hematite. 
The inclusion of quartz particles in the magnetic fraction is due mainly to the 
heterocoagulation with hematite particles and can occur at a lightly lower pH value. 
A phenomenon of this type results in the non-selective separation of those dissimilar 
particles by WHGMS. The adherence of quartz particles to hematite particles or even 
to the matrix may be eliminated by performing the separation under slightly higher pH 
conditions so that the dissimilar mineral particles have the same negative potentials, but 
about one pH unit above the pH(zpc) of hematite. The latter requirement should 
favour the homocoagulation between hematite ultrafines, but prevent 
heterocoagulation of hematite with quartz. 

CONCLUSIONS 

It is evident that the metallurgical performance of WHGMS for hematite and quartz 
ultrafines is strongly affected by the surface charge on the particles. This study showed 
that the efficiency of the separation process can be improved by adjustment of the pH 
to a value (pH=6.5) which is about one pH unit above the pH(zpc) of hematite. 
Theoretical interpretation in terms of the total particle-particle and particle-matrix 
interaction energies suggests that such an improvement in the separation process can 
be explained by the retention of hematite particles on the matrix, and by 
homocoagulation of hematite ultrafines. The heterocoagulation of the hematite with 
quartz particles was prevented at this critical pH value, since this could lead to the 
contamination of the magnetic fraction with quartz in WHGMS. 
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APPENDIX - LIST OF SYMBOLS 

a mineral particle radius 
d 5 0 mean mineral particle size 
x distance of shortest approach between the surfaces of two 

particles 
A Ham aker con s tan t 
e dielectric constant of water 
B magnetic induction 
% volume magnetic susceptibility of mineral 
(lo magnetic permeability of vacuum 

cp surface potential 

£ zeta potential 

K Debye-Huckel reciprocal length parameter 
I ionic strength 
X wavelength corresponding to the intrinsic electronic oscillations 

of atoms 
M s saturation polarization of steel matrix 
b matrix element radius 
p density of water 
v slurry velocity 
t | viscosity of water 
8 separation angle 
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Abstract 

The coagulation of dispersions of weakly magnetic oxide mineral ultrafines (such as 
namral hematite and chromite) in an external magnetic field can be described from 
interparticle forces. Essentially coagulation occurs when the short range London-van 
der Waals interactions and the long range magnetic forces outweighs the stabilizing 
electrical double layer repulsion. 

From the classical colloid chemistry theory, we have calculated the various 
components of the potential energy for different sized particles at a series of ionic 
strengths and magnetic field intensities. Principles governing the stability of the 
suspensions were derived and the computations lead to the establishment of criteria 
which can be used to predict the stability of the suspensions of weakly magnetic oxide 
mineral ultrafines in a "wet magnetic separation process". 

Keywords: Magnetic coagulation; Colloidal stability; Weakly magnetic mineral; 
Ultrafines; Influence of surface forces. 

Introduction 

In recent years, considerable attention has been devoted to magnetic field induced 
coagulation of weakly magnetic particles [1-9], with particular interest in mineral 
processing. Developments in the technique has been focused towards improving the 
recovery of weakly magnetic mineral ultrafines which readily escape from industrial 
matrix-type magnetic separators. 

Essentially the coagulation of sub-micron sized particles, undergoing Brownian motion 
in the absence of magnetic interactions, is determined by the balance between the 
London-van der Waals interaction potential ( V v d w ) and the repulsion double layer 
potential (V r ) and this interplay of interparticle forces is the basis of the classical 
DLVO theory. However, in the case of colloidal particles exposed to a magnetic field, 
the magnetic interaction potential ( V m ) between the particles with the permanent or 
field induced magnetic moment has to be taken into consideration and a modification 
of the theory is required. 

Several approaches have been made to derive criteria to describe the coagulation 
process for colloidal mineral particles in an external magnetic field. Initially, Svoboda 



[2] took a fairly direct approach and assumed V m as an additive attractive potential to 
be included into the colloid-chemistry model. The total potential energy of the 
interaction (V t) could then be defined as the sum of the three individual components; 

v,=v^+vr+vm (1) 

In the case where the attractive contribution ( V m + V v d w ) was of sufficient magnitude 
to overcome the electrostatic stabilizing repulsive force, then the system coagulated. 
Under practical conditions, magnetic inducted coagulation can occur readily for fairly 
concentrated suspensions when the coagulation time is less than the residence time of 
the suspension in the induced field. 

From Eq. (1) several different types of potential energy-distance profiles could be 
constructed which have similar features to the well established DLVO curves. In the 
classic cases, the total potential energy curve showed a "primary minimum" potential 
energy sink at close interparticle distances with a repulsive potential energy "primary 
maximum" and the height of this maximum ( V m a x ) can be compared to the energy of 
thermal motion kT and used as a critia for stability. If the height is less than =5 kT, 
"primary minimum" coagulation occurs which results in strong interparticle adhesion. 

Also, certain types of potential energy-distance plots show a lesser potential energy 
sink occurring at greater interparticle distances and this is known as the "secondary 
minimum". If this minimum is moderately deep (compared to kT), then it can also give 
rise to instability, but if the minimum is shallow then weakly bonded coagula are 
formed which can be fairly easily redispersed by shear. 

More recently, Svoboda [3] extended the theory to include a slow magnetic 
flocculation rate by combining the von Smoluchowski theory of fast flocculation 
kinetics with the Fuchs theory[10], which takes into account the repulsive forces. This 
results in the formulation of a modified stability factor (W m ) which provides a 
quantitative measure of colloid stability in a magnetic field. Parker and co-workers [4] 
developed a theoretical approach and took account of this angular dependence of V m 

but this was based on a classical mechanics rather than following conventional von 
Smoluchowski/Fuchs flocculation theory [10]. Also, a more rigorous approach by 
Janssen et al [11] included the magnetic potential with the thermal energy in the Fuchs 
model and also took account of the angle dependence of the flux but this treatment led 
to a fairly complicated mathematic expansion. 

In the present study, we follow the Svoboda [2] model to present a simplified version 
of the magnetic coagulation of hematite and chromite fines using extended DLVO 
theory. We have computed the various components of the potential energy for 
different sized particles, together with the total interaction energy, at a series of ionic 
strengths and magnetic field intensities. The use of the basic equations enables 
relatively simple principles to be derived and the results of the computations lead to the 
establishment of criteria which can be used to predict the stability of the colloidal 
suspensions in an external magnetic field. 



Extended DLVO Coagulation Theory Applicable to Colloidal Particles 

In this section the working equations used in the extended DLVO theory [10] will be 
summarised 

Fortunately, in recent years relatively simple expressions for the electrostatic repulsive 
energy, London-van der Waals interaction energy and magnetic interaction potential 
have been derived. Although these equations are only precise under limited conditions 
(low potentials and relatively large sizes) they are adequate in approximately 
describing the behaviour of mineral systems undergoing slow coagulation. 

Essentially the coulombic repulsive interaction (V r) between two colloidal particles 
with a set distance of approach between the surfaces can be factorized in the form of 
two functions; 

V, = / ( « )* (* . Vo) (2) 

where a is the particle radius, y0 is the surface potential, K is the Debye Huckel 

reciprocal length, K is related to the ionic strength of the medium (I) by the expression 

K=8jte 2I 1 / 2/ekT (nr 1) where e is the dielectric constant of the medium and e is the 

electronic charge. 

In Eq.(2) the function f(a) is independent of the solution conditions and the function 
g(K,V)/0) is independent of the particle size. From DLVO theory, equation (2) has been 
expressed in a workable form as by substituting; 

f(a) = a2/(2a + H0) (3) 

g ( K , \ | / 0 ) = 7 ie \ j / 0

2 exp ( -K# 0 ) (4) 

where H 0 is the shortest distance of approach between the surfaces. In addition, for 
oxide minerals, if we assume a Nernstian model surface with the H + as the potential 
determining ion, then the surface potential can be related to the solution pH by the 
equation; 

y 0 = 0 . 0592 - {pH^-pH) (5) 

where pHzpc represents the pH value of the zero point of charge. 

Attractive forces between individual atoms or molecules arise due to interactions 
between permanent dipoles (Keesom interactions), between a dipole and an induced 
dipole (Debye interactions) and due to fluctuations in the electron density distribution 
(London-van der Waals interactions). 

The London-van der Waals interaction can be expressed as; 
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(6) 

where A is the Hamaker constant. 

A simple working equation which has been derived by Schenkel and Kitchener [12] to 
take into account the retardation is given by; 

V = • 
Aa 

[ 1 + 1 . 7 7 ^ J 
for 0<p 0 <2 (7) 

and 

Aa - 0 .5 

60 p0 180 /V 420p ( 1

3 

2.45 2.17 
- + - for ()<p„<260 (8) 

where P 0=27IHAA. (X is the wavelength corresponding to the intrinsic electronic 

oscillations of the atoms. 

In the case of the magnetic dipolar forces between two p;tnicles, the interaction is not 

spherically symmetric but depends on the angle between the interacting magnetic 
dipole moments tri] and m 2 . the complete equation for the potential energy of 
interactions may be expressed as; 

where r = rr is the vector connecting the centres of the particles and is the 

permeability of free space. The effective magnetic interaction is obtained by averaging 

V m over all orientations. 

It has been shown by Chan et al [13], for the case of two similar particles with 
magnetic dipole moment m in the strong interaction region (where m 2 / r 3 >kT) then; 

V m = - 2 m 2 u 0 / 4 7 u - 3 (10) 

Although the magnetic dipole-dipole interaction (as expressed in Eq. 9) can be either 
attractive or repulsive, depending on the relative orientation of the dipoles, the 
orientation averaging process gives heavy weighting to the energetically favourable 
attractive orientations. 

Under these circumstances, the angular effect may be neglected and V m can be re-
expressed as; 
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where % 1 S the volume magnetic susceptibility of the particle, and B is the magnetic 
induction. 

From these relatively simple expressions for the individual potential energy 
contributions of equi-sized particles in the colloid size range the following points 
deserve attention. 

1) . The magnimde and range of the repulsive contribution to the potential energy V r is 

sensitive to K, and \|/ 0 which are essentially controlled by the solution conditions (i.e. 
ionic strength and pH) whereas the attractive contribution, V m and V v d w , are 
independent of these parameters. 

2) . The magnitude of the individual potential energy component have different 
dependence on particle size. V m is extremely sensitive to particle size since it is directly 
proportionate to the third power of the radius. However, V r and V v d w are less sensitive 
and are directly proportionate to the first power. 

3) - V v d w has an exponential dependence on interparticle distance and can be 
considered as a short range force whereas V m is a relatively long range force. 

4) . The most convenient means of controlling the aggregation of a dispersion would 
be by; 

(a) adjustment of pH (causing a change in charge) and/or ionic strength (causing a 
change in K) in order to change V r . 

(b) adjust the magnetic field intensity which leads to a change in V m . 

Computations and Results for Colloidal Grains 

A computer program was used to calculate the V v d w , V r and V m and the total 
interaction energy (V t) as a function of the interparticle separation for a suspension of 
colloidal mineral particles. The variation in potential energy is plotted in units of 
thermal energy (kT) with (+) corresponding to attraction and (-) repulsion for each 
system. The following values of the variables were considered to cover all cases of 
interest for a practical process of magnetic coagulation, such as might be operated with 
finely divided oxide mineral suspensions (hematite and chromite). 

a=0.25 to 2.00 pm. 

£=-40 mV corresponding to an approximate average value for the oxide 
mineral dispersion such as hematite or chromite at a natural pH of 7 to 8 [14]. 
In special cases, lower zeta potentials (corresponding to lower pH) are taken 
into consideration. 

K=5xl0 7 nr 1 , 108 nr 1 and 109 n r 1 corresponding to roughly 10^ M , 10 3 M 
and l O 1 M concentrations of 1:1 electrolyte. 
Magnetic induction (B) from 0.0 to 2.0 Tesla (T). 



The Hamaker constant was taken as 3xl0 2 0 J which is a typical value for an 
oxide mineral in water where the range has been reported to lie between 1.7 
and 4.2xl0- 2 0 J [15]. 

Discussions and Principals 

The results of the computations which correspond to natural pH and cover the 
variables listed above are presented in Figs. 1-4 with each figure corresponding to a 
fixed particle size (a=0.25 pm, 0.50 pm,1.00 pm and 2.00 pm respectively) 

Also in each figure, a set of three separate graphs are shown designated (a), (b), (c) 
with each graph illustrating a series of computation curves. Graph (a) shows curves 
representing the sum of the London-van der Waals attraction and the double layer 
repulsion ( V v d w + V r ) for three different ionic strengths (K values). These conditions 
apply when there is no magnetic interaction. Graph (b) shows the same information as 
graph (a) but includes separate computation curves of V m corresponding to a range of 
magnetic induction (B values between 0.0 to 2.0 T). 

Finally graph (c) gives computation curves for the total potential energy, V t 

( = V v d w + V r + V m ) versus the interparticle distance at a moderate value of the ionic 
strength (K=10 8 n r 1 ) . 

In Fig. 1(a), the three curves of ( V r + V v d w ) versus interparticle distance, corresponding 

to K=5xl0 7 nr 1 , 108 nr 1 and 109 nr 1 are shown for the a=0.25 pm. from these curves 

the dominating influence of K on the electrostatic repulsion can be clearly seen, causing 
the interaction potential to extend to interparticle distances as 800 Å in a weakly ionic 
solution (K=10 8 nr 1 ) . In most cases V r is of sufficient strength to exceed V v d w (except 
as high ionic strength k=109 nr 1 and at close distances). 

From 1(b) it can be seen that with such small particles, V m can only a negligible 
influence on stability, even at moderately high B values and this appears to be 
confirmed by the total interaction curve shown in 1(c). Essentially this system behaves 
according to conventional DLVO theory, with the suspension remaining stable with a 
high V m a x , except in regions of high ionic strength. 

For a=0.50 pm, the potential interaction curves are shown in Fig. 2. the results in 2(a) 
and 2(b) suggest that at moderate interparticle distances, similar stability behaviour 
would be expected as for the 0.25 pm at moderate or weak ionic strength (K=10 8 nv 1 

and 5x l0 7 n r 1 ) and but with greater values of V r at the same interparticle distances 
(due to the increase in particle size) and V m again only capable of marginally reducing 
V m a x . However, at larger interparticle distances (>300 Å ) then as shown in Fig. 2(b), 
V m is of sufficient magnitude to make a significant contribution to the secondary 
minimum stability of the system, particularly at higher B values (>1.0 T). In fact from 
Fig. 2(c) it can be seen that the total interaction energy curves are characterized by the 
"secondary minimum" coagulation sink which in the case corresponding to B=2.0 T for 
K=10 8 n r 1 has a depth of about -150 kT at about 400 Å. 
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Figure 1. Interaction energy versus interparticle distance curves 
for 0.5 pm particles of hematite. 

(a) V r + V v d w and no magnetic induction B=0.0 T with C=-40 mV and 
K=5X10 7 nr 1 ( • ) , K=10 8 nr 1 ( • ) and K=10 9 nr 1 (a); 

(b) V r + V v d w with K=5X107 nr 1 (0), K=1()8 nr ' (•) and K=10 9 m ' 
( • ) and V m with B=2.0 T (s). 

(c) V r + V v d w + V m with K=10 8 m-1 and B=0.0 T (0 ) and B=2.0 T ( • ) . 
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Figure 2. Interaction energy versus interparticle distance curves 
for 1.0 pm particles of hematite. 
(a) V r + V v d w and no magnetic induction B=0.0 T with £=-40 mV and 

K=5X10 7 nr 1 ( • ) , K=10 8 nr 1 ( • ) and K=10 9 nr 1 (0); 
( ° ) v r + v v d w with K=5X10 7 m-1 (0), K=10« m-1 (•) and K=10 9 nr 1  

(0) and V m with B=0.5 T (s), B=1.0 T ( • ) and B=2.0 T (•); 
(c) V r + V v d w + V m with K=10 8 rn"1 and B=0.0 T (0) , B=0.5 T (• ) 

B=1 .0T (0 ) and B=2.0 T (0). 
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Figure 3. Interaction energy versus interparticle distance curves 
for 2.0 pm particles of hematite. 

(a) V r + V v d w and no magnetic induction B=0.0 T with £=-40 mV and 
K=5X10 7 nr 1 ( • ) , K=10» nr 1 ( • ) andic=109 nr 1 (0); 

(b) V r + V v d w with K=5X10 7 nr 1 (0), K=10 8 nr 1 (•) and K=10 9 nr 1  

(0) and V r a with B=0.5 T (0) , B=l .0 T ( • ) and B=2.0 T (•); 
(c) V r + V v d w + V m with K=10 8 m-1 and B=0.0 T (B), B=0.5 T ( • ) 

B=1.0T(o)andB=2.0T(0) . 
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Figure 4. Interaction energy versus interparticle distance curves 
for 4.0 pm particles of hematite. 
(a) V r + V v d w and no magnetic induction B=0.0 T with £=-40 mV and 

K=5xl0 7 nr 1 ( • ) , K=10 s nr 1 ( • ) and K=10 9 nr 1 (R); 
(b) V r + V v d v v with K=5xl0 7 m-1 (0), K=10 s m"1 (•) and K=10 9 m"1  

(0) and V r a with B=0.5 T (L-j), B=1.0 T ( • ) and B=2.0 T (•); 

(c) V r + V v d w + V m with K=10 8 m-1 and B=0.5 T (•), B=l .0 T (•) and 

B=2.0 T (0). 
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In strong electrolyte, since V m a x is reduced then the long range magnetic forces 
completely dominate causing complete "primary minimum" instability with a deep 
energy sink. However, in weak electrolyte, since V r has a relatively long decay length 
extending to over 1000 A then V m can play an important role in creating a long range 
secondary minimum energy sink causing weaker coagulation. 

For larger size particles (a=1.00 (im and 2.00 pm) the situation is illustrated in Fig. 3 

and 4. The importance of B on V m in these cases, as well as K on V r and is clearly 

shown. With higher values of B, then the deep secondary minimum dominates the 

stability plots, even at moderate and high K values due to the long range nature of V m . 

This situation is clearly illustrated in Fig. 3(c) and 4(c) where deep long range energy 

sinks of over -1000 kT and -4000 kT respectively, are shown. For high K values (10 9 

n r 1 ) V m a x is eliminated which ensures primary minimum instability of the system. 

These theoretical curves suggest that weakly magnetic mineral colloidal panicles 

(a>1.00 u.m) in low and medium ionic strength solution, wil l have preference to 

coagulate into the "secondary minimum" energy sink. Under such circumstances, the 
particles wil l probably be prevented from achieving surface to surface contact and may 
be only weakly held together at close interparticle distances. In some cases, where the 
minimum is shallow, only temporary interparticle adhesion may occur. Also, although 
the minimum can be deep, the slope of the attraction branch can hc very small. This 
may cause some particles to diffuse out again but many may remain trapped and could 
show rotational and lateral Brownian motion. This can cause a range of weakly linked 

aggregate morphologies, such that the particles may line-up or form weakly linked 
units, although stronger links can be formed under strong magnetic induction. 

In cases where an adjustment of the pH causes a lowering of the /eta potential, then 

the deep "potential energy minimum" starts to become important again and the 

coagulation process can lead to stronger interparticle adhesive forces and closer 

interparticle contact. An example of this situation is illustrated in Fig. 5 which 

corresponds to a plot of V t versus distance for 2.00 u.m particles with B=1.0 T with 

zeta potential values of -40 mV, -30 mV, -20 mV, -10 mV and zero. Clearly the 

"secondary minimum" energy sink becomes less important as the potential is reduced. 

Also, V v d w and V r are obviously relatively short range compared to V m and only come 

into play when the interparticle distances are much smaller than the particle size. 

However they are important in determining the stability and the adhesive strength of 

the aggregates. These forces, however, cannot control for the transport of particles 

which are above the colloidal range and in such cases, additional forces such as 
gravitational, hydrodynamic and inertial wi l l begin to play an important role. Under 
such circumstances, V m must compete with these other external forces and generally 
for particles well above the colloidal range, then gravitation and hydrodynamic forces 
begin to play the major role in balancing the magnetic contributions. 

Each of these interaction potentials, again show a different dependence on panicle 
size. The gravitation potential (V ) is dependent on the third power while the 

hydrodynamic (V h ) in the Stockes law region is dependent on the first power of the 
radius compared to V m which is dependent on the third power of the radius. These 
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equations suggest that V g will be more important for large fines and V h for small fines. 
As suggested by Svoboda [16], V m will make the greater significant contribution to the 
flocculation in some limiting intermediate region. 

1000 

S-l 

Interparticle Distance, A 

Figure 5. Total interaction energy ( V t = V r + V v d w + V m ) versus interparticle 
distance curves for 2 pm hematite particles with K=108 n r 1 and 
B=1.00 T. 
a) C=0 mV (•), b) £=-10 mV (0), c) C=-20 mV (•), d) C=-30 mV (•) 
e) £=-40 mV (0). 

However, under practical processing conditions (as for example in a wet magnetic 
separation process), the hydrodynamic contribution may not be significant, especially 
for downward-fluid-flow conditions since the relative velocity of the particle along the 
sedimentation direction will be low. In addition, the gravitation effects from micron 
size particles with small mass may also be neglected. 

Conclusion 

From the theoretical results, the following principles can be drawn; 

(1) . The colloidal stability of small weakly magnetic oxide mineral particles (with a 
<0.25 pm) such as hematite or chromite at natural pH (with a moderate zeta potential 

£=-40 mV to -50 mV) in magnetic fields (<2.0 T) can essentially be predicted from 
conventional DLVO theory. 

(2) . For larger colloidal particles (a=1.00 pm) the magnetic field (even at relatively low 
induction where B=0.5 Tesla) may override the electrostatic repulsive forces causing 
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long range attraction, leading to instability. The coagulation process can be 
theoretically explained by an extended DLVO theory where the particles enter a 
"secondary minimum" energy sink. 

(3) . In an intermediate particle size range (a=0.50-1.00 u.m), the simation appears to 
be critical and extremely sensitive to k and the exact particle size. 

(4) . In most cases, for particles with a>0.5 (im, V m has the greatest influence at large 
interparticle distances, and cause coagulation to occur (at moderate or weak ionic 
strength) in a long range "secondary minimum" potential energy sink. Under such 
conditions, the particles will be separated by a thin water film. In the cases where the 
energy sink is shallow (or for a deep sink where the slope of the attraction branch is 
small) the particles may be subject to rotary motion and under these conditions the 
coagula may have a preference to form loosely bonded morphology. For relatively 
large colloidal particles in relatively weak magnetic fields, the secondary minimum 
energy sink may be so shallow such that the coagula may be redispersed under shear. 

(5) . Adjustment of pH can lead to the reduction or elimination of the surface charge. 
This causes the "secondary minimum" energy sink to become less important which may 
lead to "primary minimum" coagulation and stronger interparticle adhesive forces. 

Acknowledgement 

This work was supported by the Swedish Mineral Processing Research Foundation 
(MinFo). 

References 

1. Watson, J.H.P., Magnetic Separation at High Magnetic Fields. In: Proc. 6th Int. 
Conf. on Cryogenics Eng., Grenoble, 1976, pp223-226. 

2. Svoboda, J., A Theoretical Approach to the Magnetic Flocculation of Weakly 
Magetic Minerals. Int. J. Min. Proc, Vol.8, 1981, pp.377-391. 

3. Svoboda, J. and Zofka, J., Magnetic Flocculation in Secondary Minimum. J. of 
Colloid and Interface Science, Vol. 94, No. l , 1982, pp.37-44. 

4. Parker, M.R., van Kleef, R.P.A.R., Myron, H.W. and Wyder, P., Particle 
Aggregation in Colloids in High Magnetic Fields, J. of Magnetism and Magnetic 
Materials, 27, 1982, pp. 250-256. 

5. Williams, R.A. and Jia, X., Simulation of Magnetic Flocculation Behaviour of Fine 
Particles., Int. J. Min. Proc, 33, 1991, pp.175-192. 

6. Ozaki, M. , Suzuki, H., Takahashi, K. and Matijevic, E., Reversible Ordered 
Agglomeration of Hematite Particle due to Weakly Magnetic Interactions, an/, of 
Colloid and Interface Science, Vol. 113, No. l , 1986, pp. 76-80. 

13 



7. Hencl, V. and Svoboda, J., The Possiblity of Magnetic Flocculation of Weakly 
Magnetic Minerals, 13th Int. Miner. Process. Congr., Warsaw, 1979, pp. 209-227. 

8. Watson, J.H.P. and Mohad-Yusef, K.B., Magnetic Flocculation of Paramagnetic 
Particle in High Magnetic Field. IEEE, CH1657, 1981. 

9. Lu, S., Song, S. and Dai, Z., The Hydrophobic and Magnetic Combined 
Aggregation of Paramagnetic Minerals, 16th Int. Miner. Process. Congr., Ed. 
Forssberg, E., Stockhlom, 1988, pp.999-1009. 

10. Verwey. E.J.W. and Overbeek, J.T.G., Theory of the Stablity of Lyophobic 
Colloids, Elsevier, N.Y., 1984. 

11. Janssen, J.J., Baltussen, J.J.M., van Gelde, A.P. and Perenboom, J.A.A.J., Kinetics 
of Magnetic Flocculation 1: Flocculation of Colloid Particles, J. Phys. D: Appl. Phys. 
23., 1990, pp. 1447-1454. 

12.Schenkel, J.H. and Kitchener, J.A., A Test of DLVO Theory with a Colloidal 
Suspension. Trans. Faraday Soc, 56(1), pp. 161-173. 

13. Chan, D.Y.C., Henderson, D., Barojas, J. and Homola, A.M., The Stability of 
Colloidal Suspensions of Coated Magnetic Particles in an Aqueous Solution, IBM J. 
Res. Develop., Vol. 29, No. l , 1985, pp. 11-17. 

14. Wang, Y., Forssberg, E. and Pugh, R.J., The influence of pH on the High Gradient 
Magnetic Separation of <10 u_m of Hematite and Quartz, Int. J. Min. Proc, 36, 1992, 
pp.93-105. 

15.Israelachvili, J.N., Intermolecular and Surface Forces, Academic Press, 2 Ed, New 
York, 1992. 

16.Svoboda, J., Magnetic Methods for the Treatment of Minerals, Developments in 
Mineral Processing, Vol.8, Chapt. 2, Elsevier Pub., 1987. 

14 



Paper 4: The influence of interparticle surface forces on the 
coagulation of weakly magnetic mineral ultrafines in a 
magnetic field, Part 2. Experimental investigation with 
hematite and chromite 

(Accepted for publication in Journal of Colloid and 
Interface Science, 1993) 



The influence of Interparticle Surface Forces on the Coagulation of Weakly 
Magnetic Mineral Ultrafines in a Magnetic Field 
Part 2. Experimental Investigations with Hematite and Chromite 

Yanmin Wang1, Robert J. Pugh2 and Eric Forssberg1 

1 Division of Mineral Processing, Luleå University of Technology, S-951 87, Luleå, 
Sweden 

2 Institute for Surface Chemistry, S-l 14 86, Stockholm, Sweden. 

Abstract 

The magnetic field-induced coagulation of ultrafines of natural hematite and chromite 
in aqueous suspensions at moderate ionic strength was investigated using a laboratory 
scale electromagnetic solenoid. The experimental results relate the coagulation process 
(as determined by magneto-sedimentation analysis) to the particle size, the slurry pH 
and the external magnetic field 
In the magnetic fields, maximum coagulation occurred near the pH of zero point of 
charge (pHzpc) of the minerals (where the electrostatic double layer repulsion was 
reduced to a minimum) enabling the particles to enter the "primary minimum" energy 
sink. On the other hand, in cases where the electrostatic repulsion was not suppressed, 
then the long range magnetic forces enabled coagulation to occur in the "secondary 
minimum". This caused the formation of chains which appeared to be relatively stable 
at enhanced rates of settling. 

The results were interpreted from the preceding paper presented as Part 1 of this 
study, in which a theoretical analysis of the interparticle forces controlling the process 
was presented. 

Keywords: Magnetic coagulation; Primary or secondary minimum coagulation; 
Magnetic properties; Weakly magnetic mineral; Hematite; Chromite; Ultrafine. 

Introduction 

Particle coagulation occurs when a suspension of weakly magnetic mineral particles is 
exposed to a magnetic field and the magnetic attraction between the particles (through 
the induced or permanent magnetic moment) is strong enough to outweigh the 
stabilizing double-layer electrochemical forces. This phenomenon has a potential as a 
separation technique, providing conditions can be selected i.e. magnetic field, slurry 
pH, ionic strength, concentration, etc, such that one component of a mixture can 
aggregate and settle while the other remains dispersed in slurry. 

In this study (Part 1), the theoretical basis of the coagulation of weakly magnetic 
mineral particles was formulated [1]. In the present paper (Part 2), experimental 
studies illustrating these principles are reported. The experiments have been carried out 
with namral minerals consisting of hematite and chromite (with a well defined particle 



size range) dispersed in aqueous medium at moderate ionic strength. Magnetic 
coagulation behaviour of these minerals was investigated and the results discussed in 
relation to the earlier theoretical analysis. 

Experimental 

Samples 

A powdered sample of hematite concentrate was supplied from Malmberget, LKAB, 
Sweden. A chromite sample (chemical grade, 46%Cr 20 3) was obtained from Kemi 
mine, Outokumpu Oy, Finland. These samples were further purified using a low 
intensity magnetic separator, a shaking table and a high tension electrostatic separator 
to remove the non-magnetic and strongly magnetic impurities. The purified minerals 
were examined by microscopy and X-ray diffraction studies. It was shown that the 
purified chromite consisted of FeCr 20 4 , MgCr 2 0 4 and (Mg,Al)(Cr,Al) 2 0 4 . 

The purified materials were ground in a porcelain mill and sieved to obtain a particle 
size fraction <20 pm. Table 1 indicates the characteristic properties of these fractions. 
The particle size distributions (as measured by a granulometre Model 715, Cilas 
Alcatel, France) were found to be rather broad (Fig. 1). The average diameter (d 5 0 ) of 
the Malmberget hematite was 3.9 pm and the Kemi chromite 3.6 pm. 

Table 1. Characteristics of the samples 
Sample Assav. 

%Fe 20 3 %Fe %Cr 7 0 3 

d 5 0 *. xlO 6 

m 
Sp. Gr.**, 
xlO 3 kg n r 3 

Malmberget 
hematite 

97.90 3.9 4.99 

Kemi 19.42 49.59 3.6 4.34 
chromite 

* determined by Granulometre 715 (Cilas Alcatel Co., France) 
** determined by Air Comparison pycnometer model 930 (Bechman Instrument Inc., 

USA) 

Variation in magnetic behaviour can occur between various natural minerals and hence, 
in the present study, it was essential to begin by investigating the magnetic 
characteristics of the natural hematite and chromite. Magnetic measurements were 
carried out on these samples using a super-conducting quantum interference device 
magnetometer. 

Coagulation Experiments 

Magnetic field induced-coagulation studied on the Malmberget hematite and the Kemi 
chromite suspensions were carried out by magneto-sedimentation analysis. The 
laboratory equipment (shown in Fig. 2) consisted of a non-magnetic plate positioned in 
a polymethyl methacrylate tube (30 mm dia.) suspended from an electronic balance 
(Model PM4600, Mettler Instrument AG, Switzerland). The suspension was gravity 
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fed into the tube from an external tank through a plastic feed pipe. Magnetic fields 
were produced by an electromagnetic solenoid magnet with poles installed 
manufactured by Sala International AB, Sweden. The tube was situated in the middle 
of the magnet in the region of neglected field gradient. 

Figure 1. Cumulative particle size distribution of samples 

Mineral slurries (with 100 g/1 concentration) were initially ultrasonically dispersed for 
15 minutes and stirred in the tank for 5 minutes before feeding into the tube. The slurry 
pH was adjusted using dilute hydrochloric acid or sodium hydroxide and distilled water 
was used throughout this study. Time-dependent settled-weight readings were 
recorded from the balance during the coagulation process. 

Electrokinetic Measurements 

Zeta potential measurements of the Malmberget hematite and the Kemi chromite were 
made in a microelectrophoresis instrument, the Laser Zee model 501 (PEN KEM, Inc., 
USA). The pH of the slurry was recorded with a PH80 pH meter {Radiometer A/S Co., 
Denmark). 
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Figure 2. A laboratory apparatus for studying coagulation of mineral 
particles in magnetic fields. 

Results 

Magnetic Characteristics of Minerals 

When magnetic particles are placed in an external magnetic field, the magnetic torque 
acting on such particles will tend to orient them in the direction of the field causing the 
magnetization. The magnetic moment, m, assuming single magnetic particle in 
magnetic field can be expressed as; 

M = oV (1) 

where o is the magnetization or the magnetic moment per unit volume, V, of the 

particle. 

Magnetization curves for the hematite and chromite powders were determined at room 
temperature by measuring s at a range of magnetic induction and the results are shown 
in Fig. 3. From these curves it can be seen that the magnetization is strongly dependent 
on the field, and a linear relationship holds for the case of higher magnetic induction 
(>0.3 Tesla) for these minerals. This behaviour may be expressed as; 

o = a0 + %_B (2) 

where a 0 is the weak permanent ferromagnetic moment (pseudo-remanent), B is the 

magnetic induction, and X~B is the induced magnetization where x_ is the magnetic 

susceptibility that describes the linear behaviour at higher fields. With such particles 

the induced magnetization is proportional to the external field. Correspondingly the 

field-dependent susceptibility, x, may be expressed as; 
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Figure 3. Specific magnetization curves for hematite and chromite 
powder samples. 

X = o/B = oJB+x„ (3) 

These room temperature magnetization curves are important in that they provide 
information about the magnetic behaviour of the minerals. As discussed above, the 
value of a can be related to the permanent (pseudo-remanent) magnetization, o 0 which 
is the magnetization remaining at zero field and the induced magnetization, x~B. The 

results (Table 2) indicate that the values of x» and o 0 of the two minerals show 

significant differences. The result for hematite is what can be expected since this 
mineral is imperfect antiferromagnetic. In addition, early studies [2-3] indicated that it 
is likely to be contaminated with traces of magnetite and maghemite (7-Fe 20 3) which 
could account for the relatively high pseudo-remanent behaviour of the natural 
hematite. The lower o"0 value obtained for the natural chromite also appears to be in 
agreement with previously reported smdies with this mineral [4-6]. 

Table 2. Magnetic properties of natural hematite or 
chromite powder at room temperature 

Sample a 0 , xlO "7 Tm 3kg-! x l O ^ t r A g - 1 

Malmberget 0.287 25.3 
hematite 
Kemi 0.061 37.1 
chromite 
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Zeta Potential-pH Dependence 

Since H + and OH" are potential-determining ions for oxides, their concentrations in 
bulk suspension control the charge on the surface of the particles. From the results 
shown in Fig. 4, it can be seen that the pHzpc of the Malmberget hematite is about 5.3 
and the chromite is about pH 6.0. Both minerals behave in a similar manner and build
up a strong electronegative charge at high pH of about 50-60 mV and also build-up a 
positive charge at low pH of about 25-40 mV. 
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Figure 4. Zeta potential-pH dependence for hematite and chromite samples. 

Influence ofpH on the Magnetic Coagulation 

The magnimde of the magnetic field needed to suppress the electrochemical potential 
energy barrier depends on the magnetic susceptibility of mineral, the particle size, the 
ionic strength of suspension and the surface potential. 

Initial coagulation tests were carried out at a range of pH values without the 
application of a magnetic field and the results are represented by dashed lines in Fig. 5 
(a) and (b) representing the settled-weight versus time for the hematite and chromite, 
respectively. A typical curve shows the settled-weight rising rapidly with time as the 
system approaches equilibrium. On increasing the pH from 7-8 (the natural value of the 
dispersion) to over 11 the particles shows an increase in zeta potential of about 10-15 
mV and this will cause an increase in the interparticle electrochemical repulsion and an 
increase in stability. However, for hematite particles the existence of remanent 
magnetization may give rise to a magnetic interaction causing coagulation and this 
effect, together with gravitation settling of some of the larger particles can explain the 
increase in settled-weight with time in the absence of the external magnetic field. For 
the chromite, as the pH is reduced, the charge will also be increased causing an 
increase in double layer repulsion and a decrease in the amount of electrostatic 
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coagulation as indicated by the lower settled-weight curve. However, this effect is not 
so pronounced in the case of the hematite. 

Figure 5. Magnetic field-induced coagulation for hematite and chromite 
samples at various pH values. 

With the application of a magnetic field, induced coagulation can occur, but it is well 
known that the externally applied magnetic field must exceed a threshold value B c . In 
the present study, initially a magnetic induction of 1.00 Tesla was selected and this was 
shown to be of sufficient magnitude to excess B c for both the hematite and chromite 
samples. The results (solid lines in Fig. 5(a) and (b)) indicate that coagulation of both 
types of mineral particles occurred over complete range of pH values. 

Also from these curves, it can be seen that the difference in relative order of stability of 
the suspensions at the different pH values (with and without the applied magnetic field) 
does not appear to change significantly. In both cases, maximum coagulation appears 
to occur near the pHzpc of the minerals. In addition, both systems showed the highest 
degree of stability at high pH where the particles have the greatest repulsive 
electrostatic charge. 
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From these results, it may be suggested that both: (a) the remanent magnetization in 
the case of the namral hematite and (b) the induced magnetization by application of an 
external magnetic field can cause aggregation of the minerals. However, since 
maximum aggregation occurs near pHzpc, then the process appears to be still strongly 
influenced by electrochemical charge. These results indicate, according to the DLVO 
theory, that at a magnetic induction (1.00 Tesla), "primary minimum" coagulation can 
occur providing the electrostatic repulsion can be suppressed sufficiently to eliminate 
the "primary maximum" energy barrier. 

This coagulation behaviour appears to be similar to previous reported magnetic 
induced coagulation investigations, carried out on uranium and gold ores [7] and 
hematite [8] where it was observed that maximum instability occurred in the presence 
of an external magnetic field near the pHzpc of the minerals. 

Influence of Magnetic Field on the Magnetic Coagulation 

Fig. 6 shows the results of the magnetic field-induced coagulation experiments for the 
hematite and chromite particles carried out at a range of fields (0 to 2.15 Tesla) at the 
namral pH of the dispersion (pH=8). At this pH both minerals have fairly high negative 
charges between -45 and -50 mV. For the chromite sample, in the case of low 
magnetic induction (<0.65 T), the settled-weight does not rise significantly, 
suggesting that the particles cannot coagulate efficiently below this field. However, a 
sharper increase in instability occurs at 0.65 T, particularly for the hematite. In the case 
of higher magnetic fields, both mineral samples follow similar behaviour with increased 
coagulation occurring with the increase in the magnetic induction up to a value of 2.15 
T. 

For a magnetic induction of 1.00 T, it was observed from microscopic observations 
that the particles coagulated, initially forming vertical axis pairs and clusters which 
appeared to be stable. At higher fields, the pairs appeared to form chains. An increase 
in the particle magnetization with increasing magnetic field appeared, in most cases, to 
cause an increase in strength of the particle chains. Microphotographs of the pairs 
and chain structures are shown in Fig. 7. This figure shows clearly the individual 
weakly magnetic mineral particles in aggregate and chains consisting of at least three 
or four particles. These results would appear to be in agreement with theoretical 
studies reported by Wilhams and Jia [9] which demonstrate, from simulation that the 
increase in the induced field can cause an increase in the length of the chains. 

It was also observed that at higher magnetic fields, although in some cases longer 
chains were formed, these were frequently transformed into rings and open loop 
structures which occasionally broke down again into chains. This phenomenon would 
appear to be one of the main features of the present investigation and can be explained 
from the theoretical predications presented in the preceding paper [1]. 

The fact that the particles formed loose chains in weak magnetic fields suggested that 
coagulation was occurring by the particles entering into a "secondary minimum" 
energy sink. In fact, in many cases, the particles appeared to be sufficiently mobile due 
to Brownian motion become detached from the chains and re-arrange in different types 
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of structures. In some samples it appeared that entire chains followed a lateral motion 
due to the Brownian motion of individual particles in the chain. The presence of such 
chain structures, appear also to be in agreement with previous reported magnetic 
aggregation studies [9-10] where "secondary minimum" coagulation was reported as 
the mechanism. 
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Figure 6. Magnetic field-induced coagulation for hematite and chromite 
samples at various magnetic induction. 

Using the data presented in Fig. 6, plots on the settled-weights (corresponding to settle 
time intervals) versus the magnetic field can also be drawn. The series resulting of 
curves are shown in Fig. 8 where a rapid increase in the field-induced coagulation 
appears to correspond to a fairly well defined value of the external magnetic field. This 
value may be defined as the approximate value of B c and in the above experiments, it is 
most pronounced for the plots and correspond to a magnetic induction of 0.50-0.60 
Tesla. 
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Figure 7. Magnetic field-induced coagulation for hematite and chromite 
Hematite: (H-1) no magnetic field; (H-2) B=1.00 Tesla; 

(H-3) B=2.15 Tesla; 
Chromite: (C-1) no magnetic field; (C-2) B=1.00 Tesla. 
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Earlier, Svoboda [11] determined B c values for weakly magnetic particles using similar 
plots, and it was also reported that binary pairs formation occurred in the region of B c 

but the pairs appear to be unstable and were easily disrupted by simple mechanical 
stirring. This step characterized the initiation of the field-induced aggregation process. 

Generally, the settled-weight determined in the present experiments, suggest that the 
magnetic fields are of sufficient magnitude to form strongly bonded pairs and chains 
sufficient to with-stand the settling process without disintegration. 

Conclusions 

Magnetic field-induced coagulation of dispersions of hematite and chromite ultrafines 
was studied in a laboratory scale electromagnetic solenoid. At a magnetic induction of 
1.00 T, the dispersion stability appeared to vary as a function of pH, with the highest 
coagulation rate occurring near the pHzpc of the mineral and the lowest rate occurring 
at high pH where the particles and the strongest electrochemical charge. The hematite 
was found to be generally more unstable than chromite and this was explained by the 
weaker ferromagnetism. The stability pH relationship of the dispersions appeared to 
follow the same order as in the presence and absence of magnetic field and indicated 
that the electrostatic double layer repulsion played an important role in the aggregation 
processes (which from the DLVO theory) suggested that the particles enter the 
"primary minimum" energy sink. 

Magnetic field-induced coagulation was also studied at natural pH (where the particles 
had a negative charge between -40 and -50 mV) at a range of magnetic induction. The 
main feature of the experiments was that at magnetic induction of > 1.00 T, coagulation 
occurred forming chains and rings and the particles within the chains showed 
considerable mobility possibly due to thermal motion. The chain formation was 
explained by "secondary minimum coagulation" at large interparticle distances. 
However, the interparticle bond strength was sufficiently high to prevent the chains 
form disintegrating during sedimentation. 
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AGGREGATION BETWEEN MAGNETITE AND HEMATITE ULTRAFINES 
UTILIZING REMANENT MAGNETIZATION 

Yanmin Wang and Eric Forssberg 

Division of Mineral Processing, Luleå University of Technology (Sweden) 

ABSTRACT 

It is indicated that hematite ultrafine (<10 \im) in a well-dispersed slurry are selectively 
aggregated with magnetite ultrafines in the absence of aggregating agents, high shear 
rates or an external magnetic field. The formation of the aggregates is attributed to the 
presence of their remanent magnetizations, mainly to hat of magnetite. The mechanism 
of an aggregation of this type is discussed. 

Keywords: Aggregation; Iron oxide minerals; Magnetite, Hematite; Remanent, 
magnetization of minerals 

INTRODUCTION 

The processing of fine-grained hematite ores frequently leads to the production of 
ultrafine particles which are difficult to treat by conventional physical separation 
techniques. These ultrafine particles represent one of the main losses of the values. It is 
well known that selective aggregation is a promising method by which the limitations 
in physical separation techniques may be overcome [1]. Aggregates of the valuable 
minerals are formed mainly by means of aggregating reagents [2, 3], or higher shear 
rates [4], and/or an external magnetic field [5, 6]. 

Magnetic measurements [7] have confirmed that the ferrimagnetic and canted anti-
ferromagnetic iron oxide minerals possess remanent magnetization in varying degrees. 
This remanence may originate in the ambient geomagnetic (or laboratory) field, 
geothermal and geochemical processes. The existence of the remanent magnetization 
may give rise to an aggregation between the mineral particles due to their magneto-
static energy. Lantto [8] considered the flocculation of ferrimagnetic mineral particles 
due to remanence. 

The present investigation thus concerns aggregation between magnetite and hematite 
ultrafines by utilizing only the remanences in a well-dispersed suspension to pre-
concentrate and concentrate hematite ultrafines. The mechanism of this aggregation 
will be discussed in this paper. 

CONSIDERATION FOR REMANENT MAGNETIZATION 

Ferrimagnetic and canted anti-ferromagnetic iron oxide minerals may become 
magnetized in a number of ways. There are the induced magnetization of these 
minerals that is determined by the earth's (or laboratory) field and permanent 



(spontaneous) magnetization. The intensity of permanent (or remanent) magnetization 
depends mainly on the namre of the mineral present, and on the external magnetic field 
strength at the time of formation of the remanence. Magnetite (Fe 30 4) is a typical 
ferrimagnetic cubic mineral with strong spontaneous magnetization. The Fe 2 + and Fe 3 + 

ions are arranged interstitially in a face-centred cubic oxygen lattice on two types of 
lattice sites, A in fourfold co-ordination with the oxygen ions and B in sixfold co
ordination, such that anti-ferromagnetic coupling between the A and B ions causes 
anti-parallel alignment of their magnetic moments. But the B ions are twice as 
numerous as the A ions, so that the lattice has a strong spontaneous magnetization. 
Hematite (a-Fe 20 3) is a representative of weakly magnetic, uniaxial minerals. The 
oppositely magnetized sublattices of interacting Fe3"1" ions are equally balanced, that is 
anti-ferromagnetic, but canted at a small angle to give a slight spontaneous 
magnetization perpendicular to the ion moment. Its spontaneous magnetization is 
confined to the basal plane except at temperatures below -25°C. Furthermore, natural 
hematite is likely to be contaminated with traces of strongly magnetic cubic oxides 
magnetite and maghemite (7-Fe 20 3) which may contribute to weak ferromagnetism [9, 
10]. Note that no residual magnetization exists in diamagnetic and paramagnetic 
minerals [11, 12]. 

E X P E R I M E N T A L 

Materials 

Pure magnetite, hematite, quartz and fluorapatite - whose purity was established by X-
ray diffraction and chemical assay, were used in this study. Magnetite and hematite 
were obtained from Malmberget, LKAB, Sweden and the remaining material was 
obtained from Gregory, Bottley & Lloyd, G.B.. The minerals were first ground to <53 
u.m by a porcelain mill, and then classified into <53>38, <38>20, <20>10 and <10 \im 
size fractions, respectively. A mixture was made from pure hematite, quartz and 
fluorapatite of particles below 10 p:m (5:3:2 by mass). The <53>38, <38>20 [im and 
<10 |i.m fractions of pure magnetite were used for the present purpose. A hematite ore 

from Malmberget was ground to minus 53 u.m. After removing the strongly magnetic 

minerals, the fraction below 10 u,m was prepared by a cyclosizer as a sample. The X-
ray diffraction analysis shows that the principal minerals in this slime sample are 
hematite, quartz, fluorapatite and albite; One other hematite fines sample from 
Grängesberg, containing mainly hematite and quartz, was also used. Table 1 gives the 
characteristics of these materials. 

In this study, the natural remanence for a powder sample (<10 u.m) of Malmberget's 
magnetite was measured to be approximately 50 A nv1 by a system with an Oersted 
meter. On the other hand, a magnetic hysteresis o(H) loop for such a sample was 
determined by a Superconducting Quantum Sample Device (SQUID) magnetometer 
at room temperature, as shown in Figure(l). Its remanence after saturation is 14xl0 3 A 
m-i. 
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Table 1. Characteristics of the samples 
Sample Sizc.um 

|im 
Sp.Surf. 
2, mVg. 

%Fc %Fc,0 , %FcO %SiO, %P,0<; %CaO 

Magnetite <53>38 

<38>20 

93%<10 

41.6 

27.3 

4.0 

0.18 

0.25 

2.87 

71.30 

71.80 

71.50 

a-Fe 7 0 , i00%<! 99.99 

Hematite 100%<10 2.4 3.25 97.93 0.52 0.20 0.10 
Quartz 100%<10 3.6 3.02 0.01 97.80 
Fluorapatite 96%<10 3.8 2.98 0.38 0.63 40.40 55.90 
Malmbcrgt 97%<10 4.5 38.58 2.60 
slime 
Grängesberg 99%<!6 8.9 30.88 2.10 
slime 

1 determined by Granulometre 715 (Cilas Alcatel Co., France) 

2 determined by FLOW SORB II 2300 areameter (Micromeritics Co., USA) 

Methods 

Both dispersion and aggregation tests with the mixture and the samples of the ore 
slimes were performed in a 4 cm-dia., 12 cm high cylindrical jar with a stirrer. For 
dispersion, a suspension of 100 g 1_1 concentration was agitated at 500 rpm after 
adding sodium hydroxide and sodium hexametaphosphate solutions. All experiments 
were performed at pH 11±0.2. This treatment resulted in a high negative charge on the 
mineral particle surfaces. At the same time, these chemical reagents can partially 
eliminate the effect of Ca 2 + and M g 2 + ions in the suspension [13|. For aggregation 
tests, the procedure is as follows. A well-dispersed suspension was stirred at 500 rpm 
for 3 minutes after adding a quantity of sized magnetite material (Addition (%) = 
Weight of magnetiteAVeight of the total solids). The suspension was first allowed to 
stand for a set period without stirring and then the non-aggregated/unsettled portion 
was taken vertically from the jar by using a pipette. The two portions in each test were 
dried, weighed and analysed for their Fe contents. Since magnetite particles are settled 
into the aggregated/settled portion for 3 minutes (Fe content in a supernatant of <10 
mm magnetite suspension is 0.01 g I" 1), Fe content (G) and the recovery (R) for 
hematite can be determined from the relations: 

w , - w 3 

R = MlZJMl ( 2 ) 

where g j , g 2 and g 3 are Fe content in the aggregated portion, non-aggregated portion 
and sized magnetite, w,, w 2 and w 3 the corresponding weight yields. 
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Turbidity measurements were performed in a Hach Ratio, Model 43900 Turbidimeter. 
The electrokinetic characteristics of the minerals were determined in a Laser Zee 
model 501. Distilled water was used during the work. 

• • 

• 

V 
; • ' 

- 6 0 0 0 - 4 0 0 0 - 2 0 0 0 0 2 0 0 0 4 0 0 0 6000 

Magnetic f i e l d . H, k1O' /4 i t A m"' 

Figure 1. A hysteresis 0"(H) loop for a sized magnetite (<10 pm). 

RESULTS 

Pure hematite 

Figure (2) shows an aggregation phenomenon of pure Malmberget hematite or a-
Fe 2 0 3 particles with sized magnetite ones, which is determined by the turbidity of the 
supernatant. 

Mixture 

Aggregation tests were performed with the mixture. Fig. (3) shows an increase in Fe 
recovery of the aggregated portion with an increasing content of various sized 
magnetite at p H = l l . Conversely, the Fe content in the non-aggregated portion shown 
in Figure (3) exhibits the opposite pattern. The Fe content in the non-aggregated 
portion drops significantly after adding sized magnetite particles. 

A sized magnetite will aggregate hematite ultrafines appreciably but only disperses 
quartz and fluorapatite (Figure (4)). The particle size of magnetite was found to be of 
great importance. Figures (5) shows the variation of Fe recovery of the aggregated 
portion and Fe content of the non-aggregated portion with differently sized magnetite 
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fractions at various times. The finest magnetite parricles (<10 pm) showed the 
strongest effect in attracting hematite ultrafines. 
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Figure 2. Aggregation phenomenon of Malmberget hematite (—) or 
a - F e 2 0 3 (—) ultrafines with magnetite ultrafines. 
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Figure 3. Effect of magnetite addition (%) on Fe recovery in aggregated 
portion (—) and on the Fe content in non-aggregated portion(—). 
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Hematite ore slimes 

Aggregation/settling experiments were performed on the Malmberget and 

Grängesberg's hematite slimes. The magnetite particles below 10 pm were used at 

p H = l l . Table 2 lists the test results at various settling times and different additions of 

the magnetite. An increase in the amount of the sized magnetite or in the settling time 

reduces the Fe content in the unsettled portion. Table 2 also shows the improvements 

in both of the Fe content and Fe recovery in the aggregated portion in the presence of 

sized magnetite particles. 

* ' £ U 
^ • L f TVW • tt 
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, ' */ ; ' * 
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1 (1 (1 y >., 1 

* 4 •• 
• » . i ' 
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(c) 
Figure 4. Sized magnetite particles (white) aggregate hematite ultrafines 

(white) but disperse quartz and fluorapatite (grey) (SEM) . 
a) A well-dispersed hematite-quartz-fluorapatite suspension without 

magnetite; 
b) Aggregates of <10 pm hematite and <1() pm magnetite; 

c) Aggregates of <10 pm hematite and <38>2() pm magnetite. 

As already seen in Figure (1), remagnetization of magnetite may increase the intensity 

of the remanence. The magnetite sample below 10 pm was placed in a static magnetic 

field of 2 x l 0 5 A n r 1 for a very short time. Aggregation was thus attempted on those 

hematite slimes by adding such remagnetized magnetite ultrafines. It is evident that this 

sized remagnetized magnetite can give 78 %Fe recovery with only 17% of the addition 

for Malmberget slime, and 94 %Fe recovery with this addition for Grängesberg slime, 

as shown in Table 2. 

DISCUSSION 

Fuerstenau and et al (1988) [4] have shown that hematite particles below 10 pm could 

be aggregated by stirring the suspension at a high shear rate (1200 rpm) at pH=3, but 
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Figure 5. Effect of particle size of magnetite on Fe recovery in 
aggregated portion and on Fe content in non-aggregated 
portion. 

7 



Table 2. Aggregation between magnetite and hematite ultrafines in the slurries 
of ore slimes  

Sample of 
slime 

Magneti
zation 

Settling 
time, min 

Add. of 
<10 u.m 
magnetite 
,% 

Assay, 
Agg-, 
%Fe* 

Assay, 
Non-agg., 
%Fe** 

Recovery, 
%Fe 

Malmberge 
t 

Primary 
6 
6 
6 
6 

No 
17.0 
28.5 
37.5 

48.90 
51.08 
53.98 
54.16 

29.80 
23.70 
21.30 
18.30 

56.17 
69.58 
73.60 
78.20 

(<10 pm) 10 

10 

No 

17.0 

48.10 

50.43 

25.50 

20.30 

72.61 

79.56 

Remag
netized 

6 
6 

17.0 
28.5 

54.33 
55.01 

18.90 
15.40 

78.23 
86.46 

Gränges
berg 

Primary 
6 
6 
6 

No 
17.0 
28.5 

38.00 
39.89 
41.71 

18.60 
12.00 
9.70 

77.90 
91.39 
93.80 

(<16 u.m) Remag

netized 

6 

6 

17.0 

28.5 

42.08 

42.95 

9.80 

8.80 

93.76 
94.04 

* Calculated values; 
** Analysed values. 

Figure 6. Zeta potential-pH dependence for magnetite, hematite, quartz 
and fluorapatite (<10 urn particles). 
— in distilled water; 
— in distilled water containing 1x10^ M Na(P0 3) 6 . 



that at low shear rates the particles did not readily form aggregates. The energy barrier 
resulting in repulsion of similarly charged particles cannot be overcome at a low shear 
rate. On the other hand, dispersion of an iron oxide-bearing slurry with sodium 
hydroxide and a dispersant, such as sodium hexametaphosphate, is well known [2]. 
The reagents increase the slurry pH and consequently increase the electronegativity of 
the iron oxide, siliceous and even carbonate minerals. The electrostatic forces of 
repulsion between the particles are increased and prevent their contact. Figure (6) 
presents the electrokinetic characteristics of magnetite, hematite, quartz and 
fluorapatite at various pH values in the absence or presence of sodium 
hexametaphosphate. It is seen that in the case of an alkaline slurry all the mineral 
particles should be highly dispersed since they are negatively charged. However, the 
experimental results obtained in this study demonstrate that hematite ultrafines can be 
selectively aggregated with sized magnetite particles at pH=l 1, in the absence of any 
polymers, high shear rate and/or an external magnetic field. 

To interpret the experimental results, the magnetic effect of magnetite particles that 
originates in its remanent magnetization will be mainly considered here. Assuming that 
a magnetite particle is a uniformly magnetized sphere, the magnetic field from the 
magnetite particle may be approximated by that of a magnetic dipole. This arises from 
its magnetic moment, m=(47ta3o0)/3 where a is the radius of the particle and cr0 its 
permanent magnetization. The dipole field is conveniently represented in terms of the 
scalar magnetic potential, <t>m, which may be differentiated to obtain any component of 
the field [14] (Figure (7)). 

r = x+a 
ihr wcosØ 

4nr3 {4n)r2 
(3) 

where 0 is the angle between the dipole axis 
and radius vector r from the dipole to the 
point P considered. The field is then given by 

H = -grad{Om) (4) 

Figure 7. 

In cylindrical polar co-ordinates, the field components H r and H e are then given by 

d<Pm 1 2m . 
HT=-—*- = - r c o s 0 

dr 4ix r 

1 m 
sin 0 

(5) 

(6) 
r 80 4 n r 3 

The corresponding radial magnetic field gradients are then given by, 
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dH, 3m 
— ^ = -—-j-cosG (7) 
dr 2nr 

dHa 3m 

dr 4nr* 
sin 6 (8) 

It is thus known that the radial magnetic force holding a hematite particle with 

susceptibility K h and volume V onto a magnetite particle can be defined as 

f ^ H o V ^ - K j ^ ^ + W . ^ ) (9) 

where is the susceptibility of carrying medium. Since maximum F r occurs at either 

the 8=0 or 9=7t position, Equation(9) can be written 

Fr = iieV(^-^J[Mrgrad{Hr)r] (10) 

where 

Hrgrad{H\=-^- (11) 
3r 

which specifies the attraction of a magnetite particle situated at the position of a 
hematite particle. 

35 

0 1 ' 1 L 
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Figure 8. Dependence of particle size of magnetite on the |H r grad(H r ) r | 
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The gradient magnetic field around a magnetite particle is generated by means of its 
permanent magnetic moment. Hematite parricles can be attached to the surfaces of 
magnetite particles and the aggregates are then formed by the magnetic force field. 
However, since the magnitude of the magnetic field of a magnetite particle is limited by 
its remanence, it is favourable to increase the magnimde of the gradient as much as 
possible to achieve large magnitudes of |H rgrad(H r) r|. For this purpose, it is advisable 
to use ultrafines of magnetite in magnetite-hematite aggregation. The ultrafines have 
two functions: (a) to enhance the values of IFLgradCHj),] and (b) to provide a high 
collision probability for hematite particles during stirring. Figure(8) gives the values 
of IHjgradCFL^I for various sizes of magnetite particles, assuming that sO is a constant. 
These values were computed from Equation (11). On the other hand, previous smdies 
[15, 16] showed that a decrease in magnetite particle size is followed by an increase in 
its remanence. Furthermore, since a magnetite particle is in fact not spherical, hematite 
ultrafines and colloids become attracted and migrate to the sharp edges of a coarse 
magnetite particle (Figure (9)), while the finer magnetite particle uses its whole body 
to attract hematite particles. As discussed above, the fine magnetite particles becomes 
more efficient than the coarse particles for the attraction of hematite ultrafines and 
colloids. 

00000 lOpn 

Figure 9. Hematite ultrafines aggregated with a <30>20 u.m magnetite 
particle. 

Regarding the aggregation between magnetite and hematite particles, the effect of the 
intensity of remanence appears to be the most important. Figure (10) shows the 
relation between the intensity of remanence for magnetite and its values of |Hrgrad(HI.)r 
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|at a given particle size (5 u;m). An increase in remanence for magnetite increases the | 

H rgrad(HT) r|. The recovery of hematite ultrafines should therefore be enhanced by 

increasing the intensity of remanence of magnetite by remagnetization. The 

experimental results in Table 2 may demonstrate such a dependence. 

0 1  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Distance, x, fim 

Figure 10. Dependence of the intensity of remanence for magnetite on the 
values of the |H r grad(H r ) r | 

In addition to the magnetic effect of magnetite particles in magnetite-hematite 
aggregation, the large units or aggregates formed in the slurry should relate to the 
magnetic characteristic of hematite. As mentioned already, hematite has a very weak 
remanent magnetization since this mineral is an anti-ferromagnetic material with a 
weak superimposed ferromagnetism. Its magnetization may be expressed as the sum of 
induced and residual magnetizations. 

CONCLUSIONS 

Experimental results indicate a selective aggregation between magnetite and hematite 
ultrafines by utilizing only their remanent magnetizations in the absence of aggregating 
reagents, high shear rates and/or an external magnetic field. It is evident that hematite 
ultrafines and colloids become attracted to the finer magnetite particles. 
Remagnetization of magnetite may enhance its attractability for hematite particles. 
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ABSTRACT 

Wet magnetic separation methods for recovering hematite and chromite fines and 
ultrafines are investigated in this paper. These methods include wet high intensity and 
high gradient magnetic separations, carrier or "piggy-back" magnetic method, magnetic 
field-induced aggregation and magnetic seeding. This investigation indicates that wet 
magnetic separation is more efficient for fines and ultrafines whereas other methods 
can be used to enhance the particle aggregation and/or the magnetic response. The 
magnetic behaviour of these minerals with respect to magnetizing field, particle size 
and temperature is also presented. 

Keywords: 
Hematite; Chromite; Fines and ultrafines; Magnetic property of mineral; Magnetic 
separation; HGMS; WHIMS; Carrier magnetic method; Magnetic aggregation; 
Magnetic seeding 

INTRODUCTION 

Among the many processes used for the concentration of valuable minerals, magnetic 
separation has a great potential due to the advent of high intensity and high gradient 
magnetic separation (HIMS and HGMS). Essentially, the techniques have been 
developed and applied for recovering weakly magnetic minerals such as hematite or 
chromite from slime 1 2. The problems associated with those very fine particles, have, 
however, not been completely solved. Recent interest in magnetic separation has been 
directed towards improving the existing techniques and developing the new methods to 
recover the very fine particles3. There are a number of techniques possible to aggregate 
the very fine particles under certain physical and chemical conditions. Among those 
which can be mentioned are the carrier or "piggy-back" method, selective aggregation 
with magnetic bonding and seeding with ferrimagnetic particles or precipitations. Since 
the formation of the aggregates increase the effective particle dimensions and/or the 
magnetic response, the possibilities of concentrating the particles magnetically is 
increased 

This paper will present the recovery of hematite and chromite fines and ultrafines by 
various wet magnetic methods. 



MAGNETIC CHARACTERISTICS OF NATURAL HEMATITE AND 
CHROMITE 

For purpose of magnetic separation or concentration, data on the magnetic properties 
of natural hematite and chromite involved is essential. Large variation in magnetic 
behaviour has been observed between various namral minerals, particularly containing 
ferrimagnetic impurities3-4. On the other hand, their magnetic characteristics have been 
found to be dependent upon the magnetizing field, temperamre and even particle size. 

The magnetic properties of namral hematite from Malmberget and Grängesberg, 
Sweden and a namral chromite from Kemi, Finland were investigated. These minerals 
would be encountered in the following magnetic separation. Magnetic measurements 
were carried out on these samples using a Vibrating Sample Magnetometer (VSM) and 
a Superconducting Quantum Interference Device magnetometer (SQUID). 

a). Hematite 

Fig. 1 shows the specific magnetization of the two different natural hematite samples 
as a function of the magnetic field at room temperature (about 298°K). At higher 
magnetic field (>0.3 T) an increase of the magnetization, o, with increasing the applied 
field becomes closely linear and it can be expressed as a=a 0+x o oB where is a 

susceptibility that describes the linear behaviour at high fields, o 0 a weak ferromagnetic 
moment and B the magnetic induction. Correspondingly the field-dependent 
susceptibility, can be expressed as x=o/B=Oo/B+x„. It can be seen from Fig. 1 that 

the values of the antiferromagnetic susceptibility x°o of these samples are closely 

similar, whereas the values of o~0 are quite different. This behaviour is what can be 
expected for namral hematite, since an additional weak ferromagnetic moment 
originating from spurious femtes or other magnetic mineral such as magnetite and 
maghemaite (7-Fe203), may be present within the samples. The chemical assay on Fe 2 + 

and the variation of temperature-dependent magnetization indicated the occurence of 
ferrites with the samples. On the other hand, it is known that hematite crystals have a 
weak spontaneous magnetization above the transition temperature due to a departure 
for exact anti-parallel arrangement of the magnetic moments of the ions. 

The effect of particle size on the weak ferromagnetism and antiferromagnetic 

susceptibility at room temperature was determined for various fractions of these 

samples. The results are summarized in Table 1. The values of a 0 and x~ were 

calculated by linear regression of magnetization against magnetic induction at high 

field. There is no significant variation among these fractions from coarse to fine or 

between the two samples of the values of x», which is approximately 30.8xl0 8 m3kg-

This means that of the natural hametite is almost independent of the particle size. 

The variation of o 0 among the various fractions of these natural samples may simply be 

the result of different residual amounts of ferrimagnetic impurities depending on the 

preparation of the samples. 
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Table 1 Effect of size fractions of Swedish natural hematite on magnetic 
characteristic 

Sample Size, [im r j 0 . xlO 7 n^kg"1 

X~, xlO 8 m 3kg 1 

<212>106 0.243 30.74 

Malmberget <53>38 0.218 30.85 
<10>5 0.287 30.68 

<212>106 0.234 31.01 
Grängesberg <53>38 0.260 30.89 

<10>5 0.502 30.52 

b). Chromite 

A magnetic measurement with the VSM indicated that decreasing the particle size of 
Kemi namral chromite increases the magnetization a 0, whereas its paramagnetic 

susceptibility is independent of the particle size at higher field, as shown in Fig. 2. 

This behaviour was attributed to a mechanical working produced during the 
comminution of the material according to Schwerer5. He considered that mechanical 
work due to crushing produces an ordered magnetic phase in the chromite, that is 
apparently magnetically ordered on a sufficiently large scale to produce multi-domain-
type a(B) characteristics. On the other hand, the susceptibility % of chromite depends 
on the Fe 2 + according to Owada and Harada6. They explained that the distribution of 
magnetic ions is not uniform in the crystal structure and so ferromagnetism is created 
in the more concentrated sections. Fig. 2 also shows that the magnetization increases 
with increasing magnetic induction for various size fractions. 

3 



"o _ • 

O Malmberget hematite 

• Grängesberg hematite 

0.20 0.40 0.60 0.80 

Magnetic induction, B, Testa 

Figure 1. Magnetization as a function of magnetic induction at room 
temperature for two Swedish natural hematite (<S3 u.m). 
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Figure 2. Magnetization as a function of magnetic induction at room 
temperature for various size fractions from Kemi chromite. 
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WET HIGH INTENSITY AND HIGH GRADIENT MAGNETIC 
SEPARATIONS 

a). Particle entrapment magnetic separators 

Wet high intensity magnetic separator (WHIMS) and high gradient magnetic separator 
(HGMS) both are technically fine-particle entrapment devices. These separators 
generate, in a separation volume or zone, strong magnetic traction forces by virtue of a 
combination of magnetic field and field gradient. The magnetic traction force on a 
magnetic particle of volume, V, and of the volume susceptibility, K p , in a non-uniform 
magnetic field is approximately determined by 

FM={Kp-Km)v[Bgrad{B)] (1) 

where grad(ß) is the spatial gradient of the total magnetic field B at the location of 

the particle, and the susceptibility of medium. It is seen from Eq. (1) that K , , , and V 

are exclusively properties of the particle, while Bgrad(ß) has the dimensions of force 

density which depends only on the properties of the magnetic field system. At present, 
there are two quite distinct and highly successful modern magnetic separators, i.e., 
Jones WHIMS and Sala HGMS types, for recovering weakly magnetic valuable 
mineral slimes. 

In our investigation, a Jones P40 WHIMS device was operated in a stationary mode. 
This separator comprises an array of grooved ferromagnetic plates in the field gap of a 
classical dipolar C-shaped electromagnet. It was calculated1 that at the surface of finest 
grooved plates (2x10^ m groove pitch) the force density is order 2x l0 9 Nm"3. In the 
grooved plate matrix, the plates are loaded in a box with the axes of the groove 
vertical. The HGMS device used is a Sala-HGMS 5-30-10 separator (used for other 
works in this paper). It is based on the insertion of ferritic matrix such as expanded 
metal into the working volume of high field solenoid magnet. The novel aspect of this 
particular design is that, if sufficiently strong magnetic fields are generated by the 
solenoid, then strands of this matrix, whose axes are orthogonal to the field axis of the 
solenoid, are magnetized radically to saturation. Thus the magnetic field gradients, 
which can be determined by 2Ms/b (where M s is their saturation magnetization and b 
the effective filament diameter), are generated at the surface of the matrix7. It is clear 

that the corresponding Bgrad(ß) at the fibre surface is increased with reducing the 

filament diameter, generally greater than 10 1 1 Nm"3. This is a full two orders of 
magnitude improvement on the corresponding value for a Jones type separator. 

Experiments by these two separators were performed on a finely ground hematite ore 
(94%<53 |im) from Malmberget according to a statistical approach8. This material 
mainly involves hematite, apatite, quartz and albite. Their optimum results obtained are 
given in Table 2. Fig. 3 summarizes the iron recovery as a function of the particle size. 
It is apparent that the Sala HGMS device shows higher recoveries of the particles 
smaller than 30 (im, whereas the considerable loss of the values made with the Jones 
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WHIMS is smaller than 15 |im. If 85 % of the recovery is to be defined as a criterion 
of limiting recoverable particle size, it should indicate the lowest particle size hmit 
which can be recovered with these two devices, respectively. On the other hand, the 
Sala HGMS device has the capability of concentrating particles with lower 
susceptibility than the Jones WHIMS, as shown in Table 3. The reasons that the Sala 
HGMS device concentrates the fine hematite particles more efficiently than the Jones 
WHIMS are related to the design of magnet and the matrix. As mentioned above, the 
magnet of the Sala HGMS is a high field solenoid one. The uniform magnetic field 
throughout the entire working volume is generated by such a solenoid magnet. This 
uniform field means that a hematite particle at any place in the working volume will 
experience the same force density. Because the field is uniform throughout the working 
volume the filamentary ferromagnetic matrix such as expanded metal will also be 
magnetized uniformly and the gradients will be of the same order of magnitude 
anywhere in the magnetized volume. In addition, the very high field gradients produced 
by the expanded metal matrix provide strong forces for retaining the finer hematite 
particles with the lower susceptibility against the fluid drag forces and gravity. These 
forces are 10 to 102 times greater than those found in the Jones WHIMS and uniform 
throughout the matrix working volume while these gradients in the Jones WHIMS 
device decrease further the grooved plate matrix. It can be concluded that the Sala 
HGMS device performs a superior beneficiation and is of recovering smaller hematite 
particle with lower susceptibility than the Jones WHIMS device. 

Table 2. Experimental results of two separators under optimum process 
parameters' 

Jones WHIMS Sala HGMS Difference in 
99.9% conf. 

Concentration, %Fe 66.78 67.06 No 
Tailings, %Fe 19.06 14.24 4.82+1.98 
Recovery, %Fe 87.35 91.40 4.0511.72 
Efficiency, % 4 1 51.89 60.91 9.0213.98 

Table 3. The partition ratio 4 2 of susceptibility fractions in <20>5 u:m size 
fraction 

Susceptibility fraction*, 
xlO" 8 m 3 kg-! 

Partition ratio, %wt , 
Jones WHIMS Sala HGMS 

>124.6 94.04 99.84 
<142.6>85.5 95.25 98.26 
<85.5>65.4 92.16 93.65 
<65.4>55.9 95.80 94.44 
<55.9>38.2 88.87 91.37 
<38.2>10.5 79.36 88.02 
<10.5 10.85 22.61 

* analyzed by "wet" Frantz isodynamic separator. 
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Figure 3. Fe recovery to mags as a function of particle size 

b). Particle size dependence on performance of HGMS 

For the recovery of weakly magnetic valuable minerals by HGMS, the knowledge of 
the separator performance as a function of particle size and of the lower size hmit of 
the recoverable particles is important for optimization purposes and developing the 
process commercially. Early studies 9 1 0, on this subject were carried out with fine 
particulate and fine wire matrix. Other work emphasized only the coarse particle size 
(>53 Lim) selectivity of a pure material using a characterized matrix 1 1. Our work was 

to study what happens in the more practical case of chromite ore slimes (<53 (im) with 
various size fractions when processed through a industrial expanded metal matrix in 
HGMS. The lower size limits of the recoverable particles recoverable particles by 
HGMS were discussed by the experiments and theoretical models. 

Experiments were performed on two chromite slimes from Kemi, Finland and from 
Greece respectively. Major minerals in Kemi slime involve chromite, magnesite, 
dolomite and talc. The Greek slime consists of chromite, forsterite and lizardite. The 
materials were preliminarily ground to <53 Lim to eliminate the problem of locked 
particles, and then sized into <53>38, <38>20,<20>10 and <10 Lim size fractions. The 
matrix (type: XMO expanded metal) loading was determined to be 300 kg nr 3 . 
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The experimental results for the fractions of two chromite slimes at various magnetic 
inductions and slurry velocities are presented in Figs. 4 to 5. It is seen that the recovery 
of C r 2 0 3 increases with decreasing particle size. The grade of the magnetic 
concentrate slightly depends on the particle size. Such a dependence is due to the 
distribution of C r 2 0 3 in various sizes of the feed, it is evident that the recovery can be 
greatly enhanced at a magnetic induction greater than 0.43 T. However, the efficiency 
of capturing the particles below 10 (tm cannot be further improved at high magnetic 
induction. On the other hand, at low velocity, the separation is non-selective, so that an 
increase in the recovery is negligible and the grade of the magnetic concentrate is poor; 
at high velocity, the selectivity improved and the concentrate of high quality can be 
obtained for the particles above 10 Lim. Fig. 6 summarises the dependence of particle 
size on the grade/recovery of C r 2 0 3 in these slimes at a magnetic induction of 0.43 T 
and velocities of 0.105-0.158 m s 1 . It is apparent that the performance of the separator 
strongly depends on the particle size, and the chromite particles below 10 (im cannot 
be captured efficiently. 
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Figure 6. Dependence of particle size on the grade/recovery of C r 2 0 3 for Kemi 
slime ( .•*•» ) and Greek slime (o a o v ) . 
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Microscopic and macroscopic studies deal with the mechanisms to an understanding of 
capturing particles on a matrix in HGMS. Detailed description about these works was 
given by Gerber and Birss7. They represented the theoretical models of the capture on 
a single matrix element and on multi-elements in details. In this work, attention was 
solely focused on the model of particle motion introduced by Watson12 and the model 
of particle build-up developed by Nesset and Finch 1 3. One possible application of these 
models is a method of determining theoretically the lower size limits of recoverable 
particles by HGMS. 

Watson described the dynamic behaviour of a magnetized particle which moves near an 
isolated ferromagnetic matrix in homogeneous magnetic field by a model of particle 
motion. In this model, the probability of capturing a particle on the matrix is 
proportional to the ratio V M / V 0 . The quantities V M and V 0 , the dimensions of which 
are m s"1, are called the magnetic velocity and the velocity of slurry. It is anticipated 
that a strong capture will occur only i f 

VJV0 = 2KXMß/9Ti/?Li 0V 0 > 1 (2) 

where K is the volume magnetic susceptibility of the particle, a its radius, M the 

magnetization of matrix, B the magnetic induction, ri the slurry viscosity, b the matrix 

radius and LLQ the magnetic permeability of the vacuum. Nesset and Finch developed a 
static model of particle build-up in HGMS. Their model considers the balance between 
magnetic and fluid drag force around a matrix element, and shows that the build -up of 
particles on a matrix is a function of the loading, N L ,given as: 

N t =aK,BM/u. 0 V 0 *(p<ni , ) , / 2 (3) 

where p is the density of a fluid. This loading number represents the ratio of the 
magnetic force to the fluid shear force, and permits the practical determination of the 
fine size limit when N L =25. 

To evaluate the suitability of these models for defining the fine size limits for both the 
chromites. it was assumed that the parameters in Eqs. (2) and (3) have the following 

values: V0=0.105 m s>; T)=lxlO-3 kg n r ' s 1 ; p=1000 kg nr 3; b=3xl(V 4 m; M=1.70 T. 

The volume susceptibility, Kp, was determined to be 3.3xl0 3 (SI) for Kemi chromite 
and 2.7xl0 - 3 (SI) for Greek chromite. Fig. 7 shows the limiting chromite particle sizes 
as a function of magnetic induction for X M expanded metal matrix, calculated 
according to V ^ / V Q and N L . As a condition of capture (Eqs. (2) and (3), Watson's 
model predicts the capture of 10 |im chromite particles at very high magnetic 
induction. However, in this investigation the limiting particle sized captured was 10 Lim 
at 0.43 T and 0.105 m s-5. For the same experimental parameters, Nesset and Finch's 
model gives the practical limiting size as 15 p.m for XM expanded metal matrix. It can 
thus be seen that these models give the particle size which is higher than those 
indicated by the experiments. This is since these approaches neglect the important 
interaction of particles that have already been deposited such as surface interaction and 
the mechanism of transfer of particles onto the matrix. 
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CARRIER MAGNETIC SEPARATION 

It is well known that the relative importance of the surface, magnetic and 
hydrodynamic interactions depends on mineral particle size in wet magnetic separation. 
One variation of the magnetic separation is known as carrier or "piggy-back" magnetic 
separation for saving weakly magnetic valuable mineral fines and ultrafines which 
readily escape in industrial matrix magnetic separators. This method was firstly 
developed by Svoboda3 when treating a cyanidation residue containing gold and 
uranium. The results indicated that the "piggy-back" separation played an important 
role in the recovery of the valuable slimes. It was implied that the behaviour of very 
fine particles in a magnetic separator should be studied in the presence of other particle 
sizes comprising the ores. 

The formation of particle aggregates prior to particle attachment to the matrix is 
regarded as one of the most decisive steps to improve the efficiency of a magnetic 
separator for slimes. Aggregate formation increases the effective particle dimensions. 
Therefore, the retention probability of particles on the matrix is enhanced. In homo-
and hetero-aggregation, the particles in the slurry may be oppositely charged or of the 
same signs. Electrostatic attraction dominates in the case of particles of opposite signs. 
Due to the induction of higher-charged surfaces on ones of lower-charges, repulsion 
increases with decreasing distance but it is reversed to attraction upon further 
approach of the particles. According to the well-known DLVO theory, the important 
energy between particles considered is the electrical double layer energy (attractive or 
repulsive) besides London-van der Waals energy. The surface charge of a mineral is 
determined by the concentration of various ion species in solution. The concentration 
of a species that creates a net zero charge on the surface is known as the zero point of 
charge (zpc). Because hydroxyl ions influence surface potential, pH is an important 
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slurry chemistry condition. The pH range of the zpc varies for each mineral. Previous 
studies14"15 showed that a pH near to the zpc of the valuable mineral is preferred to 
maximize homo-aggregation and to minimize the hetero-aggregation with gangue 
minerals. However, the surface charge is also affected by numerous other ion species. 
It is difficult to ensure that the separation of the valuable mineral is controlled by its 
zpc at all time especially in cases of natural ore. Once magnetic particles in the 
suspension are placed in a magnetic separator, there should be magnetic interaction 
energies between the particles themselves16 and between the particle and the matrix 
element17. In the case of low magnetic fields, repulsion may predominate, the 
suspension is colloidally stable and the particles cannot aggregate. Such a situation will 
seriously affect the probability of capture of the particles on the matrix covered by the 
previously deposited particles. However, in the case of high magnetic fields with no or 
even low repulsion, total interaction between particles may be attractive. The particle 
may not only aggregate in the intermatrix space but also the cross-section of the matrix 
may be increased. 

Since carrier or "piggy-back" magnetic separation uses coarse particles as carriers for 
finer particles, it is possible for the latter to be recovered. This technique makes use of 
the fact that the frequency of particle collisions is much greater when there are 
particles of different sizes. This is a result of different trajectories in an accelerating 
fluid. The rate of adhesion of fine particles (a=2 Lim) to coarse ones (a=30 urn) is from 
103 to 104 as high as the rate of adhesion between fine particles18. The probabilities of 
collision between particles, attachment during collision and detachment of particles 
from aggregates, have a direct effect on the rate of aggregation. The probability of 
collision depends mainly on slurry viscosity and intensive stirring. Adhesion and 
detachment depend on the type of physic-chemical interactions between particles 
which, in turn, are mainly affected by the magnetic field, the slurry pH, the particle size 
distribution and the slurry density. We investigated the possibility of carrier 
phenomenon for chromite and hematite materials in HGMS. 

From the results in Fig. 8, it was indicated that the presence of coarse Kemi chromite 
particles can improve the recovery of the <10 (im particles in HGMS at its pH(zpc) 
(pH=6.0) and at higher magnetic inductions. The pH(zpc) of chromite leads to a 
suppression of potential barrier between the interacting particles and to an increase of 
the recovery of the <10 Lim particles in wet magnetic separation. This may be due to 
two factors. Pro primo, negligible electrostatic repulsion among the particles at 
pH(zpc) enhances the capture rate and stability of build-up profile on the matrix. Pro 
secundo, the absence of a potential barrier can result in the aggregation of particle into 
the primary minimum prior to their capture onto the matrix. On the other hand, the 
application of an external magnetic field causes the particles to come into contact. The 
magnitude of the magnetic induction needed to favour their contact mainly depends on 
the magnetic susceptibility of mineral, particle size and solid concentration in addition 
of the slurry pH. It can also be seen from Fig. 8 that high magnetic field favours the 
attraction interaction between the particles in the intermatrix space. 

In theory, if two colloidal minerals with different pH(zpc) values are considered, then it 
should be possible to improve the separation efficiency in wet magnetic separation by 
adjustment of the pH. This predication was confirmed by a study of the selective 
aggregation of mixed hematite-quartz separation in HGMS 1 5 . It was found that the 
highest performance of the separator occurred at a pH value (pH=6.5) at which 
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hematite and quartz have the same negative sign, but nearby the zpc of hematite. The 

results in Fig. 9 thus illustrate that hematite particles below 10 Lim may be selectively 

carried onto the surface of the coarse particles at the slurry pH of 6.5 and high 
magnetic induction of 1.00 T. In strong magnetic fields, the values of the total 
interaction energy between hematite particles and that between the particle and the 
matrix in energy curve can be reduced, and selective aggregation may occur, in case 
where hematite particles have a lower electrostatic repulsion potential. 

Table 4. Results of HGMS on Kemi chromite ore slime below 10 Lim in the 
presence or absence of the carrier 

No Wi th <53>38u. (4:1) 

carrier carrier 

pH Product Grade Recovery Grade Recovery 

%Fe % C r , 0 3 %Fe Cr:Fe % C r 9 0 3 %Fc % C r 7 0 3 %Fe Cr:Fc 

4.5- Mag 35.00 14.8 53.58 48.62 1.62 36.90 18.0 58.74 57.19 1.41 

4.9 Non-

mag 

9.50 4.9 46.42 51.38 1.33 9.06 4.7 41.26 42.81 1.32 

7.6- Mag 35.09 15.4 60.37 53.30 1.56 37.43 17.9 62.57 60.78 1.43 

8.0 Non-

mag 

8.19 4.8 39.63 46.70 1.17 8.33 4.30 37.43 39.22 1.33 

9.5- Mag 34.00 14.8 61.27 55.58 1.57 37.47 17.6 66.67 64.44 1.47 

9.9 Non-

mag 

8.00 4.4 38.73 44.42 1.24 7.60 3.9 33.33 35.56 1.33 

11.3 Mag 33.00 14.5 59.13 55.11 1.56 38.45 18.5 63.43 61.93 1.42 

Non- 8.30 4.3 40.87 44.89 1.32 8.19 4.2 36.57 38.07 1.33 

mag 

The carrier magnetic separation was carried out on a chromite ore slime (7.8%Fe; 

15 .3%Cr 2 0 3 ) at a magnetic induction of 1.00 T and a slurry velocity of 0.072 m s _ ! . In 

this study, a mixture was prepared of the fraction below 10 (im with the fraction 

between 53 and 38 (im in the ratio of 4:1 by mass. The results are summarized in Table 

4. It is seen that the presence of <53>38 (im fraction considerably improves the overall 

recovery of C r 2 0 3 and the grade of the magnetic product in the <10 Lim fraction. Also, 

the recovery and the grade become dependent on the slurry pH. As mentioned above, 

the surface charge of the valuable mineral is also affected by numerous other ion 

species i f treating a natural ore. This study found that C a 2 + and M g 2 + ions mainly 

dissolved in Kemi chromite ore slurry since the major gangue minerals were dolomite 

and magnesite 1 9. F ig. 10 shows the zeta potential-pH dependence for Kemi chromite at 

various Ca and M g metal ions concentrations. The curves show that the zpc of 

chromite in the ore slurry may move to the pH range 8 to 11. Sagheer 2 0 considered the 

effect o f these ions in the pulp on a pure chromite. It was indicated that metal ions 

precipitates are formed in alkaline solution and also dissolved in acid environment. Fig. 

11 gives the relationship between these ions concentrations and pH. These exhibits 

may explain why the overall recovery and the grade of the magnetic fraction in the <10 

u.m chromite ore slime are improved in the presence of <53>38 (im of the carrier at 

high pH. 
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MAGNETIC FIELD-INDUCED AGGREGATION 

Magnetic field-induced aggregation has been of interest in the treatment of weakly 
magnetic mineral particles for years 2 1 - 2 8. Watson presented the possibility of magnetic 
field-induced aggregation for paramagnetic particles, and discussed that the particles 
tend to form the aggregates i f applied a sufficiently high magnetic field21. Furthermore, 
according to an approach by Svoboda22, the application of an external magnetic field 
to a suspension of mineral particles can result in a suppression of energy barrier 
separating the interacting particles. This suppression enables the particles to aggregate 
into the primary minimum in the energy curve. It can be also anticipated that under 
certain conditions the existence of secondary minimum can lead to an aggregation of 
particles into this potential well 2 3 . Parker and et a l 2 4 proposed a dynamic model of 
magnetic field-induced aggregation in mineral suspension. They calculated the particle 
trajectories leading to binary pair formation. A simulation of magnetic aggregation 
behaviour of mineral particles indicated the oriented chain-like aggregates form along 
the direction of an applied magnetic field25. On the other hand, early experimental 
observations26"28 showed the effect of magnetic fields on the aggregation of some 
weakly magnetic minerals with various particle sizes. Our work dealed with magnetic 
field-induced aggregation of natural hematite or chromite fines and ultrafines. 

According to the DLVO theory, the interaction energy between colloidal particles is 
expressed by the sum of repulsion terms originating from electrostatic interactions and 
the attractive London-van der Waals contribution29. For the specific case of magnetic 
particles in an external magnetic field, an additive attractive magnetic interaction must 
be considered by 3 0 : 

V M = - 2 m > 0 / 4 x r 3 (4) 

where rrip is the magnetic moment of the particles, and u,0 is the magnetic permeability 

of vacuum. The energy is strongly orientation dependent. As discussed above, in 

higher magnetic field (>0.3 T), the field-dependent magnetization, a, of the particles 

(hematite or chromite) can be written as the sum of a permanent (pseudo-remanent),a 

0 , and induced, %„B, magnetizations, respectively. In such particles the induced 

magnetization is proportional to the magnetized field that induces the magnetization. 

A particle with a magnetic moment, m(=0"V), in a magnetic field will cause orientation 
along the direction of the field. The degree of the orientation can be related by the 
Langevin equation31 

mp = m[coth(y)-y-1] (5) 

where the parameter y is given as y=mB/kT. When y » l , the majority of magnetic 
particle with the magnetic moment will be oriented parallel to the direction of the field, 
while for y « l no orientation will occur. 

An experimental observation of magnetic field-induced aggregation for natural 
hematite and chromite was made by magneto-sedimentation analysis. Samples of 
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natural hematite were obtained from Malmberget and Grängesberg, Sweden. A natural 
chromite came from Kime, Finland. The mean particle size was determined to be 3.9 LL 
m for Malmberget hematite (97.9%Fe203), 3.2 Lim for Grängesberg hematite 
(97.08%Fe2O3) and 3.6 Lim for Kemi chromite (19.42%Fe; 49.59%Cr 20 3), although 

the distribution range extended up to 20 Lim for the fractions. 

Figure 12. Magnetic field-induced aggregation of natural hematite and 
chromite fines and ultrafines in an aqueous medium. 
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Fig. 12 shows the magnetic field-induced aggregation behaviour of hematite or 
chromite particles in aqueous medium at various magnetic inductions. In the case of 
low magnetic fields, the settled weight rises insignificantly and the particles cannot 
aggregate efficiently. In the case of high magnetic fields, however, the settled weight 
increased since the particles aggregate. These individual mineral particles in aqueous 
medium settle under gravity and hydrodynamic energies in such an uniform vertical 
magnetic field. When the field increases to a so called threshold value B c

 2 1 for the 
field-induced particles aggregation, vertical-axis binary pairs may appear. Svoboda22 

determined the threshold field values for particles aggregation for some weakly 
magnetic minerals with various particle sizes. Generally speaking, the binary pairs in 
the B c , however, appear to be unstable for a reverse simation if applied with simple 
mechanical stirring. This stage, therefore, is the initiation of the field- induced particles 
aggregation. For case of the field over B c , the pairs may appear to be considerably 
stable and then lead to particle chain formation (Fig. 13). This figure shows clearly 
these individual particles in aqueous medium form three, four and even more particles 
chains in high magnetic induction of over 2.00 T. It was also observed that the 
application of high magnetic field might give rise to the formation of the particle rings 
and open loop structures which might break up to form long chains. An increase in the 
particle magnetization with increasing magnetic field may be followed by an increase in 
length of the particle chains. 

Figure 13. Aggregation of Malmberget hematite ultrafines at a magnetic 
field of 2.15 Tesla (SEM). 

MAGNETIC SELECTIVE SEEDING 

Magnetic selective seeding or coating, which is an encouraging separation method for 
non- or weakly magnetic mineral fines, has been investigated32"38. Basic principle of 
such a method is to enhance the magnetic susceptibilities of non-magnetic or weakly 
magnetic mineral fines by using strongly magnetic seeds such as magnetite. The seeds 
adhere to non-magnetic or weakly magnetic particles to form the floes under certain 
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conditions, thereby allow to be recovered by magnetic means with low strength. The 
probability of particles adhesion can usually be increased by at least one or a 
combination of four possible mechanisms: (a) electrolytic coagulation; (b) hydrophobic 
bonding; (c) polymer bridging;(d) magnetic bonding. 

For hematite particles dispersed in the slurry in the presence of fine magnetite, it is 
possible for these iron oxide minerals to become incorporated by means of the particle 
hydrophobicity and magnetism. Addition of a surfacant such as oleate into such a 
system was recognized to favour the formation of hydrophobic aggregates39. 
Furthermore, a previous work 4 0 has shown that hematite particles can aggregate with 
fine magnetite in a well-dispersed slurry due to the presence of their residual 
magnetizations. The aggregation with fine magnetite followed by HGMS was 
supposed to more efficient for the capture of hematite ultrafines (<10 |im) which often 
lost in the magnetic separators. The following results on two hematite slimes from 
Malmberget (43.4%Fe; 94.2%<10 um) and Grängesberg (44.2%Fe; 85.1%<10 Lim) 
were obtained from this predication. The matrix used was of an industrial coarse 
expanded metal (XRO). 

Fig. 14 shows that the recovery of hematite fines and ultrafines from these slimes in the 
presence of sodium oleate can be apparently increased at a magnetite addition of 25 
kg/t. This is due to the introduction of magnetite seeds to such slimes can mainly 
enhance the magnetic response of hematite particles. Low magnetic fields were needed 
enough to efficiently capture the seeded hematite fines and ultrafines in an industrial 
matrix HGMS system (Fig. 15). 
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Figure 14. Effect of magnetite concentration on Fe grade/recovery to 
mags for two hematite ore slimes by HGMS. 
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Since hydrophobic surfaces of particles can produce attractive forces between 
particles, the importance of using sodium oleate as a surfactant for the aggregation of 

magnetite seeds with hematite was emphasized. In addition, the existence of residual 
magnetization of these iron oxide minerals was considered as other contribution to 
such an aggregation. It was recognized from the present work that strong agitation 
after seeding might be of critical importance where the selective aggregation of 
magnetite onto the desired mineral is to be achieved. 

£ 100 i • , : — , — 
c>*> Malmberget slime 

Ve: 0.046 m/i 
" NaOl: 1.5 kg/t • pH: 7.6 
Q 9 0 - Conditioning: 5 mtn.; 2000 rpm 

E 

0 . 0 0 0 0 . 2 0 0 0 . 4 0 0 0 . 6 0 0 0 . 8 0 0 
i 

Magnetic induction, B , Tesla 

Figure 15. Effect of magnetic induction on Fe grade/recovery to 
mags for Malmberget hematite ore slimes by HGMS. 

SUMMARY AND CONCLUSIONS 

Magnetic measurements showed that natural hematite exhibits weak ferromagnetism 
which accounted for variations in susceptibility with magnetic field and particle size. 

The variation of weak ferromagnetism may partly be the results of residual amounts of 

ferrimagnetic impurities in natural hematite. Magnetic behaviour of natural chromite 

apparently is associated with magnetizing field and particle size. 

It can be considered that the Jones WHIMS and Sala HGMS devices can both be 

applied to wet treatment of a finely ground hematite ore, but the latter is more efficient 

in areas in which the particle size is very fine (<30 Lim) and where the magnetic 

susceptibility is low. As a particle entrapment device, the performance of an industrial 

matrix HGMS is strongly dependent on particle size for the treatment of chromite 

slimes. High quality concentrate can be achieved at high recovery for chromite 

particles above 10 u.m. However, the particles below 10 Lim escape readily from the 
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industrial expanded metal matrix. Models cannot predict the same particle size limits as 
obtained from experiments. 

In carrier magnetic separation, fine particles of hematite or chromite aggregated onto 
the coarse ones and the cluster was recovered by a magnetized matrix in the 
combination of magnetic and surface interactions. This "piggy-back" phenomenon 

plays an important role in the capture of the valuable mineral ultrafines in HGMS. 

Aggregation of hematite or chromite fines and ultrafines in aqueous medium due to the 
effect of magnetic field was observed experimentally. High magnetic fields were 

needed to enhance the formation of the aggregates stable. 

It has been demonstrated that the introduction of fine magnetite to hematite slimes 
under certain conditions can increase the magnetic response and the effective size of 
the ultrafines due to the formation of the aggregates. Low magnetic field was needed 
enough to efficiently capture hematite ultrafines seeded with fine magnetite in HGMS. 
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ABSTRACT 

A "carrier" or "piggy-back" coagulation process was applied to improve the separation 
efficiency of chromite slimes in wet high gradient magnetic separation. This was 
achieved by the addition of a coarse chromite fraction to the slime fraction (<10 yum). 
Three coarse chromite fractions were investigated in the present study with size ranges 
<106>75, <75>53 and <53>38 u.m. The results suggested that the <53>38 u.m coarse 
fraction was the most effective in improving the process efficiency. Superior 
performance was also found to occur at strong magnetic fields and nearby the pH(zpc) 
of chromite. The results were discussed by computing the various components for 
potential energy of interaction between the slime particles and the "carrier" or "piggy
back" particles at a range of surface potentials in the absence or presence of the 
magnetic field. 

Keywords: Carrier coagulation, Wet magnetic separation, HGMS, Chromite, Slime, 
Ultrafines 

INTRODUCTION 

In recent years, there has been a considerable effort to improve the recovery of weakly 
magnetic valuable mineral ultrafines (normally <10 u,m) which readily escape from 
industrial matrix magnetic separators. One possible technique which could be applied 
to improve the process efficiency is a "carrier" or "piggy-back" coagulation, and this 
method which utilizes a coarser particle size fraction to collect the fines of the same 
mineral, was first reported by Svoboda [1]. These early experiments indicated that the 
"carrier" coagulation process played an important role in increasing the recovery of the 
slime fractions and it was suggested that the behaviour of the very fine particles in a 
magnetic separator, should be studied in the presence of a range of coarser fractions of 
the same ore. 

It is well known that in matrix magnetic separators, the surface, magnetic and 
hydrodynamic interactions strongly depend on particle size. These interactions should 
thus be considered in some detail in order to develop an effective "carrier" or "piggy
back" coagulation process in wet magnetic separation. 

Coagulation of the fines and ultrafines prior to particle attachment to the matrix is 
regarded as one of the most decisive steps to improve the efficiency of the matrix 
magnetic separator. Coagula formation increases the effective particle dimensions, and 



hence enhances the retention probability of particles to the matrix. In cases where the 
interparticle repulsion between primary particles of different sizes in a dispersed system 
can be sufficiently reduced, then coagulation readily occurs. This can take place by 
charge neutralization of the surfaces of the particles or by compressing the electrical 
double layer thickness. In homo- and hetero-coagulation, the particles in the slurry may 
have the same charge or may be oppositely charged. Electrostatic attraction dominates 
in the case of particles of opposite signs, while repulsion would be expected for 
particles of similar signs. In the case of the interaction of higher-charged surfaces with 
lower-charges surfaces, repulsion occurs at larger interparticle distance but it may 
revert to attraction at close interparticle distances [2]. 

The surface charge of a mineral is determined by the distribution of various ion species 
in the solution and the concentration of a species that creates a zero charge on the 
surface is known as the zero point of charge. Because hydroxyl ions influence the 
surface potential, then solution pH plays an important role in determining slurry 
chemistry condition and the zero point of charge can be expressed in terms of the 
solution pH (i.e. pH(zpc)). Previous studies[3,4] showed that a pH near to the pH(zpc) 
of the valuable mineral is preferred to maximize homocoagulation and to minimize the 
heterocoagulation with gangue minerals. However, the surface charge is also affected 
by numerous other ion solution species, and it is hence difficult to ensure that the 
stability of the colloidal valuable mineral is completely determined by pH(zpc) in cases 
of a natural ore dispersed as a slurry. 

In addition, for a magnetic valuable mineral, particle aggregation can be induced in the 
presence of an external magnetic field. In the case of low magnetic fields, electrostatic 
interparticle repulsion may predominate causing the suspension is to remain colloidally 
stable. Such a situation will seriously affect the probability of capture of the particles 
on a matrix which is already covered by the previously deposited particles. However, 
in the case of particles subject to high magnetic fields with zero or even low 
electrostatic repulsion, total interaction between particles is usually attractive. Under 
these circumstances, the particles can not only aggregate in the intermatrix space but 
may also increase the cross-section of the matrix through the deposition. Earlier 
studies on Fe 2 0 3 particles of radius 3.5 Lim [5] clearly showed that the particles 
aggregate in pairs at about 0.60 Tesla. Hencl and Svoboda [6] observed a magnetic 
aggregation with a siderite slurry with an average grain size of 30 (im under the field of 
1.00 Tesla at lower flow rates. 

Since "carrier" or "piggy-back" coagulation process in wet magnetic separation uses 
coarse particle as the carrier to increase the recovery of finer fractions, it is possible by 
further refinement to increase the overall efficiency of the separation technique. 
Generally the process utilizes the fact that the frequency of particle collisions is much 
greater between particles of different sizes and this is caused by the different 
trajectories in an accelerating fluid. The probability of collision depends mainly on the 
fluid flow in the matrix magnetic separator which is influenced by slurry viscosity and 
external stirring. Furthermore, the probabilities of collision between particles, 
attachment during collision and detachment of particles from aggregates have a direct 
effect on the rate of aggregation. The adhesion and detachment steps depend on the 
physico-chemical interactions between particles which, in turn, are mainly affected by 
the magnetic field, the slurry pH, the particle size distribution and the slurry density. 
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The rate of adhesion of fine particles (a~2 u.m) to coarse ones (a=30 Lim) is from 103 

to 104 as high as the rate of adhesion between fine particles [7]. 

The objective of this investigation is to demonstrate and employ the "carrier" or 
"piggy-back" coagulation process in wet magnetic separation for the concentration of 
chromite ultrafines. 

EXPERIMENTAL 

Materials 

A purified chromite concentrate from Kemi, Finland was used in this investigation. The 
purified chromite material was prepared by initially grinding in a ceramic mill and then 
classified into the desired sizes by sieves. The coarse fractions, <106>75, <75>53 and 
<53>38 u.m, were washed four times with distilled water and followed by oven drying 
(50°C). The dried coarse fractions were stored in plastic bottles as carrier samples; The 
<10 (im fraction was prepared as a "slime sample". Furthermore, a chromite ore slime 
from Kemi slime circuit was also tested. Mineralogical analysis by X-ray diffraction 
showed that the ore slime mainly involves chromite, dolomite, magnesite and talc. The 
material was required to be ground to <53 u.m (to eliminate the problem of locked 
particles) and size classified. The <53>38 Lim fraction was prepared as a carrier and 

the <10 Lim fraction was used as a "slime sample". Table 1 gives the characteristics of 
the samples. 

Table 1. Characteristics of the samples 
Sample Size, u.m % C r 2 0 3 %Fe Suscept., 

ir^kg- 1, 
x l O 8 * 

Sp.Surf.**, 
m 2 kg _ 1 , 
XlO"3 

Purified <106>75 49.24 19.10 45.80 
chromite <75>53 49.14 19.20 46.30 0.18 

<53>38 48.98 19.00 68.30 0.34 
<10 46.49 18.30 90.60 3.01 

Ore <53>38 28.10 12.70 0.24 
slime <10 15.70 8.00 2.46 

* determined by JM magnetic susceptibility balance (Oxford Instruments Ltd., GB) 
** determined by Flow Sorb I I 2300 areameter (Micromeritics Ltd., USA) 

Analytical grade HCl and NaOH were used to adjust the slurry pH value. Analytical 
grade MgS0 4 and CaCl2 were used to prepare the Mg or Ca ions solution. Distilled 
water was used throughout the experiments. 

Method 

The magnetic separator used is a Sala HGMS, Model 5-30-10 device. It was operated 
in the longitudinal configuration, which ensures that the vectors of magnetic field and 
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slurry flow velocity are parallel each other. The matrices were X M type of stainless 
steel expanded metals. 

The matrices were packed into a canister (3.8 cm in dia. and 36 cm long), in such a 
manner that the matrices occupy the central section (15 cm long) inside the canister. 
The applied magnetic induction could be varied in five steps from 0.19 to 1.00 Tesla 
(T). The slurry flow velocity through the matrix was adjusted to 0.072 ms - 1 

throughout the experiments. 

A series of experiments were carried out according to the following procedure: The 
"slime samples" (concentration 250 g/1) were subjected to ultrasonic dispersion for 15 
min.. The amount of coarse chromite material added varied from 20 to 50 by w% of 
the total solids, i.e., the mass ratio of fine to coarse particles was from 4:1 to 1:1. Prior 
to the magnetic separation, the slurry pH was adjusted for both the fine and coarse 
materials. The slurry density (150 g/1) was maintained during the separation by varying 
the relative amounts of the material. A magnetic product (mags) and a non-magnetic 
product (non-mags) were collected in each test. The coarse fraction was removed from 
the various products by ultrasonic screening (with a 20 Lim sieve). The <10 Lim 
fraction were subsequently weighed after drying. It was also necessary to assay the 
samples when treating the natural ore slimes. 

The slurry pH value was determined in a PHM80 pH meter (RADIOMETERAIA Co., 
Denmark). The electrokinetic measurements were made by a microelectrophoresis 
equipment - Laser Zee model 501 (PEN. KEM.Inc., U.S.A.). 

RESULTS 

Experiments with Purified Concentrate 

Influence of pH 

Fig. 1 shows that adjustment of the slurry pH has an important effect on the mass of 
the <10 u.m chromite recovered in the presence or absence of the coarse particles in 
the magnetic separator. Maximum recovery was achieved at about pH 5.5. It can also 
be seen that the presence of coarse carrier particles can enhance the recovery of fine 
particles (<10 |im) in mags over a range of pH. Also, an increase in the recovery for 
the <10 Lim fraction occurred in the presence of the <53>38 Lim and <75>53 Lim 

particles, whereas there is hardly any change at in the presence of <106>75 p.m. 

Influence of magnetic induction 

Increasing the magnetic induction produces an increase in the mass recovery of <10 p. 
m chromite in mags, as shown in Fig. 2. It can also be observed that the recovery of 
the ultrafines increases by different degrees for the various carrier size fractions. For 
instance, when using <106>75 |im chromite fraction as a carrier, the recovery cannot 
be improved, throughout the range of magnetic induction. However, the recovery of 
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the chromite ultrafines is enhanced at high magnetic induction in the presence of the 
<53>38 u.m particles. The results suggest that the magnetic induction has a direct 
effect on the magnetic interaction between the carried ultrafines and the size of the 
carrier particles. 
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Figure. 1. Effect of pH and carrier size on the mass recovery of a purified 
chromite below 10 Lim in the presence or absence of the carrier 
by the magnetic separation. 
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Figure. 2. Effect of magnetic induction on the mass recovery of a purified 
chromite below 10 Lim in the presence or absence of the carrier 
by the magnetic separation. 
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Influence of carrier size and amount 

Since the mineral ultrafines coagulate onto the surface of the coarse carrier particles, 
the effect of (a) carrier particle size and (b) relative amounts of fine particles to carrier 
particles was also studied to determine the influence of these parameters on the 
magnetic separator process (Fig. 3). Since the slurry density (g/1) is a function of the 
particle concentration, then as the carrier amount is kept constant, the particle 
concentration would be expected to decrease with an increase in particle size. Also, 
since the collision probability depends on the particle concentration, if the carrier 
particle size is increased at a constant carrier concentration, the collision probability 
can decrease. In turn, this can be expected to lead to a decrease in the recovery of the 
<10 u.m particles in the mags. 
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Ratio of finer to coarser particles 

Figure 3. Effect of carrier size and amount on the mass recovery of a purified 
chromite below 10 u.m by the magnetic separation. 

On the other hand, the probability of effective coagulation of <10 |im particles on the 
carrier particles is also governed by the rate of breakdown of coagula. The 
disintegration is known to depend on the slurry flow velocity and particle size. When 
particles larger than a particular size hmit are used as carrier, the shear force can break 
down the coagula especially at high slurry flow velocity, and prevent the build-up of 
coagula. It may be that such disintegration is the cause of the absence of any change in 
the magnetic separator performance when the size of carrier is increased from <53>38 
Lim to <106>75 u.m. On the other hand, an improvement in the recovery of <10 Lim 
particles with increasing the carrier amount (Fig. 3) can be ascribed to the increase in 
coagulation rate caused by the increase in particle concentration. I f the increase in 
carrier amount is also accompanied by an increase in the size of the carrier, the rate of 
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coagula disintegration can be expected to increase and effectively minimize the effect 
of the increased coagulation in the magnetic separator. This might explain the results 
that no improvement in recovery was obtained with high amount (ratio of fine to 
coarse 1:1) of <53>38 urn particles compared to low amount (2:1) of the same size 
particles. 

Experiments with Ore Slime 

Finally, a separate carrier coagulation experiment in wet magnetic was carried out on 
a chromite ore slime at a magnetic induction of 1.00 T. In this study, a mixture was 
prepared of the <10 u.m fraction with the <53>38 Lim fraction in the ratio of 4:1 by 
mass. The experimental results obtained from this study are summarized in Table 2. It 
can be seen that the presence of the coarse carrier fractions (<53>38 Lim) improves the 

overall recovery of C r 2 0 3 and the grade of the magnetic product in the <10 Lim 
fraction. Also, the recovery and the grade become dependent on the slurry pH value. 
The good results occur at higher pH values (=9.5-9.9). These results confirm that 
efficient carrier coagulation process in the wet magnetic separation takes place, in 
which the coarse particles act as carriers for the fine particles. 

Table 2. Results of HGMS on Kemi chromite ore slime below 10 (im in the presence 
or absence of the "carrier"  

No With <53>38u (4:1) 
carrier carrier 

PH Product Grade Recovery Grade Recovery 

% C r , 0 3 %Fc % C r ? 0 3 %Fe CnFc % C r 9 0 3 %Fe % C r , 0 3 %Fc Cr:Fc 

4.5- Mag 35.00 14.8 53.58 48.62 1.62 36.90 18.0 58.74 57.19 1.41 

4.9 Non-
mag 

9.50 4.9 46.42 51.38 1.33 9.06 4.7 41.26 42.81 1.32 

7.6- Mag 35.09 15.4 60.37 53.30 1.56 37.43 17.9 62.57 60.78 1.43 

8.0 Non-
mag 

8.19 4.8 39.63 46.70 1.17 8.33 4.30 37.43 39.22 1.33 

9.5- Mag 34.00 14.8 61.27 55.58 1.57 37.47 17.6 66.67 64.44 1.47 

9.9 Non-
mag 

8.00 4.4 38.73 44.42 1.24 7.60 3.9 33.33 35.56 1.33 

11.3 Mag 33.00 14.5 59.13 55.11 1.56 38.45 18.5 63.43 61.93 1.42 

Non- 8.30 4.3 40.87 44.89 1.32 8.19 4.2 36.57 38.07 1.33 
mag 

As mentioned above, in the treatment of a namral ore the surface charge of the 
valuable mineral may be also affected by other cationic species which may be released 
into the slurry from the lattice of the gangue minerals. Forssberg and Sivamohan [8] 
reported that the pH(zpc) of Kemi chromite was influenced by the presence of different 
amounts of A l 2 + ions in the slurry. In the present study, Ca 2 + and M g 2 + ions were 
detected in the Kemi chromite slurry which appeared to be released from the major 
gangue minerals (dolomite and magnesite)[9]. It is seen in Table 3 that the 
concentrations of Ca 2 + and M g 2 + ions are 10 mg/1 and 14.4 mg/1 respectively, i.e., 
2.5x10^* M Ca 2 + and 6.0x10^ M M g 2 + , in the supernatant of the chromite ore slime. 
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Fig. 4 shows the zeta potential-pH dependence for Kemi chromite at various Ca and 
Mg metal ions concentrations. The curves show that the pH(zpc) of chromite in the 
ore slurry may be increased to the pH range 8 to 11. Also, Sagheer [10] early 
considered the effect of these metal ions, dissolved in the pulp on a pure chromite. It 
was indicated that metal ions precipitates are formed in alkaline solution which also 
dissolved in acid. Fig. 5 shows the relationship between the concentrations of these 
ions in solution and pH (as calculated by a computer program SOLGASWATER [11]). 
These diagrams may explain why the overall recovery and the grade of the magnetic 
fraction in the fine fractions of the chromite ore slime is improved in the presence of 

the "carrier" of <53>38 Lim at higher pH. 

Table 3. Analysis of the supernatant from Kemi chromite ore 

Component Fe, ug H Cr .ugl - 1 A L u g H Ca, mg 1" ' Mg, mg H 

Content <5 204 <60 9.9 14.4 
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Figure 4. Zeta potential-pH dependence for Kemi chromite in distilled water 
and Ca and Mg salt solutions. 
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Figure 5. Logarithmic concentration diagram for 2.5xl(H M C a 2 + and 
5.9xl(H M Mg 2 + . 

DISCUSSION 

To interpret the experimental results, the total interaction energy, V T , between two 
magnetic dissimilar particles was computed taking into consideration electrostatic 
(V R ) , dispersion ( V A ) and magnetic contribution ( V M ) . This energy function is given 
by: 

VT=VR+VA+VM (1) 

The term V R , the interaction energy between the electrical double layers associated 
with the particle, has been previously derived [12], for two spherical dissimilar 
particles, radii a, and a2 and at constant total double layer potentials \|/] and \|/2 with a 
distance H 0 between their surfaces. 

The repulsion interactions at constant potential is given by 
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+ ( V i 2 + V 2 2 ) l n [ l - e x p ( - 2 K / / 0 ) ] j (2) 

where K is the Debye-Huckel reciprocal double layer thickness, e is the dielectric 
constant of the medium. 

The term V A in eq.(l) is the energy of interaction between the particles due to 
London-van der Waals dispersion forces. Schenkel and Kitchener [13] have derived 
two equations for V A , corrected for the effects of retardation, which are valid at 
different separations, for equal spheres. Their treatment is readily extended to two 
spheres of unequal radii giving 

ml 2\|/,\|/2 ln 
'2J 

l + exp(-K/Y0) 

l - exp ( -Kr / 0 ) 

V , = - <h<h 
2J 6W„ 

1 

l + 1.77p0 

for 0<p0<2, (3) 

and 

vA = -
( \ 

<h<h "2.45 2.17 

_60p0 180p0 

0.59 
for 0.5<p0<260 (4) 

where p0=27iHnA, and X is the wavelength corresponding to the intrinsic electronic 
oscillations of the atoms. A is the Hamaker constant. These equations for V A are valid 
provided H Q - C O ^ a2 [14]. 

On exposing magnetic particles to an applied magnetic field, the static dipolar magnetic 
interparticle interaction has to be taken into account. The magnetic attraction energy 
(VM) between the two dissimilar particles might be calculated utilizing the simple 
dipole model [15] by the equation 

a]+a2+H( 9u„ 
(5) 

where %\ a n d %2 3 1 6 t n e volume magnetic susceptibilities of the particles (ai and a2), B 
is the magnetic induction, and UQ is the permeability of free space. The equation (5) 
can be simplified for cases of H o « a i and a2: 

a i + a 

2 j 

87TX,X2-B2 

9U 0 

(6) 
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Fig. 6 displays calculations of V T as function of interparticle distance at a range of 
surface potentials (values of 0, 10, 40, 55 mV were chosen) which are controlled by 
the slurry pH. Fig. 6(a) shows data in the absence of the magnetic field and Fig. 6(b) in 
the presence of the field of 1.0 T using a Hamaker constant for chromite of A = 3 x l 0 - 2 0 

J [16]. 

In terpar t ic le d i s tance , Å 

Figure 6. Total interaction energy calculated at various surface potentials 
in the absence or presence of magnetic field (1.00 T) , for dissimilar 
chromite particles, for K=10 8 nr 1 and A = 3 x l 0 2 0 J. 

The two types of particles (the fine and the coarse carrier) were considered in the 

computations. For the fine fraction three particle size were selected (a2=0.1 urn, 0.5 u 

m and 1.0 urn) and for a coarse carrier particle a sized fraction of a, =20 um was 

selected. The potential energy versus distance curves were computed to represent the 

interaction between the three fine fractions with the coarse carrier fraction (i.e., 0.1 u 
m:20 urn, 0.5 urn: 20 urn and 1.0 um:20 urn). 

In the absence of the magnetic field (Fig. 6(a)) the curves clearly show the influence of 
particle size and surface potential in determining the magnitude of V T . As the size of 
the fine fraction increases the interaction energy curves increase in magnitude 
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indicating a greater interparticle repulsive force. However, repulsive can only be seen 
to occur at high surface potential values of 40 mV. At lower surface potential values 
the curves show a steep fall in V T at close interparticle distances indicating instability. 

With regard to the influence of V M on V T the data is shown in Fig. 6(b). Although the 
overall features of the curves do not appear to have changed from Fig. 6(a), the curves 
appear to have shifted to lower potential regions. This can be explained by considering 
equation (6) where V M can be seen to be almost independent on H 0 but changes with 

[a ,a 2 / (a ,+a 2 ) ] 3 . 

For the interaction between the 20 urn/0.1 Lim particles, the V M has little influence of 

V T and the system shows a considerable degree of stability at 40 mV surface potential. 

However, at low or zero surface potential (10 or 0 mV) coagulation can occur in the 

primary minimum. 

For the case of the interaction between the 20 um/0.5 (im particles, the V M has a more 

pronounced influence on the interaction curves and V T is shifted to negative values 

with repulsion occurring only at shorter interparticle distances (at positive V T values). 

This causes a secondary minimum energy sink ( V m i n ) to occur (=-800 kT) in the cases 

where the particles have a surface charge and these curves represent so called 

secondary minimum stability. Under these conditions, the coagula are more loosely 

bonded than so called primary minimum coagula; However, in the cases where the 

particles have low or zero surface charge primary minimum coagulation can occur into 

the deep primary minimum energy sink. 

For the 20 um/1.0 Lim particles interaction, a similar situation occurs as for the 20 u 

m/0.5 Lim particles interaction, but the secondary minimum potential energy sink 

produced in the case of charged particles in much deeper (=-55(X) kT) . 

These results clearly indicate the importance of the secondary minimum instability 

which occurs for 0.5 \im and 1.0 Lim charged fine particles. On the other hand, the 

barrier disappears in cases where the particles have no or even low electrostatic 

repulsive potentials (-10 mV) . The absence of potential barrier results in particle 

coagulation into primary minimum prior to their capture onto the matrix in the 

magnetic separator. 

Earlier studies [17,18] have shown that the magnetic field and the slurry pH affect the 

stability of the suspension and suppression of repulsive electrostatic interaction takes 

place at the pH(zpc). A t the pH(zpc), the potential barrier between interacting 
chromite particles vanishes and the particles can rapidly coagulate into the primary 
potential well. I f they do not coagulate, they can more readily be attracted to the 
particles deposited on the matrix surface. However, if the slurry pH is substantially 

different from the pH(zpc), the potential barrier may prevent the particles from 
intimate contact. This barrier enhances the repulsive interaction among the particles 

already captured by the matrix and the incoming particles. In this investigation, at a pH 

of corresponding to the pH(zpc) of chromite (Fig. 4), we could expect efficient mutual 
coagulation of the particles, more effective deposition of incoming particles on a 

matrix already coated by the particles and a higher resistance of the build-up profile 
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against shear stress. At the pH(zpc) the mass recovery of chromite parricles below 10 
mm was maximum regardless whether or not the coarse particles were present at a 
magnetic field of 1.0 T. In addition the application of an external magnetic field causes 
the particles to come into contact. The magnitude of the magnetic induction needed to 
favour their contact mainly depends on the magnetic susceptibility of mineral, particle 
size and solid concentration in addition to the slurry pH. For the experimental results 
obtained, strong magnetic field favours the total attractive interaction between the 
particles in an intermatrix space. Svoboda [19] also indicated that a suitable 
combination of the slurry pH and the external magnetic field can lead to a formation of 
a secondary minimum in the curve of total energy of the particles interaction, which, if 
deep enough, can induce a rapid aggregation of the particles. The threshold magnetic 
induction needed to commence an aggregation in the secondary minimum is an order 
of magnitude lower than the magnetic induction for the onset of aggregation in the 
primary minimum. 

Finally, Fig. 7 shows a series of computations relating the depth of secondary minimum 
potential energy well as a function of particle size (expressed by the size function, 
a1a2/(a1+a2)). These plots were carried out for charged particles (40 mV) with the 
ionic strength of the solution expressed in terms of the reciprocal of the double layer 
thickness K=10 8 nr 1 , and illustrate the situation without and with the magnetic field 
(B=1.0 T). These results suggest that in the presence of a sufficiently strong magnetic 
field (1.00 T), the V m i n can be sufficiently deep to prevent the particles disintegration. 
This conclusion is strongly supported by earlier experiments [18]. In the absence of the 
magnetic field, particles slowly coagulate only in the primary minimum for cases of no 
electrostatic repulsion. If a high magnetic field is applied in the course of carrier 
coagulation, the clusters can appear. Such a mechanism is possible only if carrier 
coagulation takes place in the V m i n . as indicated by the nature of the energy functions 
in Fig. 7. 
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Figure 7. Depth of the secondary minimum at constant surface potential in 
the absence or presence of a magnetic field (1.00 T). 
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CONCLUSIONS 

Experiment results on the chromite materials indicated that the fine particles coagulate 
onto the coarse ones and the cluster is recovered in the matrix magnetic separator in 
the combination of magnetic and surface interactions. This "carrier" or "piggy-back" 
coagulation process plays an role in the capture of the valuable slimes in the wet 
magnetic separation. Strong magnetic fields and a pH nearby the pH(zpc) of the 
valuable mineral are pre-requisite for the formation of the coagula. 
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ABSTRACT 

The application of hydrophobic magnetite seeding to concentrate hematite ultrafines 
(<10 urn) in slimes using a high gradient magnetic separator (HGMS) with coarse 
expanded metal matrices was investigated. It was shown that the selective aggregation 
at high shear rate of the seeded hydrophobic hematite particles (produced by surface 
treatment with sodium oleate and colloidal magnetite) could significantly enhance the 
HGMS capture of hematite ultrafines. The mechanism of selective aggregation was 
discussed in terms of the combination of hydrophobic and magnetic interactions. 
Keywords: Magnetite seeding; HGMS; Magnetic separation; Hydrophobic and 
magnetic aggregation; Iron oxide mineral; Magnetite; Hematite; Ultrafines. 

INTRODUCTION 

For many years the concentration of finely dispersed weakly magnetic valuable mineral 
particles has been successfully performed by high intensity and high gradient magnetic 
separations (HIMS and HGMS). However, the process using magnetic separators with 
industrial matrix (i.e., grooved plate or even expanded metal types) is usually less 
efficient with ultrafine fractions (normally <10 urn). This has been mainly attributed to 
the low magnetic response and the small mass of the ultrafine fraction. 

The technique of selective magnetite seeding or coating (with colloidal magnetite) 
originated in the early 1940s from studies on waste water treatment [1]. More recent 
application of the process to mineral processing offers a novel and convenient method 
to selectively concentrate non- or weakly magnetic mineral particles. The concept is 
essentially to enhance the magnetic response of non- or weakly magnetic minerals 
using strongly magnetic seeds such as magnetite (Fe 30 4). The seeds attach to the 
surface of the desired mineral particle causing aggregation, and enabling efficient 
recovery to be achieved by magnetic means at low field strength. 

The probabilities of selective heteroaggregation can usually be enhanced by at least one 
or a combination of three possible additional mechanisms which may be classified as; 

a) electrolytic coagulation[2-5]; 
b) hydrophobic bonding[6-10]; 
c) polymer bridging[ll-13]; 
d) magnetic bonding[14]. 



Parsonage[15-16] recently reviewed the application of these techniques in the area of 
mineral separation. 

In the present study, the recovery of hematite ultrafines from slimes in HGMS (with a 
coarse expanded metal matrix) was investigated after treatment with colloidal 
magnetite in the presence of sodium oleate. The aggregation mechanisms which 
involved a combination of hydrophobic and magnetic interactions were discussed. 

EXPERIMENTAL 

Materials 

Hematite ore fines used in this investigation were obtained from Malmberget and 
Grängesberg, Sweden, respectively. The ore fines were wet ground, and sieved to 
prepare fractionated slimes (<15 urn) after removing the strongly magnetic minerals. 
The X-ray diffraction analysis showed that the Malmberget slime mainly comprised 
hematite, quartz, fluorapatite and albite. The principal minerals in the Grängesberg 
slime were hematite and quartz. The characteristics of these fractionated slimes are 
given in Table 1. A fine magnetite from Malmberget (71.8%Fe) was prepared by 
grinding the <20>10 urn fraction to 94.7% below 5 urn using a laboratory steel ball 
mill. 

Table 1. Characteristics of hematite slimes 
Slime Size, %<10 urn* dsn, urn* Assay, %Fe 

Malmberget 94.2 4.3 43.4 
Grängesberg 85.1 5.6 44.2 

* determined by Granulometre 715 (.Cilas Alcatel Co., France) 

Technical grade sodium oleate(NaOl) from Kebo AB, Sweden was used as a 
surfactant. Analytical grade sodium hydroxide and hydrochloric acid were used to 
adjust the slurry pH value. Analytical grade sodium hexametaphosphate was used as a 
dispersant. 

Methods 

A hematite slurry (about 500 g/1) was intensely stirred in a laboratory-flotation cell 
(vol.: 0.125 1; rotation: 0-3000 rpm) manufactured by BuCHI Laboratoriums-technik 
AG, Switzerland. The slurry was treated with colloidal magnetite in the presence of 
sodium oleate for a pre-determined time. The seeded slurry was diluted to 200 g/1 and 
the pH determined and adjusted (if necessary) prior to magnetic separation. 

The separation experiments were performed in a (Sala HGMS, model 5-30-10 type) 
magnetic separator. The matrix consisted of a coarse expanded metal type (1.5xR0) 
designed the concentration of valuable mineral component under industrial conditions. 
The matrix was packed 15 cm long inside a canister. The applied magnetic induction 
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(B 0 ) could be adjusted in five steps between 0.19 and 1.00 Tesla (T). The slurry 
velocity (V 0 ) was regulated using various flow orifices. The matrix loading.defined as 
the mass of feed in kilograms divided by the volume of matrix, was equal to 300 kg nr 
3 . A magnetic product (mags) and a non-magnetic product (non-mags) were collected 
in each experiment. Since the fine magnetite particles added to the dispersions are 
captured completely by the magnetized matrix in the HGMS, Fe grade (G) and Fe 
recovery (R) to magnetics for hematite can be determined from the relations: 

where g,, g 2 and g 3 are Fe content in mags, non-mags and fine magnetite, w,, w 2 and 
w 3 are the corresponding weight yields. 

Magnetic responses of the minerals at various magnetic fields were determined in a 
Super-conducting Quantum Interference Device (SQUID) magnetometer. 

RESULTS AND DISCUSSION 

Previous studies have shown that hematite particles can aggregate when dispersed in a 
slurry containing fine magnetite due to interparticle attraction caused by their residual 
magnetization[14]. Also, the addition of oleate to the hematite suspension can lead to 
aggregate due to hydrophobic attraction between the oleate coated particles[20-21]. 

It was therefore assumed, that aggregation of the hematite ultrafines and colloidal 
magnetite coated with sodium oleate, followed by HGMS would increase the capture 
efficiency of the hematite ultrafine particles which are often lost in the industrial 
magnetic separators. The experimental data reported in the following sections for the 
two hematite slimes corroborate this assumption. 

Influence of the Magnetic Field, Fine Magnetite Concentration and Slurry Flow 
Velocity 

Figure 1 shows the effect of a range of magnetite additions (from 0-100 kg/t) on the 
concentration of Fe grade/recovery to mags from Malmberget slime by HGMS in the 
presence of sodium oleate (1.5 kg/t) at natural pH (=7.6) after conditioning at 2000 
rpm for 5 minutes. These experiments were carried out at various pre-determined 
values of the field intensities and slurry velocities. It can be seen from these results that 
low magnetic induction or high slurry velocity lowers the efficiency of capturing the 
hematite ultrafines in HGMS. Nevertheless, the addition of colloidal magnetite into 
such a slime, causes the Fe recovery to increase while the Fe grade remains stable. The 
recovery of hematite particles increases in this process. 

In Fig. 2, it can be seen that fairly low magnetic fields are sufficient to achieve high 
recovery in the presence of the fine magnetite under these conditions. Also, an increase 

G = ( w , g 1 - w 3 g 3 ) / ( w 1 - w 3 ) (1) 

(2) 
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in the magnetite addition, leads to a higher capture of hematite particles at a magnetic 
induction of 0.19 T. It is interesting to see that the capture is virtually unaffected by 
the amount of magnetite above 0.43 T. 
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Figure 1. Effect of magnetite concentration on the Fe grade/recovery to 
mags from Malmberget hematite slime by HGMS at various 
magnetic inductions and slurry velocities. 
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Parsonage[8] calculated that 0.01 to 0.10 volume% magnetite per non-magnetic 

particle is needed to acquire a magnetic susceptibility, %, similar to that of a para
magnetic mineral according to the equation: 

5C = (0.0026/ j 1 1 1)4TC/10 3 (SI unit) (3) 

where P is volume magnetite content (%). For a weakly magnetic mineral containing 
magnetite, the magnetic susceptibility raises more than proportionally to the increase in 
the percentage concentration of magnetite[17] 

The magnetic response of a Malmberget hematite fraction (<38>20 urn) without or 
with magnetite seeds (concentration: 25 kg/t) in the presence of sodium oleate (1.5 
kg/t) at various magnetic fields is shown in Fig. 3. It is seen that the seeded hematite 
exhibits a field-dependent susceptibility and a saturation magnetization in low 
magnetic fields. The magnitude of magnetic response for the seeded hematite is similar 

to that of maghemite (7-Fe203)[17]. This can then explain the high capture efficiency 
of the seeded hematite particles from the slime by using low magnetic fields. In 
addition, the formation of aggregates through hydrophobic bonding and with magnetic 
interactions, increases the effective particle dimensions, and then can enhance the 
probability of particle captured. 
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Figure 3. Magnetic response of a Malmberget hematite (<38>20 urn) 
without or with magnetic seeds by means of sodium oleate 
(1.5 kg/t) at various magnetic fields. 

The efficiency of capture of particles in a magnetic separator is dependent on the 
magnetic force and the force is directly proportional to the magnetization of the matrix 
material and the magnetization of the particles. Previous investigations[18] have 
shown that the efficiency of capturing the particles in HGMS depends slightly on the 
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magnetic properties of the matrix. For a weakly magnetic mineral such as hematite, the 
magnetization is a field-dependent function when an increase in the applied magnetic 
induction leads to a continuous increase in the magnetization of such a mineral. When 
colloidal magnetite is added to a hematite slime, the magnetic susceptibilities of the 
hematite particles will be determined by such particles seeded with magnetite. 
Magnetite is a ferrimagnetic mineral, with a saturation magnetization at low magnetic 
fields. Further increase in applied magnetic induction in the separator will not increase 
the magnetization of magnetite. Therefore, separation of the seeded hematite particles 
by HGMS would not be expected to significantly improve above 0.43 T and this 
behaviour appears to be confirmed by the results presented in Fig. 2. 

In addition, the magnetic effect of selective magnetite seeding of hematite particles 
originating from their remanent magnetizations should also be considered. 
Magnetite (Fe 30 4) is a typical ferrimagnetic cubic mineral with strong spontaneous 
magnetization[19]. The Fe 2 + and Fe3* ions are arranged interstitially in a face-centred 
cubic oxygen lattice on two types of lattice sites, A in fourfold co-ordination with the 
oxygen ions and B in sixfold co-ordination. Anti-ferromagnetic coupling between A 
and B ions causes an antiparallel alignment of their magnetic moments. But the B ions 
are twice as numerous as the A ions, so the lattice has a strong spontaneous 
magnetization. Hematite (a-Fe203) is a representative of a weakly magnetic uniaxial 
mineral with oppositely magnetized sub-lattices of interacting Fe3* ions equally 
balanced, that is anti-ferromagnetic, but canted at a small angle to give a slight 
spontaneous magnetization perpendicular to the ion moment. Spontaneous 
magnetization is usually confined to the basal plane except at temperature below -
25°C. Furthermore, namral hematite is likely to be contaminated with traces of 
strongly magnetic cubic oxide magnetite and maghemite (7-Fe 20 3) which may 
contribute to weak ferromagnetism. Therefore, the existence of the remanent 
magnetization may give rise to an aggregation between these iron oxide mineral 
particles due to their magneto-static energy. This fact has been confirmed by earlier 
experiments[14]. 

Influence of Oleic Acid Concentration 

It has been well established that aggregation of mineral particles under high shear rate, 
can occur efficiently if the particle surfaces are strongly hydrophobic. Oleic acid or 
sodium oleate can be used to induce hydrophobicity on iron oxide mineral surface[20-
21]. In the present study, Fig. 4 shows that the addition of sodium oleate enhances the 
recovery of hematite ultrafines from Malmberget slime in the presence of fine 
magnetite. 

The amount of sodium oleate may be of importance for selective magnetite seeding 
and it has been seen that excess of sodium oleate in a hematite-magnetite system 
prevents the recovery of hematite particles from the slime by HGMS. This results 
appears to be in agreement with Parsonage[8] where it was shown that large amounts 
of oleate acid or sodium oleate (at concentration above the critical micelle 
concentration) will cause the magnetite to be heavily seeded with multiple layers of 
adsorbed surfactant. This acts of excessive protective seeding prevents the close 
approach of the magnetic particles and prevents aggregation. This is the condition in 
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which the stock magnetite seeds were kept. With smaller surface coverage, a lateral 
association between the hydrocarbon chains may occur and provided the zeta potential 
is low, will allow close approach of the particles. This will increase the interparticle 
attraction energy and reduce the rate of desorption of magnetite. 
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Figure 4. Effect of slurry pH on the Fe grade/recovery from Malmberget 
hematite slime by HGMS at various NaOl concentrations. 

Influence ofpH 

Fig. 4 also shows the effect of slurry pH value on Fe grade/recovery in the presence of 
magnetite and sodium oleate. It is seen that the best recovery of hematite particles 
from the slime is achieved over the pH range 5-9 and this may be attributed to the pH 
effect on the oleate adsorption on the iron oxide mineral surface. 

The hydrophobic heteroaggregation between hematite and magnetite particles can be 
directly related to the influence of pH on the adsorption of oleate on these iron oxide 
mineral surfaces. The degree of adsorption in the form of oleate ions and/or oleic acid 
molecules influences the hydrophobicity of the mineral/aqueous interface. 

Several mechanisms [22-24] have been proposed to explain the nature of oleate 
adsorption at the iron oxide mineral/aqueous interface. It is usually suggested that 
chemisorbed oleate at or near the pH at zero point of charge (pHzpc) of the minerals 
(pH=5-8) is responsible for the hydrophobicity and this behaviour is reflected by a 
more efficient flotation or stronger particle aggregation. However, it has been 
suggested that oleate adsorbs physically from acidic medium and this does not impart 
the hydrophobicity. This could possibly explain that the poor recovery of hematite by 
HGMS was observed at very low pH values. When pH>5, oleate ions become the 
predominant species. Oleate chemisorption on the surfaces of hematite particles and 
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magnetite seeds may occur, which favours their hydrophobic aggregation. This leads to 
an increase in the recovery of hematite particles by the magnetic separation. However, 
a decrease in oleate adsorption at high pH is caused by negative surface charge. Also, 
it is unfavourable to produce a hydrophobic mineral surface under highly basic 
conditions where oleate dimer is the predominant species. This may contribute to the 
decrease in hematite particle recovery by HGMS (see Fig. 4). 

Influence of Conditioning 

The intensity and length of the agitation time after the introduction of colloidal 
magnetite with sodium oleate can also have a influence of the process efficiency. Fig. 5 
shows the effect of conditioning speed and time on Fe grade/recovery where it can be 
seen that high conditioning speeds, i.e., >1500 rpm, enhanced the recovery of hematite 
ultrafines. However, there were little variations in the metallurgical results at different 
conditioning time between 2 and 20 minutes. This can be explained by the employment 
of a high shear rate (2000 rpm) which results in a decrease of contact time. 
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Figure 5. Effect of conditioning speed and time on the Fe grade/recovery 

from Malmberget hematite slime by HGMS. 

Turbulent agitation has been shown to be essential to achieve aggregation of 
hydrophobic mineral particles. Warren[25] observed early that finely dispersed 
scheelite particles in a suspension (with sodium oleate) may be aggregated by the use 
of high shear rate. It has been proposed that this phenomenon is caused by kinetic 
energy imparted to the colliding particles enabling them to surmount the potential 
energy barrier, which under less agitation prevents their close approach. The kinetic 
energy, E, of a particle is determined by E=mv2/2, where m is the particle mass, v 
mean velocity of a turbulent field which is created by intensive agitation. It is apparent 
that the formation of aggregates is favoured by an energy of hydrophobic association 
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which comes into effect if hydrophobic particles are brought in contact by intensive 
stirring. On the other hand, the collision rate of particles, N, is proportional to (£o) 1 / 2 , 
where e0 is the mean energy loss in the turbulent field if other factors are kept constant 
according to Levich [26]. This shows that intensive agitation can enhance the particle 
collision frequency, and thus promote the contact of hydrophobic particles. The 
contact time is another important factor for hydrophobic particle aggregation[15]. If 
the contact time is less than the time needed for thinning of the interparticle water film 
then the particles will separate after contact and aggregation will not occur. On the 
other hand, an increase in conditioning speed can reduce the time of contact. 

Influence of Dispersant 

Since hetercoagulation between hematite and undesired minerals can occur, the 
dispersion of the slurry prior to the addition of magnetite is necessary for selective 
magnetite seeding of hematite particles. Addition of a dispersant such as sodium 
hexametaphosphate was also shown to further improve the selective magnetite seeding 
of hematite particles (Fig. 6). These results indicate that it is important that the 
hematite particles are efficiently dispersed to ensure effective magnetite seeding 
occurs. 
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Figure 6. Effect of a dispersant (Na(P0 3) 6) on the Fe grade/recovery from 
Malmberget hematite slime by HGMS at various magnetite 
concentrations. 

Experiments with Grängesberg Hematite Slime 

HGMS experiments were also carried out with a Grängesberg slime (in the absence or 
presence of colloidal magnetite) with an addition of sodium oleate (1.5 kg/t) at neutral 
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pH. A magnetic induction of 0.43 T was applied at a slurry velocity of 0.046 m/s based 
on the studies on the Malmberget slime. The results (Table 2) showed that for this 
slime the iron recovery to mags is increased by a factor of 11 % in the case where the 
colloidal magnetite addition was 50 kg/t. This result demonstrates an efficient magnetic 
concentration. 

Table 2. Grängesberg hematite slime treated in HGMS with or without 
hydrophobic magnetite seeding 

Separation Add. of fine Weight %Fe in %Fe in Recovery 

method magnetite, in mags, Feed mags in mags, 

kg/t % %Fe 

HGMS No 56.17 44.12 60.30 76.25 

HGMS 25 62.23* 44.79 60.64** 84.23** 

with 

magnetite 50 65.03* 44.67 61.12** 87.60** 

* No magnetite 
* * Calculated by using Eqs. (1) and (2). 

These experiments appear to confirm the earlier investigation with Malmberget slime 
and suggest that wet magnetic separation offers a highly selective separation of 

ultrafine minerals by means of combination of hydrophobic aggregation with magnetite 
seeding. This technique is likely to compete with other conventional separation 

techniques. Ultimately, the technical success of this technique may depend on a 
compromise between the degree of sophistication required. Important factors to be 
taken into consideration are; the surface chemistry of magnetite seeds and the desired 

mineral particles, the influence of pH on the system, the concentration of oleate, 
hydrodynamic conditioning of the slurry, the mode of introduction of the seeds and the 
system for magnetic separation. Since this technique can separate non- or weakly 
magnetic ultrafine components, it may find applications in the recovery of rare and 

precious metals and mineralsflO). 

CONCLUSIONS 

Hematite ultrafines were efficiently concentrated by a selective aggregation with 

colloidal magnetite in the presence of sodium oleate followed by HGMS with an 
industrial matrix. The oleate was used to induce hydrophobic heteroaggregation 

between hematite and magnetite particles. Furthermore, the remanent magnetization of 

these natural iron oxide minerals was found to be another contributing factor to the 
aggregation process. Intensive stirring was responsible for effective particle contact. It 

was indicated that fairly low magnetic fields were sufficient to capture hematite 
ultrafines seeded with colloidal magnetite at adaptable slurry velocities in the HGMS. 
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