
Magnetic and Electrical Separation, Vol. 5, pp. 33-52
Reprints available directly from the publisher
Photocopying permitted by license only

(C) 1993 Gordon and Breach Science Publishers S.A.
Printed in Malaysia

CARRIER COAGULATION OF CHROMITE FINES IN WET
MAGNETIC SEPARATION

YANMIN WANG* ROBERT J. PUGHf AND ERIC FORSSBERG*
*Division of Mineral Processing, Lule University of Technology, Lule,
Sweden
]’Institute for Surface Chemistry, Stockholm, Sweden

(Received April 13, 1993)

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 mm). Three coarse chromite
fractions were investigated in the present study with size ranges <106>75,
<75>53 and <53>38 #m. The results suggested that the <53>38 #m coarse
fraction was the most effective in improving the process efficiency. Superior
performance was also found to occur between pH 5 and 6. 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.

INTRODUCTION

In recent years, there has been a considerable effort to improve the recovery of

weakly magnetic valuable ultrafines (normally < 10 #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 material, was first reported by Svoboda [1]. These

early experiments indicated that the "carrier" coagulation process played an
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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--charged surfaces,
repulsion occurs at larger interparticle distance but it may revert to attraction at

dose 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 the solution pH plays an important role in

determining the 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 that a pH near to the pH(zpc) of the valuable
mineral is preferred to maximize homocoagulation and to minimize

heterocoagulation with gang.e minerals. However, the surface charge is also

affected by numerous other ion solution species, and it is hence difficult to ensure
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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 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, the total interaction between the 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 Fe203 particles of radius 3.5 #m [5] clearly
showed that the particles aggregate in pair at about 0.6 Tesla. Hencl and Svoboda

[6] observed magnetic aggregation with a siderite slurry with an average grain size

of 30 #m under the field of 1 Tesla at lower flow rates.

Since "carrier" or "piggy-back" coagulation process in wet magnetic separation

used coarse particles 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 the 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 #m) to coarse ones

(a 30 #m) is from 10 to 10 as high as the rate of adhesion between fine particles
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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 #m (expressed in diameter) were washed

four times with distilled water and followed by oven drying (50C). The dried

coarse fractions were stored in plastic bottles as carrier samples; the < 10 #m

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

involved chromite, dolomite, magnesite and talc. The material was required to be

ground to < 53 #m (to eliminate the problem of locked particles) and size

classified. The <53>38 #m fraction was prepared as a carrier and the < 10 #m

fraction was used as a tslime sample". Table 1 gives the characteristics of the

samples.

Analytical grade HC1 and NaOH were used to adjust the slurry pH value.

analytical grade MgSO4 and CaCI were used to prepare the Mg or Ca ions

solutions, distilled water was used throughout the experiments.

Method

The magnetic separator used is the SALA HGMS, model 5-30-10 device. It was

operated in the longitudinal configuration, which ensures that the vectors of
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magnetic field and slurry flow velocity are parallel with each other. The matrices

were XM type of stainless steel expanded metals. The matrices were packed into a

canister (3.8 cm in diameter 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 1.0 Tesla. The slurry flow

velocity through the matrix was adjusted to 0.072 m/s throughout the

experiments.

TABLE 1. Characteristics of the samples

Sample Size Assay
gm %Cr 0 %Fe

3

Suscept. Sp. Surf.
m3 kg-1 x10-8 m2 kg- xO-3

Chromite <106>75 49.24 19.10 45.80 /
<75>53 49.14 19.20 46.30 O. 18
<53>38 48.98 19.00 68.30 0.34
<I0 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 .IM magnetic susceptibility balance (Oxford
Instruments Ltd., G.B.)
determined by Flow Sorb II 2300 areameter (Micromeritics
Ltd., U.S.A.)

A series of experiments were carried out according to the following procedure: The
"slime samples" (concentration 250 g/l) were subjected to ultrasonic dispersion for
15 minutes. The amount of coarse chromite material added varied from 20 to 50%
by weight of the total solids, i.e. the mass ratio of fine to coarse particles was from
4"1 to 1"1. Prior to magnetic separation, the slurry pH was adjusted for both the
fine and coarse materials. The slurry density (150 g/l) was maintained during the

separation by varying the relative amounts of the material.

The magnetic product (mags) and the non-magnetic product (non-mags) were
collected in each test. The coarse fraction was removed from various products by
ultrasonic screening (with a 20 #m sieve). The < 10 #m fraction was subsequently
weighed after drying. It was also necessary to assay the samples when treating the
natural ore slimes.
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The slurry pH value was determined in PHM80 pH meter (RADIOMETER A/A
Co., Denmark). The electrokinetic measurements were made by
microelectrophoresis equipment Laser Zee Model 501 (PEN. KEM. Inc., USA).

RESULTS

Experiments With Purified Concentrate

Influence of pH
Figure 1 shows that the adjustment of the slurry pH has an important effect on the

mass of the < 10 #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 #m) in the mags over a range of pH.
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FIGURE 1. The effect of pH and carrier size on the mass recovery of a

purified chromite below 10 #m, in the presence or absence of

the carrier, by magnetic separation.
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also, an increase in the recovery of the < 10 #m fraction occurred in the presence

of the <53>38 #m and <75>53 #m particles, whereas there is hardly any change
when the fraction <106>75 #m was present.

The influence of magnetic induction

An increase of the magnetic induction produces an increase in the mass recovery of

< 10 #m chromite into the mags, as shown in Figure 2. It can also be observed

that the recovery of the ultrafines increases by different degrees for various carrier

size fractions. For instance, when using <106>75 #m chromite fraction as a
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FIGURE 2. The effect of magnetic induction on the mass recovery of

purified chromite below 10 #m, in the presence or absence of
the carrier, by magnetic separation.

carrier, the recovery cannot be improved, throughout the range of magnetic
induction. However, the recovery of the chromite ultrafines is enhanced at high
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magnetic induction in the presence of the <53>38 #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.

The influence of the size and the concentration of the carrier

Since the mineral ultrafines coagulate onto the surface of the corse crrier

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 separation process (Figure 3).
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FIGURE 3. The effect of the carrier size and its concentration on the
mass recovery of purified chromite below 10 #m by magnetic
separation.

Since the slurry density (g/l) is a function of the particle concentration, then as
the carrier amount is kept constant, the particle concentration would be expected
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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 #m particles into

the mags.

On the other hand, the probability of effective coagulation of < 10 #m particles

onto the carrier particles is also governed by the rate of breakdown of coagula. The

disintegration is known to depend on the flow velocity of the slurry and on the

particle size. When particles larger than a particular size limit are used as carriers,
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 a disintegration is the

cause of the absence of any change in the performance of a magnetic separator
when the size of the carrier is increased from <53>38 #m to <106>75 #m.

On the other hand, an improvement in the recovery of < 10 #m particles with

increasing amount of the carrier (Fig. 3) can be ascribed to the increase in the

coagulation rate caused by the increase in the particle concentration. If the

increase in the carrier amount is also accompanied by an increase in the size of the

carrier, the rate of 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 the recovery was

obtained with high amount (ratio of fine to coarse 1:1) of <53>38 #m particles

compared to low amount (2:1) of particles of the same size.

Experiments With Ore Slime

Finally, a separate carrier coagulation experiment in wet magnetic separation was
carried out on a chromite ore slime, at magnetic induction of 1.0 T. In this study,
a mixture was prepared of the < 10 #m fraction with the <53>38 #m 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

fraction (<53>38 #m) improves the overall recovery of CrOz and the grade of the

magnetic product in the < 10 #m fraction. Also, the recovery and the grade
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become dependent on the slurry pH value. Good results occur at higher pH values

(z 9.5 9.9). These results confirm that the efficient process of carrier coagulation
in wet magnetic separation takes place, in which the coarse particles act as carriers

for the fine particles.

TABLE 2. Results of HGM$ of Kemi chromite ore slime below 10/zm, in

the presence or absence of the carrier.

pH

11.3

Product

mags
non-mag

mags
non-mag

mags
non-mag

mags
non-mag

No carrier

Grade Recovery

%Cr 0 %Fe %Cr 0 %Fe Cr-Fe
3 2 3

35.00 14.80 53.58 48.62 1.62
9.50 4.90 46.42 51.38 1.33

35.09 15.41 60.37 53.30 1.56
8.19 4.80 39.63 46.70 I. 17

34.00 14.80 61.27 55.58 1.57
8.00 4.40 38.73 44.42 1.24

33.00 14.50 59.13 55.11 1.56
8.30 4.30 40.87 44 89 1.32

(With <53>38 lm carrier,4"l)

Grade Recovery

%Cr 0 %Fe %Cr 0 %Fe Cr’Fe
2 3

36.90 18.00 58.74 57.19 1.41
9.06 4.70 41.26 42.81 1.32

37.43 17.90 62.57 60.78 1.43
8.33 4.30 37.43 39.22 1.33

37.47 17.60 66.67 64.44 1.47
7.60 3.90 33.33 35.56 1.33

38.45 18.50 63.43 61.93 1.42
8.19 4.20 36.57 38.07 1.33

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

Sivamohan [8] reported that the pH(zpc) of Kemi chromite was influenced by the

presence of different amounts of A1/ ions in the slurry. In the present study, Ca/

and Mg2/ 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 Ca2/ and Mg2/ ions are 10 mg/i
and 14.4 mg/l, respectively, i.e. 2.5x10 -4 M Ca2/ and 6.0x10 "4 M Mg/, in the

supernatant of the chromite ore slime. Figure 4 shows the zeta potential pH
dependence for Kemi chromite at various Ca and Mg metal concentrations. The

curves show that the pH(zpc) of chromite in the ore slurry may be increased to the

pH range 8 to 11.
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TABLE 3. The analysis of the supernatant from Kemi chromite ore

43

Component

Content

Fe Cr A1 Ca Mg
lag i-I lag i-i -I - _

lag mg mg

<5 204 <60 9.9 14.4

4O

2O

-2O

-40

-80

-100

o...o--.0
0 In distilled woer

In distilled woter containing 2.xlO-4M CoCI
In diilled woter containing 7.5x10-1 CoCI

n in dltilled water containing 6.0xlO-ikt klgSOl
In ditllled woter oontoining 1.0xl 0-:IM UgSO

2 3 4 5 6 7 8 9 10 11 12 13 14

pH

FIGURE 4. Zeta potential-pH dependence for Kemi chromite in distilled

water and Ca and Mg salt solutions.

Also, Sagheer [10] early considered the effect of these metal ions, dissolved in a

pulp, on pure chromite. It was indicated that metal ions precipitates are formed in

alkaline solutions which also dissolved in acid. Figure 5 shows the relationship

between the concentrations of these ions in solution and pH (as calculated by a

computer program SALGASWATER [11]). These diagrams may explain why the

overall recovery and the grade of the magnetic fraction in the fine fractions of the
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chromite ore slime is improved in the presence of the "carrier" of <53>38 #m at

higher pH.

-3

-4

Q) -7
-3

0
o

-4

o

-5

-6

FIGURE 5 Logarithmic concentration diagram for 2.5x10TM M Ca2+ and

5.9x10q M Mg2+.

DISCUSSION

To interpret the experimental results, the total interaction energy VT between two

dissimilar magnetic particles was computed taking into consideration electrostatic

(VR) dispersion (VA) and magnetic (VM) contributions. This energy function is

given by:

VT VR + VA + VM (1)
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The term VR, the interaction energy between the electrical double layers

associated with the particle, has been previously derived [12], for two spherical

dissimilar particles of radii al and a2, at constant total double layer potentials 1
and 2, with distance Ho between their surfaces.

The repulsion interactions at constant potential is given by:

V 2-)n{25 In o +($ + )In -exp(-2H } (2)
R a +a -exp(-H o

o

Where n is the Debye-Huckel reciprocal double layer thickness, e is the dielectric

constant of the medium.

Term VA in Eq. (1) 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 VA, 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:

a a A

i ] (3)V (. ){_.._ } for 0 <2
A a +a 6H +1 77p <Po

0 0

and

V
A

a a 2A E2.45 2.17 0.59](-al’ 2_)+a2 {-o 6o 180Po2
+

46’ } for 0.5<Po<260 (4)

where Po 27trio/A, and A is the wavelength corresponding to the intrinsic

electronic oscillations of the atoms. A is the Hamaker constant. These equations

for VA are valid provided Ho << a, 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
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interaction energy VM between two dissimilar particles might be calculated,

utilizing a simple dipole model, [15] from the equation:

a a [8rtXlX B
].V =-(-

o 9o
where X and X are the volume magnetic susceptibilities of the particles (a and

a), B is the magnetic induction nd #o is the permeability of free space. Equation

(5) can be simplified for cases of Ho << al and

v
M a +a 9o

Figure 6 displays calculations of VT as a unction 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 the Hamaker constant

of A 3.102 J for chromite [16].

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

computations. For the fine fraction three particles sizes were selected (a 0.1 #m,

0.5 #m and 1.0 #m) and for the coarse carrier particle, the sized fraction of

a 20 #m was selected. The curves of potential energy versus distance were

computed to represent the interaction between the three fine fractions with the

coarse carrier fraction (i.e. 0.1 #m 20 #m, 0.5 #m 20 #m and 1.) #m 20 #m).

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
VT. As the size of the fine fraction increases, the curves of the interaction energy

increase in magnitude, indicating a greater interparticle repulsive force, however,
repulsion can be seen to occur only at high values of 40 mV of the surface
potential. At lower values of the surface potential, the curves show a steep fall in

VT, at close interparticle distances, indicating instability.

With regard to the influence of VM on VT, 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
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0
0
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explained by considering the Eq. (6), where VM can be seen to be almost

independent of Ho, but varies with [ala2/(al + a2)] :.

For the interaction between 20 #m/0.1 #m particles, VM has little influence on VT
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), the coagulation can occur

into the primary minimum.

For the case of the interaction between 20 #m/0.5 #m particles, VM has a more

pronounced influence on the interaction curves and VT is shifted to negative

values with repulsion occurring only at shorter interparticle distances (at positive

VT values). This causes a secondary minimum well (Vmin) to occur (z -800 kT)

in the case where the particles have a surface charge and these curves represent the

so--called secondary minimum stability. Under these conditions the coagula are

more loosely bound than the so--called primary-minimum coagula. However, in

cases where the particles have low or zero surface charge, the coagulation into the

primary minimum can occur into the deep energy well of primary minimum.

For the interaction of 20 #m/1.0 #m particles, a similar situation occurs as for the

interaction of 20 #m/0.5 #m particles, but the energy well of the secondary
minimum produced in the case of charged particles is much deeper (z 5500 kT).

These results clearly indicate the importance of the secondary minimum instability

which occurs for 0.5 #m and 1.0 #m 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 the potential barrier results in

particle coagulation into the primary minimum prior to their capture onto the

matrix in the magnetic separator.

Earlier studies [17, 18] have shown that the magnetic field and pH of the slurry
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 be

attracted more readily to the particles deposited on the matrix surface.
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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 incoming particles and particles already captured by
the matrix. In this investigation, at the pH corresponding to the pH(zpc) of
chromite (Fig. 4), we could expect efficient mutual coagulation of the particles,

more effective deposition of incoming particles onto the matrix already coated with

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 #m was

maximum, regardless whether or not the coarse particles were present at the

magnetic field of 1.0 T. In addition, the application of the external magnetic field

causes the particles to come into contact. The magnitude of the magnetic
induction needed to favour their contact depends mainly on magnetic
susceptibility of the mineral, its particle size and solid concentration, in addition

to the slurry pH.

For the experimental results obtained, strong magnetic field favours the :otal

attractive interaction between the particles in the intermatrix space. Svoboda [19]
also indicated that a suitable combination of the slurry pH and the external

magnetic fie!d can lead to a formation of the secondary minimum in the curve of
total energy of the particle 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 needed for an onset of aggregation into the

primary minimum.

Finally, Figure 7 shows a series of computations relating the depth of the potential

energy well of the secondary minimum, as a function of particle size (expressed by
the size function aa/(a + a)). 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 n 108 m -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 (1.0 T) Vmin can be sufficiently
deep to prevent the a particle disintegration. This conclusion is strongly supported
by earlier experiments [18].
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A: ,3x O"=J
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B= 0,0 T
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LOg’O (Vrnin), kT

FIGURE 7 Depth of the secondary minimum at constant surface

potential in the absence or presence of a magnetic field

(1.0 W ).

In the absence of the magnetic field, particles slowly coagulate into the primary

minimum only, 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 Vmin, as indicated

by the nature of the energy functions in Fig. 7.

CONCLUSIONS

Experimental results with chromite materials indicate that the fine particles

coagulate onto the coarse ones and the cluster is recovered in the matrix magnetic
separator in combination of magnetic and surface interactions. This "carrier" or
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IVpiggy-backV coagulation process plays a role in the capture of valuable slimes in

wet magnetic separation. Strong magnetic fields and a pH near the pH(zpc) of the
valuable mineral are prerequisite for the formation of the coagula.
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