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SUMMARY 
 
 

This paper discusses some problems related to the selection of the solids for 
forming the dense medium and emphasises the importance of this selection for 
obtaining a medium of good rheological properties. Both high and low ranges 
for mineral and coal processing are considered. The problems that can be 
encountered in these ranges, in particular for very high or very low densities, 
are discussed in detail and the solutions that are normally used or have been 
proposed and tested so far are illustrated. Finally, some ideas for preparing new 
solids particularly for low density separation are illustrated, and some guidelines 
are indicated for conducting research in this field with the aim of optimising the 
rheology of the dense media and the separation. 
 
Key Words:  medium solid, viscosity, stability, dense medium separation 
process. 
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INTRODUCTION 
 
 
Medium solid composition is of fundamental importance in dense medium 
separation processes. Neglecting solids such as silica sand, slate, barite which 
were sometimes used in the past and also galena (which was extensively used 
in the Huntington-Heberlein process), today the DMS technology adopts 
practically only magnetic solids. This is due to the simplification of the medium 
recovery circuit with magnetic separators. 
 
However, with only two medium solids (magnetite, density about 5.2 g/cm3 
ferrosilicon, density about 6.8 g/cm3) all the operating ranges of medium 
densities cannot be appropriately covered. For example, for obtaining very high 
medium densities, solids with density higher than ferrosilicon would be 
necessary. Many years ago, Knapsack (Komorniczyk et al, 1973) attempted the 
production of ferrochrome (density 7.5 g/cm3) but, as far as we know, this 
production did not proceed probably for the very limited market. 
 
The situation is worse for the low densities particularly considering the need of 
producing ultra low-ash coals (Keast-Jones and Smitham, 1993). The problem 
has previously been analysed (Chedgy et al, 1986) and some proposals were 
indicated. The main problem is that the density of magnetite is too high for 
obtaining the low densities required for coals, in particular premium low-ash 
coals. This makes it necessary to allow the build up of contaminants in large 
concentration, coming from slate and coal fines. This way, separating media 
with acceptable viscosity and stability can be obtained, but probably not the 
best media that could be expected. Also density control and the separation 
efficiency may be hindered because media constituted by high density solids 
segregate easily and their composition may vary. 
 
To overcome these drawbacks, about ten years ago Klima and Killmeyer (1990) 
developed the micronized magnetite to help in the preparation of low density 
media. The test results were very good, but we do not know if there are 
industrial applications of this system or new developments are in progress. 
 
This paper will discuss the above-mentioned problems, considering the ranges 
of high, intermediate and low densities. Many questions will be asked but few 
answers will be given because the subject, from the authors’ point of view, 
requires further theoretical and experimental research. 
 
 
 
THE CONSTRAINTS OF VISCOSITY AND STABILITY 
 
 
Unfortunately, viscosity and stability play an opposite role. Therefore, a 
compromise should be found assuring acceptable values of low viscosity and 
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high stability. These values depend on the problem to be solved, type of feed 
and separator. For large coal baths, Cammack (1978) recommends the 
viscosity be lower than 15, 12, 8 cP respectively for 50, 25, 10 mm bottom size 
of raw coal being treated. For fine coals, the maximum viscosity is reduced to 
about 4 cP. No data are given for stability. Salzmann (1963) reports for ores 
acceptable consistence (apparent viscosity) values of 20 cP and Yancey et al 
(1958) indicates that in drum-type separators the efficiency of separation 
declined as viscosity increased, and at 29.5 cP the separation failed almost 
completely. Concerning the medium stability, Salzmann gives the following 
values for conventional media: 20 to 60 sec/cm (these are obviously minimum 
values). All these data generally refer to DM baths. With dynamic separators, 
considering the higher mass forces involved, higher values of the viscosity are 
acceptable. Ferrara and Schena (1986) found efficient separation treating lead-
zinc ores in the Masua plant (Italy), up to a viscosity of 45 cP (plastic viscosity). 
Napier-Munn (1990) gives an interesting equation giving Ep as a function of the 
apparent viscosity and the particle size for Scott’s data (Scott, 1988). This 
equation allows to define the maximum acceptable apparent viscosity for a 
given size range, and under defined geometry and operating condition of a 
cyclone. 
 
Concerning the stability of DMS baths, the static stability has a direct relation, 
while for DMS cyclones a dynamic stability must be defined (Bozzato et al, 
1997). For convenience, the density differential (difference between sink and 
float media) is used as a practical measure of the dynamic stability. The values 
of the differential may vary between 0.15 and 0.80 g/cm3. The best working 
range depends on the type of application. Collins et al (1983) consider 0.20 - 
0.50 g/cm3 suitable in most cases, and in mineral processing the optimum is 
about 0.40 g/cm3. Recently, a model has been developed to correlate static and 
dynamic stability (Bozzato et al, 1997). 
 
The viscosity of a suspension depends on a number of factors: particle shape 
and size composition of the medium solid, presence of different types of 
medium solids (contaminants from the ore, clay added) and also on physico-
chemical characteristics of such solids. However, the most important factor is 

the solids volume fraction  (volume of solids/volume of suspension). In fact, 
the different curves of the viscosity against the density become practically 

superimposed if the viscosity is represented against .  Fig. 1 shows the 
relative viscosity against the density of magnetite medium (90% -40 µm, 28% -
10 µm) and different proportion of contaminant (sub-bituminous coal 95% -170 
µm, 82% -75 µm, 16.5% -38 µm, ash content 18%, density 1.63 g/cm3). 

Reporting  on the abscissa one obtains Fig.2 (Ruscio, 1986; Lapasin et al., 
1988; Ferrara and Schena, 1988). 
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Figure 1: Relative viscosity versus the density of magnetite medium at 

different proportion of contaminant (after Lapasin et al, 1988). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2: Relative viscosity versus the solids volume fraction 

for different suspension densities. 
 
 
Fig. 2 suggests the use of on of the known models of the relative viscosity. The 
simplest one is the Quemada model (Quemada, 1977): 
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                     n 

 r   =     1  _______                       (1) 

  m 
 
 

where m is the maximum packing volume fraction, and n a model parameter 
quoted n = -2 by Quemada (1977). Ham (1965) and Landel et al (1963) used 
the same model with n = -1 and n = -2.5 respectively. However, one can 
assume that n is a second parameter that can be calculated by fitting 
procedures. 
 
Alternatively, the Mooney-Lewis-Nielsen model can be used (Mooney, 1951; 
Lewis and Nielsen, 1968): 
 
 

          k   

   r  = exp _______      (2) 
              
       1 - ___ 

            m 
 
 
The results of the fit with the above mentioned models are reported with solid 
and dotted lines in Fig.2. 
 
Obviously, medium solids differing in particle shape, size composition and other 

characteristics may give different graphs of the relative viscosity versus  and 
also the model parameters will differ, while the trend of the curves should be the 
same. 
 
As far as the dynamic stability is concerned, interesting data are given by Davis 
and Napier-Munn (1987) which attempted to correlate density differential and 
viscosity. Fig. 3 shows the relationship between density differential and viscosity 
for magnetite medium and different operating conditions. In examining Fig. 3 it 
should be kept in mind that the density differential is defined as sink density 
minus feed density, differently from other authors which define the differential as 
sink density minus float density (Collins et al, 1983; Ferrara et al, 1999). In any 
case, it is clear that increasing the viscosity causes the density differential to 
reduce (hence the stability increases): in this case, the problem is the viscosity 
that cannot exceed a given limit. Conversely, reducing the viscosity causes the 
density differential to increase (hence the stability decreases): in this case, the 
problem is the differential that cannot exceed a given limit. 
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Figure 3: Density differential versus viscosity for magnetite medium and different 
operating conditions (after Davis and Napier-Munn, 1987). 

 
 

Since both viscosity and stability depend on the solids volume fraction  (in 
addition to all the other above mentioned factors, that yet may be constant for a 
given problem), a first choice of the medium solid can be made on the basis of a 

 value or a suitable range of  values. This procedure will be explained in the 
following sections. 
 
 
 
THE HIGH DENSITY RANGE 
 
 
The relationship between medium density δ, density of the medium solid δs and 

solids volume fraction  is the following: 
 

   δ =   δs + (1 - )      (3) 
 

Fig. 4 reports the solids volume fraction  against the medium density δ for 
ferrosilicon, ferrochrome and ferrosilicon with different contaminant 
concentration (weight of contaminant/[weight of ferrosilicon + contaminant]; 
contaminant density 2.65 g/cm3).  It can be seen that in the high density range 
(say from 2.8 to 3.6 g/cm3) there is no problem of stability because one must 

work at high  values (around 40%). The viscosity may be a problem 
particularly for fine particles and therefore atomised medium solids should be 
used. Fig. 4 shows that with ferrosilicon it is possible to reach the medium 
density of 3.2 g/cm3  and probably also 3.3 g/cm3 with addition of a coarser 
grade and a powerful regeneration circuit capable of reducing the contamination 
to a very low value. With the use of ferrochrome it should be possible to reach 
about 3.6 g/cm3. 
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Figure 4: Volume fraction  versus the medium density δ for ferrosilicon, 

ferrochrome and ferrosilicon with different contaminant concentration. Density of 

the contaminant: δc = 2.65 g/cm
3
. 

 
 
As 5 - 10% contamination may be a normal value for a conventional medium 
recovery circuit, this could help in obtaining medium densities in the range 2.8 - 
3.0 g/cm3 while still maintaining a high solids volume fraction in the range 38 - 
40% and, hence, avoiding problems of stability. As will be discussed later, the 
same result for 2.8 g/cm3 could also be obtained with the addition of magnetite 
and less contaminant. 
 
The need of obtaining medium densities above 3.0 g/cm3 is rare, as it interests 
cases where one wants to obtain high grade final products for metallurgy or 
chemical industry (e.g. iron ores, chromite ores, barite ores), particularly when 
flotation could not help and the use of gravity separation is necessary. It may 
interest also in the recovery of metals or alloys from scraps or slag for recycling. 
 
 
 
THE INTERMEDIATE DENSITY RANGE 
 
 
The intermediate density range (say from 2.4 to 2.8 g/cm3) covers a large 
number of separation problems from the preconcentration problems of 
metalliferous ores to the preconcentration or separation of industrial minerals. 
The densities of the intermediate density range could be obtained using only 
ferrosilicon provided that a high proportion of contaminant is allowed (in the 
order of 10 - 20%). However, this seems to be not a good solution because the 
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contamination may vary with the content of fines in the ore and an enhanced 
segregation may occur: consequently, the density gradient inside the vessel is 
higher, the density control is more difficult and the separation sharpness 
decreases. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Volume fraction  versus medium density δ for the following mixtures 

of ferrosilicon and magnetite: 100% ferrosilicon; 75/25, 50/50, 25/75 
ferrosilicon/magnetite; 100% magnetite. The dotted lines correspond to the 
contamination of ferrosilicon of Fig.4. 

 
 
In the intermediate density range, a mixture of ferrosilicon and magnetite is 

commonly used (Ruff and Greiner, 1986). Fig. 5 shows a graph of  versus 
medium density δ for the following mixtures of ferrosilicon and magnetite: 100% 
ferrosilicon; 75/25, 50/50, 25/75 ferrosilicon/magnetite; 100% magnetite. In the 
same graph, for comparison, are also reported the same lines corresponding to 
the contamination of ferrosilicon of Fig. 4. 
 
It can be observed that with mixtures of ferrosilicon and magnetite the 
intermediate density range can be well covered and that a large selection of 

conditions exists for obtaining acceptable values of  and hence of viscosity 
and stability. In spite of the fact that these mixtures give lines superimposed to 
those of ferrosilicon+contaminant, since the density of the medium components 
is closer, the segregation is greatly reduced. In addition, the magnetite is 
recovered in the medium circuit and the density control is much easier. 
Obviously, in the ferrosilicon-magnetite mixtures, any contaminant coming from 
the ore will be unavoidably present, but this contaminant could be reduced to an 
acceptable amount (say, not over 5-10%). Note that, for simplicity of the graph, 
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the lines representing the different mixtures contaminated are not reported, but 
their trend is easy to understand. 
 
Substantially, in the intermediate density range we have a three-component 
mixture of solids. The following equation relating the solids volume fraction, the 
medium density, the proportion of the different component of the mixture and 
their density can be written: 
 
 

   /[δ - (1-)] - [(1-c)/δF  + c/δC]     
  m  =    ___________________________________    (4) 

             (1-c)  (1/δM  - 1/δF) 
 
 
Where: 
 

 = solids volume fraction of total medium solid; 

δ = medium density; 

m = weight fraction of magnetite (on the total magnetic 
medium solid); 

(1- m) = weight fraction of ferrosilicon; 

c = weight fraction of contaminant (referred to the total 
medium solid, i.e. including the contaminant; 

δM, δF, δC = densities of magnetite, ferrosilicon and 
   contaminant. 

 

To be clearer, on the total medium solid, the weight fractions of the components 
are: 
 
(1-c)m = weight fraction of magnetite; 

(1-c)(1-m) = weight fraction of ferrosilicon; 

c = weight fraction of contaminant. 
 
These notations have been used to keep independent the proportion of 
magnetite and ferrosilicon from c. In fact, in plant operation c is normally not 
controlled and one should add magnetite and ferrosilicon in known proportions, 
i.e. m and (1-m). 
 
Eq. (4) can be used as a first approximation for determining the composition of 
the medium solid under given operating conditions. Subsequently, during the 
plant operation the composition can be adjusted to improve the results, 
depending on the real steady-state contaminant proportion and the rheological 
behaviour of the medium. 



 

____________________________________________________________________________________ 
7

th
 Samancor Symposium on DM Separation - 2000:            Selection of Medium Solids in DMS Processes 

9 

The following examples show how Eq.(4) can be used: 
 

 If a pilot plant requires a medium density of 2.6 g/cm3 , pure magnetite 

without contaminant with a volume fraction  = 0.4 can be used. Under 
these conditions Eq.(4) gives m = 1, i.e. 100% magnetite. 

 

 Under corresponding industrial plant conditions, it is not possible to have 
0% contaminant. With a well-sized medium recovery circuit, the 
contaminant proportion can be kept as low as 5%. Under these conditions 
Eq.(4) gives m=0.84, i.e. the medium solid may be formed by 84% 
magnetite and 16% ferrosilicon. The ferrosilicon is necessary to 
compensate the lower density of the contaminant. 

 
Eq.(4) may be useful in some cases, as shown in the previous examples 
referred to a real case we experienced. However, its use requires knowledge or 
rational assumption of some data. Eq.(4) is valid only for 0≤m≤1. Out of this 
range the values of the different parameters are not compatible. m>1 means 
that the requested conditions cannot be obtained with magnetite, but a solid 
with lower density is necessary. m<0 means that the requested conditions 
cannot be obtained with ferrosilicon, but a solid with higher density is 
necessary. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Magnetite weight fraction (m) and ferrosilicon weight fraction (1-m) 

versus medium density δ for two values of the volume fraction  (0.4 and 0.3) and 
four values of the contamination of the medium (0, 5, 10, 15%). Data from Eq. (4). 

 
 

Fig. 6 shows a graph obtained with Eq.(4) for  equal to 0.4 and 0.3 and for 
different values of contamination (0, 5, 10, 15%).  It can be observed that as the 
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contamination increases the weight fraction of ferrosilicon in the mixture also 

increases. Fig. 6 shows also that for a lower solids volume fraction , for 
corresponding medium densities, it is also necessary to increase the weight 
fraction of ferrosilicon. This is certainly not favourable to the stability in the 

density range 2.4 - 2.7 g/cm3 . Therefore  values near to 0.4 should be used in 
dynamic dense medium processes (provided that the viscosity is acceptable). 
 
 
THE LOW DENSITY RANGE 
 
 
The low density range (say, from 1.2 to 1.8 g/cm3) concerns the coal 
preparation, and more recently also the separation of low-density waste 
materials as plastic, rubber ebonite and others. In the past, low-density non-
magnetic solids were used (silica sand, shale, slate, etc.). Not long after, only 
magnetite was used because the magnetic recovery system of the medium 
solid was much easier. However, the density of the industrial magnetite (4.8 - 
5.2 g/cm3 ) is high for obtaining low density media, as can be seen in Fig.7. 
 

Fig.7 reports the solids volume fraction  versus the medium density δ for 
magnetite, and magnetite+contaminant. As the contaminant was considered a 
mixture of 80% coal (δ=1.4 g/cm3)+20% shale (δ=2.65 g/cm3) giving a 
contaminant density δc=1.55 g/cm3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Volume fraction  versus medium density δ for magnetite (solid line) and 
magnetite+contaminant (dashed lines). Contaminant constituted by 80% coal (δ=1.4 

g/cm
3
)+20% shale (δ=2.65 g/cm

3
) giving a contaminant density δc=1.55 g/cm

3 
. 
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The effect of the contaminant on the graph is reported in dashed lines. Fig.7 
shows that for obtaining low-density media it is necessary to use a large amount 

of contaminant so that the  values can be maintained in a suitable range 
assuring a sufficient stability of the medium. There is no problem for the addition 
of the contaminant because it enters the medium circuit with the raw coal and is 
constituted by the fines and shale or other components of the raw coal. The 
contaminant concentration is controlled by the medium circuit according to a 
principle explained elsewhere (Ferrara et al, 1994; Ferrara, 1995). 
 
However, the use of a very large amount of contaminant gives the following 
problems: 
 
 
1. As the density difference between magnetite and contaminant is high, a 

pronounced segregation occurs, the density gradient in the vessel may be 
large and this is not favourable to separation sharpness. 

 
2. As the concentration of contaminant in the medium circuit depends on the 

amount and the quality of fines entering the circuit, when this amount and 
quality is variable the density and the rheological characteristics of the 
medium change and steady-state conditions may be difficult to reach. 

 
3. As a consequence of the above-mentioned points the control of the density 

and of the rheological characteristics is more difficult. The final effect is a 
reduction of the separation sharpness. 

 
 
What can be done to solve this problem? Klima and Killmeyer (1990) proposed 
the use of micronized magnetite. Using a Pitt Mill, a type of vertical, wet-stirred 
ball mill the ExportTech Company produced three grades of micronized 
magnetite by grinding commercially available magnetite. These grades were 
denoted as 70X, 80X and 90X where the numbers correspond to the 
approximate weight percent of material less than 5 microns. The top-size is 15 
microns for 70X and 10 microns for 80X and 90X. For comparison, remember 
that the fines grade of magnetite commonly used is about 97% less than 45 
microns, with about 15% less than 5 microns. 
 
Good results were obtained: higher sharpness of separation, lower cut-density 
values (Klima, Killmeyer and Hucko, 1990). However when using a very fine 
magnetite some problems may arise: higher cost of magnetite, higher 
consumption for adhesion and lower recovery in magnetic separation, higher 
contamination of the magnetite recovered. Some of these problems may 
probably be solved with well-designed recovery circuits. 
 
Another solution may be the development of new medium solids having lower 
density and magnetic properties. For example, using plastics charged with 
micronized magnetite, or iron or ferrites it should be possible to obtain magnetic 
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solids in the range 2-3 g/cm3, which could also be produced in atomised form 
using spray systems, similarly to ferrosilicon. This system has to be carefully 
studied and tested. Plastic microspheres could have good properties for forming 
a medium, in particular high resistance to wear and corrosion. 
 
However, some problems could arise due to flocculation of particles so that it 
might be necessary to use surfactants as anti-flocculants. 
 

Fig.8 reports the volume fraction  against the medium density δ for magnetic 
solids having densities of 3 and 2 g/cm3. The addition of contaminant has also 
been considered. 
 
Fig. 8 shows that with medium solids in the range 2-3 g/cm3, it is easy to obtain 

low medium densities with  values high enough to have a good stability with 
low contamination. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Volume fraction  versus the medium density δ for magnetic solids having 

densities of 3 and 2 g/cm
3
. The addition of contaminant to the solid of δs = 3 g/cm

3 
is 

shown in dashed lines: to the solid of δs = 2 g/cm
3 is shown in dotted lines (0, 5, 10, 20, 

30, 40% contaminant). Contaminant density δc = 1.55 g/cm
3
. 
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DISCUSSION AND CONCLUSIONS 
 
 
Figs 4 to 8 show that for obtaining a given medium density a large selection of 
conditions seems to be theoretically possible if the rheological characteristics of 
the medium (viscosity and stability) are not taken into consideration. 
Conversely, the rheological characteristics are process determining and hence 
are of fundamental importance in such selection. The plant operators generally 
know a number of rules, which help in this selection. However, this practical 
knowledge is not always sufficient to reach acceptable operating conditions and 
probably we have all seen failure of plants or pilot tests for this reason. 
 
The present systems of monitoring the rheological characteristics of the medium 
greatly help in obtaining acceptable operating conditions, because they allow 
adjusting the medium solids composition and controlling the contamination. 
However, when starting-up a new plant the medium solid composition should be 
appropriately selected. 
 
In a more general outlook of the entire problem, the above-presented graphs 
suggest that for a given medium density exists a medium solid having the best 
density value for obtaining the best rheological characteristics. This is valid for a 
given size composition of the medium solid; for another size composition the 
best density could differ. 
 
As the best density of the medium solid can be obtained by either using a single 
solid, a mixture of two solids (e.g., magnetite + ferrosilicon) or three solids (e.g., 
magnetite + ferrosilicon + contaminant; magnetite + shale + coal), an important 
question that arises is: are the rheological characteristic better using prevailingly 
a single solid or a mixture? 
 
This is an important field of basic and applied research that would be interesting 
to tackle. It is particularly important for the low density range, even if for this 
range (independently from the proposed research) the authors feel that the use 
of magnetic solids with a density lower than the magnetite density could 
certainly help in obtaining the best rheological characteristics. 
 
Obviously, large efforts have to be spent for developing such low density 
magnetic solids, study their characteristics and the technical and economical 
feasibility of the new process. 
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