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Abstract: This article presents the results of investigations concerning the influ- 
ence of multivalent cations on the flotation of silicon carbide with sodium oleate 
as a collector. 

These results show that there is great similarity of the effect of multivalent 
cations on the flotation of, respectively, silicon carbide and quartz, some oxides 
and silicates. 

The influence of multivalent cations on the flotation of Sic with sodium oleate 
is manifested by the maxima recoveries observed at specific pH values for the 
different cations tested: Fe+3, Al+3, CU+~, Mn+2. In order to interpret the 
mechanism of their activity, both measurements of adsorption and of electroki- 
netic potential were carried out. 

The maxima recoveries observed are due to the presence of hydroxy complexes 
of the type MeOH+, MeOH+2, which were adsorbed on the negatively charged 
surface of the silicon carbide, as a result of which the adsorption of the anionic 
collector became possible. The flotation maxima occured in those pH ranges in 
which the hydroxy complexes reach the highest concentration in solution. This 
mechanism is similar to that explaining the phenomena observed in the case of 
quartz and some oxides and silicates. 0 1997 Elsevier Science Limited and 
Techna S.r.1. 

1 INTRODUCTION 

Investigations concerning the flotation of silicon 
carbide by means of anionic and cationic collec- 
tor,’ have already displayed a great similarity in 
the respective flotation properties of Sic and 
quartz: both compounds do not float with sodium 
oleate, whereas their flotation with dodecylamine is 
very successful. Other investigations1*2 have also 
proved a similar dependency of the electrokinetic 
potential of both compounds as a function of pH. 
Similarities of the surface characteristics were thus 
also expected as far as the effect of multivalent 
cations on flotation is concerned. In the case of 
quartz, such investigations have been carried out 
extensively by numerous authors showing maxima 
flotation recoveries at specific pH values for the 

respective cations. These maxima were shown to be 
related to the activating of MeOH+, MeOH’ 
complexes, whose maximum concentration effect in 
solution occurs at these pH values. The similarity 
of silicon carbide properties to quartz accounts for 
the presence of a silica coating on its surface. The 
presence of these coatings on silicon carbide and 
silicon nitride has been observed by Whitman and 
Feke.3 

Investigations concerning the infuence of multi- 
valent cations on the flotation of silicon carbide are 
of great importance, in view of the possible intro- 
duction of some ions into the flotation system, e.g. 
as a result of the grinding process (Fe) or together 
with water (Fe, Ca, Mg). Technically obtained sili- 
con carbide also contains certain amounts of Al, 
Cu and Fe. 
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2 INVESTIGATIONS CONCERNING THE 
INFLUENCE OF FERRIC IONS Fe+3 ON THE 
FLOTATION OF SILICON CARBIDE WITH 
SODIUM OLEATE 

potential in the presence of ferric ions. Materials 
and methods applied in the experiments are descri- 
bed in Part I of this article. 1 

Iron compounds belong to those materials which 
most probably may contaminate silicon carbide. 
This contamination may occur already in the pro- 
cess of the production of SIC, where iron oxides 
can be introduced together with the quartz sand. 
Further contamination may be the result of crush- 
ing and grinding. 

In order to determine the influence of Fe+ 3 ions 
on the flotation of SIC a series of tests were carried 
out, including flotation, adsorption measurement of 
Fef3 ions and determination of the electrokinetic 

Figure 1 is shows the results of the flotation of 
Sic in the presence of 5x 10e5 M sodium oleate 
and of various amounts of Fe+3. A distinct flota- 
tion maximum occurs at pH = 3.5, which was not 
observed when Sic was floated with the oleate in 
the absence of Fe+ 3 ions.3 Measurements of the 
adsorption of Fe+3 ions on silicon carbide show 
that adsorption takes place in the pH range 2-8 
(Fig. 2). The electrokinetic potential of Sic was 
also measured in the presence of ferric ions. The 
results of these measurements are presented in Fig. 
3. They show that because of the presence of ferric 
ions, the zero point of charge is shifted from 
pH = 2.5 to pH = 6, so that in this range the surface 
charge changes from a negative into a positive one. 
This change suggests that in this pH range some 
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Fig. 1. Flotation of silicon carbide with sodium oleate 
5 x lop5 M as a function of pH and various concentrations of 
Fei3. Dotted line is the concentration of the hydroxy com- 

plex FeOH ++ for 5x10e4 M FeC3. 

2 3 4 5 6 7 8 9 

PH 

Fig. 2. Adsorption of ferric species on silicon carbide as a 
function of pH for 5x 10e4 M FeC13 concentration. 

60 

40 

2 20 

s 

% 0 .r 
z 

Z-20 

g -40 

-60 

-“OI 
2 3 4 5 6 7 8 9 IO 

PH 

Fig. 3. Zeta uotential of silicon carbide as a function of nH 
\;ith various concentrations of Fe+3. 
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Fig. 4. Flotation of silicon carbide with sodium oleate 
5 x lo-5 M as a function of pH and various concentrations of 
Cu+*. Dotted line is the concentration of the hydroxy com- 

plex CuOH+ for 1 x 10d4 M Cu+*. 
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positive iron ions have been adsorbed in the double 
layer. Referring to the equilibrium diagram giving 
the occurrence (Fig. 4) of iron ions in a 1 x lo-4 M 
FeC13 solution as a function of pH4 it is seen that in 
the pH range concerned, where the sign of the zeta 
potential has changed from negative into positive, 
iron occurs in the form of a series of complexes, 
viz. Fe2(0H)z +4, Fe(OH)z+ and FeOH+2 with a 
maximum concentration of 2x 10e5 M at pH = 3.7; 
at a concentration of low7 M they additionally 
comprise the pH range from 0 to 4.5. Thus it may 
be assumed that these complexes are responsible 
for the change of the sign of the zeta potential of 
silicon carbide in the pH range, being adsorbed in 
the double layer. The range of the occurrence of 
these complexes also falls within the range of the 
maximum flotation of SIC as shown in Fig. 1. It 
may thus be supposed that the flotation of silicon 
carbide is activated because of the presence of 
hydroxy complexes of iron. 

3 INVESTIGATION ON THE INFLUENCE OF 
COPPER IONS Cu++ ON THE FLOTATION 
OF SILICON CARBIDE WITH SODIUM 
OLEATE 

In order to define the inflence of Cu+ + ions on 
silicon carbide, a series of flotation tests was car- 
ried out in the presence of copper ions, using 
sodium oleate as a collector. The results are shown 
in Fig. 4, which indicates a very distinct activation 
of the flotation of silicon carbide in the pH range 
5-8. The presence of copper ions on the silicon 
carbide surface in this pH range was confirmed by 
adsorption tests, as may be seen in Fig. 5. Adsorp- 
tion starts at pH =4 and then rapidly increases, 
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Fig. 5. Adsorption of copper species on silicon carbide as a 
function of pH for 1 x lop4 M CuClz concentration. 

reaching its maximum value at pH = 7. In the pH 
range where activation of silicon carbide occurs 
two copper complexes, namely CU~(OH)+~ and 
CuOH+, may exist in solution, both of them 
reaching their maximum of concentration of 
3~10~~ M at pH=6.5. 5,6 It is therefore supposed 
that these complexes may be the cause of the acti- 
vation of the silicon carbide flotation. The adsorp- 
tion of these complexes in the double layer should 
then affect the value of the electrokinetic potential 
of silicon carbide. This was confirmed by measure- 
ment of the electrokinetic potential of SIC in the 
presence of copper ions. As seen in Fig. 6, in the 
pH range 6.5-9 there is a considerable change in 
the value of the zeta potential of SIC in the 
presence of copper ions. As can be seen from the 
figure, the zeta potential changes from a negative 
to a positive value. The adsorption of the copper 
complexes CuOH + has thus created the necessary 
conditions for the adsorption of the anionic 
reagent, making flotation of silicon carbide 
possible. 

4 THE INFLUENCE OF ALUMINIUM IONS 
Al+3 ON THE FLOTATION OF SILICON 
CARBIDE WITH SODIUM OLEATE 

Aluminium ions are probably not so widely used 
as activators as other ions, but their activating 
effect on quartz has been mentioned by some 
authors.7 Moreover, at certain values aluminium 
ions yield complexes* similar to those of iron and 
copper. 

The activating effect of aluminium ions on the 
flotation of silicon carbide is indicated by the flo- 
tation test results presented in Fig. 7. A distinct 
range of activation can be seen, which in the case of 
a 5 x lop5 M sodium oleate solution lies in the pH 
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Fig. 6. Zeta potential of silicon carbide as a function of pH 
in the presence of CU+~. 
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range 3-5. The pH ranges in which the aluminium 
complexes AlOH++ and AI(O occur corre- 
spond to pH = 2-6 and pH = 3-8, respectively. This 
again coincides exactly with the range of the acti- 
vation of silicon carbide flotation by means of alu- 
minium ions. 

The adsorption of aluminium ions on silicon 
carbide was confirmed by the adsorption mea- 
surements (Fig. 8) and the electrokinetic poten- 
tial (Fig. 9). In this case, similarly as with other 
ions, a change in the value of the electrokinetic 
potential up to the change of the negative sign 
into the positive one can be observed. It can 
therefore be assumed that in this case the 
mechanism of the activation of silicon carbide 
flotation is also related to the presence of posi- 
tive hydroxy complexes. 
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Fig. 7. Flotation of silicon carbide with sodium oleate 
5x 10m5 M as a function of pH and aluminium ions concen- 
tration 10P4 M Al+3. Dotted line is the concentration of the 

hydroxy complex AlOH ++ for 1~10~~ M Al+3. 

5 THE INFUENCE OF MANGANESE IONS 
Mn+* ON THE FLOTATION OF SILICON 
CARBIDE WITH SODIUM OLEATE 

The effect of manganese ions was investigated in 
order to find out whether they comply with the rule 
observed in the case of metals forming complexes 
of the type MeOH + . Manganese forms MnOH+ 
in the pH range 7.5-l 1 Sg with maximum concen- 
tration of lop5 M at pH=9.5. Flotation tests of 
silicon carbide in the presence of manganese ions 
(Fig. 10) indicate that activation occurs in the pH 
range 7-10. A similar activation was observed by 
PalmerlO in the case of rhodonite Mn5(Si501s). 
Measurements of the electrokinetic potential (Fig. 
11) indicate cation adsorption, because the nega- 
tive charge decreases and at pH = 8 the value of the 
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Fig. 9. Zeta potential of silicon carbide as a function of pH 
and two concentrations of Alf3. 
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PH Fig. 10. Flotation of silicon carbide with sodium oleate 
5x 10v4 M as a function of pH in the presence of 1 x 10e4 M 

Fig. 8. Adsorption of aluminium species on silicon carbide as 
a function of pH for 1 x lop4 M AlCls concentration. 

Mn+2 ions. Dotted line is the concentration of the hydroxy 
complex MnOH+ for 1 x lop4 M Mn+2 vs pH. 
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zeta potential lies at about zero (or may be even 
slightly positive). The adsorption of manganese 
ions on silicon carbide was proved by direct 
adsorption measurements (Fig. 12). The results of 
these measurements indicate that adsorption takes 
place from pH=7 upwards, i.e. in the range in 
which the flotation is activated. 

The results seem to reinforce the earlier sugges- 
tion that MnOH+ complexes also activate the flo- 
tation of silicon carbide. 

6 DISCUSSION OF THE RESULTS OF 
INVESTIGATION CONCERNING THE 
EFFECT OF MULTIVALENT CATIONS ON 
THE FLOTATION OF SILICON CARBIDE 
WITH SODIUM OLEATE 

In Fig. 13 the effect of the various cations studied 
on the flotation of silicon carbide has been plotted 
in those pH ranges where activation occurs. The 
pH ranges of the occurrence of the hydroxy com- 
plexes of the respective activating cations are also 
shown in this figure. 

The results explicitly manifest the relation 
between the activation of Sic flotation and the 
occurrence of the hydroxy complexes of the type 
MeOH+. The adsorption of metal ions in the ran- 
ges of activation is testified by the results of 
adsorption measurements. In these pH ranges also 
a change of the electrokinetic potential of silicon 
carbide towards positive values has been observed. 
Thus, an adsorption of MeOH+ complexes in the 
double layer may be assumed. 

Similar phenomena have been observed in the 
case of the anionic flotation of silicates and oxide 
minerals, such as augite with FeOH+, MgOH+ 
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Fig. 11. Zeta potential of silcon carbide as a function of pH 
with various concentrations of Mn+2 ions. 

and CaOH + l1 chrysocolla with CuOH + ,I* pyro- 
lusite,13 rhodonite’O and quartz.‘“‘* The analysis 
of all these papers provides a similar view of the 
mechanism of activation as in the case of the 
minerals discussed earlier. The flotation of quartz 
with anionic collector occurs in those ranges in 
which the activating cations are present in the form 
of MeOH+ complexes. 

In the case of chrysocolla, augite and rhodonite 
the activating ions entered into the composition of 
the respective minerals, whereas in the case of 
quartz and silicon carbide proper conditions for 
their adsorption from a solution were required. On 
the newly exposed surface as a result of grinding 
there is reactive silicon, with broken bonds which 
will be able to annex OH-groups. Besides, there 
may occur some trace amounts of Si and Si02, 
which did not react during the process of synthe- 
sizing Sic. Finally, there still remain some products 
of high temperature oxidation of Si (Si02). Thus 
there are four kinds of active centres on the surface 
of silicon carbide which can produce hydroxyl 
groups. Thus the fixation of MeOH+ complexes 
may take place by means of one of the described 
mechanisms.19,20 In order to be able to be recov- 
ered by flotation, silicon carbide needs the presence 
of a collecting reagent at its surface. It is supposed 
that in this case a metallic organic complex was 
formed. This “compound” is probably precipitated 
either on the surface of the mineral or in the double 
layer, similarly as in the case of other systems. 

The suggested mechanism of activating the flo- 
tation of silicon carbide with an oleate collector by 
addition of cations of multivalent metals consists 
of the adsorption of hydroxy complexes of these 
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Fig. 12. Adsorption of manganese species on silicon carbide 
as a function of pH for 1 x 10M4 M MnCl2 concentration. 
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pH of hydroxy complex formation 
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Fig. 13. Flotation of silicon carbide with 5x 10-s M oleate as 
a function of pH and the pH of hydroxy complex formation. 

metals in the form of MeOH+, by which the 
surface of the silicon carbide becomes positively 
charged so that it becomes possible to fix the 
oleate. 

The process of recognition of the products of the 
flotation reagents adsorbed on the surface of sili- 
con carbide has been achieved by spectrophoto- 
metric investigations using the ATR technique. 
The results have also confirmed the proposed 
mechanism of SIC activation, since the absorption 
bands of OH groups coming most probably from 
the hydroxy complexes and spectra manifesting the 
oleate presence on 
observed. 

7 CONCLUSION 

the surface have also been 

The activation of the flotation of silicon carbide by 
means of multivalent cations is carried out in com- 
pliance with the mechanism of the formation 
of hydroxycomplexes of the type MeOH+, which 

J. Zskra 

permit the adsorption of anionic collectors, similarly 
as in the case of quartz, some oxides and silicates. 
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