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Abstract−−  In this paper, we present the results 

and a discussion of microflotation tests performed 
with manganese minerals (rhodonite and rhodo-
chrosite) and quartz mineral, using sodium oleate as 
the collector. We also explore the influence of water 
glass (sodium silicate) as a depressant in the recovery 
of these minerals with sodium oleate. Potential zeta 
determinations were carried out with the three min-
erals conditioned with deionised water and with the 
previously mentioned reagents. It was found that, at 
a pH of 9, the recoveries of rhodonite and quartz 
were maximised, and for the rodhocrhosite mineral, 
the maximum recovery was achieved at pH 11.  The 
water glass at pH 9 was more efficient in depressing 
quartz than rhodonite, especially for smaller concen-
trations, whereas the flotation response of rhodo-
chrosite was only slightly affected at both pH 9 and 
pH 11. The potential zeta curves indicate that the 
IEP of rhodonite (pH=2.8) is similar to values re-
ported in the literature, whereas the IEP values of 
quartz (pH=2.2) and rhodochrosite (pH=10.8) differ 
slightly from those in the literature. The zeta poten-
tials of rhodonite, quartz and rhodochrosite in the 
presence of sodium oleate and water glass become 
more negative in a basic medium. Finally, based on 
the experimental results with a collector of sodium 
oleate and a depressant of water glass, some infer-
ences on the adsorption mechanisms of these re-
agents on rhodonite, quartz and rhodochrosite sur-
faces are made. 
Keywords−− Manganese, rhodochrosite, rho-

donite, quartz, water glass. 

I. INTRODUCTION 
The State of Minas Gerais was the first to exploit man-
ganese-oxide-rich ore in Brazil. Until the 1970s, Minas 
Gerais supplied the national metallurgy industry and 
was responsible for almost all exported Brazilian man-
ganese ore products for foreign markets. Despite the ex-
haustion of manganese-rich deposits, Minas Gerais still 
has large manganese-poor deposits (queluzite and gon-
dite). These ores have a complex mineralogy consisting 
of several manganese minerals, such as oxide, silicate 
and carbonate, that are associated with gangue minerals 
such as quartz and other silicates, sulphides, carbonates 
and other minerals.  

Acevedo (1977) studied the possibility to concen-
trate, by flotation, the silicate-carbonate manganese-
poor ore from the State of Minas Gerais. For the first 
step, microflotation tests in a Hallimond cell with pure 

minerals (rhodonite, rhodochrosite) using sodium oleate 
and several depressants were performed. It was found 
that the pH values of maximum recovery for rhodonite 
were 9 and 10 at an oleate dosage of 5.0 x 10-4 M. The 
rhodochrosite recovery was constant and maximum 
(100%) for all pH values studied. It is likely that the re-
agent concentration used was very high. Furthermore, 
the floatability of rhodonite, preconditioned with water 
glass, decreased by 15% at pH 10. In the case of rhodo-
chrosite, it was found that the water glass did not have 
any depressant effects on the floatability of this mineral. 
However, in bench tests carried out with manganese ore 
fraction sizes between 43 and 106 µm, no selectivity be-
tween the manganese and gangue minerals was ob-
served.  

Lima et al. (2008) performed bench flotation studies, 
at pH 11 by using sodium oleate as a collector and water 
glass as a depressant, of silicate-carbonate manganese 
tailings (Mn, SiO2, Al2O3 and Fe contents of 28.30, 
28.10, 9,30 and 3.67%, respectively) from Morro da 
Mina Mine, located in Conselheiro Lafaiete, Minas 
Gerais, Brazil. They obtained a Mn recovery of 63%, 
and the contents of  SiO2 and Mn in the concentrate 
were 17 and 32%, respectively. Despite a reduction of 
11% in the SiO2 content in the concentrate as compared 
with the feed, the Mn content in the concentrate in-
creased by only about 4%. What can be related with the 
high proportions of manganese silicate minerals such as 
spessartite, rhodonite and tephroite in their sample 
(Lima et al., 2010). 

Somasundaran (apud Fuerstenau et al., 1985) used 
diagrams of species distributions for a sodium oleate 
concentration of 3 x 10-5M and concluded that, at  pH 
7.8, the ionomolecular specimen (RCOOH.ROO-) activ-
ity is maximised and the ionic oleate (RCOO-) and 
dimer (RCOO2

2-) activities increase as the pH is in-
creased up to pH 7.8. Above this pH value, both 
(RCOO- and RCOO2

2-) activities remain constant. For 
pH values lower than 7.8, neutral oleic acid begins to 
precipitate. 

The dissociation of water glass (modulus 1) in water 
produces Na+, H2SiO4

2-. Furthermore, as a function of 
pH, the anion H2SiO4

2- hydrolyses in two steps to 
H3SiO4

- and H4SiO4 (Grenburg and Sinclair; apud 
Misha, 1982). At pH values below 9, the predominant 
specimen in the solution is silicic acid [H4SiO4]. In this 
region, there is a smaller quantity of [SiO(OH)3

-], which 
is predominant at pH values between 9.5 and 12.5. At 
pH values greater than 6, the specimen [SiO2(OH)2

2-] 
appears, which is then predominant above pH 13. The 
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specimen [Si4O6(OH)6
2-] does not predominate at any 

pH value, but its concentration does reach a maximum 
between a pH of 10 and 12; see Figure 1 (Marinakis and 
Shergold, 1985). 

In this paper, we present the results of microflotation 
tests and zeta potential determinations of two manga-
nese minerals, rhodochrosite (MnCO3) and rhodonite 
((Mn,Fe,Mg,Ca)SiO3), as well as quartz (SiO2), with the 
objective of determining the pH and oleate concentra-
tion at which maximum recoveries are obtained. We 
also investigate the influence of the previous condition-
ing of these minerals with water glass.   
 

II. METHODS 
A.  Minerals and reagents  
Natural quartz (SiO2) sand and rhodonite 
((Mn,Fe,Mg,Ca)5(SiO3)5) crystals from Quadrilátero 
Ferrífero and Morro da Mina Mine, respectively, and a 
synthetic sample of rhodochrosite (manganese carbon-
ate, MnCO3.XH2O) manufactured by VETEC were used 
for the microflotation tests and zeta potential determina-
tions.  

Table 1 presents the chemical compositions of the 
pure minerals (natural and synthetic). As can be ob-
served, the MnO content (41.06%) of the rhodonite 
from Morro da Mina Mine is smaller than the published 
MnO (49.44%) value. The contents of FeO (3.96%) and 
MgO (1.06%) are higher than the published 
stoichiometric values of rhodonite (FeO – 1.11%; MgO 
– 0.620%), which may be due to the isomorphic substi-
tution of Mn2+ by Fe2+ and Mg2+ in the crystalline lattice 
of the mineral (Webmineral.com, 2009).  The quartz 
sample has traces of aluminium, iron and potassium, 
which is in agreement with literature data (Dana, 1984). 
In this sample, MgO and CaO impurities were also de-
tected. The difference in the rhodochrosite content 
(approx. 62%, not 100%) is due to the loss of ignition. 

Analytical-grade reagents were used in the flotation 
studies as follows: oleic acid (C18H34O2) manufactured 
by Dinâmica, used as a collector; water glass (Na2SiO3. 
X H2O) manufactured by ISOFAR (Na2O min. of 22% 
and SiO2 min. of 20%), used as a depressant and a pH 
regulator; HCl manufactured by VETEC; and NaOH 

manufactured by Dinâmica. NaOH was also used to 
prepare the oleate sodium soap. 

B. Experimental techniques 
The quartz and rhodonite crystals were crushed in a 
porcelain mill and screened to give a fraction size be-
tween 43 and 106 µm for the microflotation tests. The 
artificial rhodochrosite was used without size classifica-
tion. The quartz and rhodonite fractions below 37 µm 
and the synthetic rhodochrosite were crushed in an agate 
mortar to give fractions (90% smaller than 10 µm) for 
zeta potential determinations, performed by a Molvern 
Zetasizer Nano Z – ZEN 2600 device in which the sam-
ples were in a 0.5% w/w suspension with or without re-
agents at several pH values. 
 A solution of sodium oleate was prepared by dilut-
ing 1 g of oleic acid in a 50-mL beaker with constant 
stirring and adding a 1.7 mL of sodium hydroxide solu-
tion at a 10% w/v concentration. The solution was con-
tinuously stirred until a limpid and yellow-coloured so-
lution was obtained. Finally, the solution was trans-
ferred to a 100-mL volumetric balloon, and the volume 
was brought to the mark with distilled water to obtain a 
concentration of 1% w/v.  

The water glass solution (1% w/v) was prepared by 
diluting 1 g of water glass with distilled water in a 
100-mL volumetric balloon.  

The microflotation tests (three replicates) were per-
formed using a modified Hallimond cell equipped with 
a magnetic stirrer. Initially, about 1 g of mineral sample 
was conditioned at the desired pH (pH 4-12) for 2 min-
utes for several oleate concentrations. First, the pH and 
oleate concentrations for the highest recovery for each 
mineral were determined. Furthermore, depression stud-
ies were performed for each mineral; the minerals were 
previously conditioned with varying water glass concen-
trations for 3 minutes followed by 2 minutes of condi-
tioning with the previously determined optimal oleate 
concentration. After conditioning, the mineral sample 
was floated for 1 minute using commercial nitrogen 
(flow of 60 mL/min.).  

 
Figure 1. Logarithmic concentration diagram for 10-3 molL-1 
SiO2 solution (Marinaks and Shergold, 1985). 

Table 1 – Chemical composition of rhodochrosite, rhodonite 
and quartz minerals. 

Compound 
 (%) 

Minerals 
Rhodochrosite Rhodonite Quartz 

MnO 
SiO2 
FeO 
CaO 
MgO 
Al2O3 
BaO 
TiO2 
K2O 
Na2O 

S 

61.23 
0.107 

- 
0.21 

- 
- 
- 
- 

0.06 
0.13 
0.02 

42.83 
50.56 
3.08 
2.11 
0.93 

0.095 
0.05 

0.003 
- 
- 
- 

- 
99.43 
0.049 
0.200 
0.035 
0.222 

- 
- 

0.035 
0.025 

- 
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Fig. 2. Effect of pH and sodium oleate concentration on 
rhodochrosite recovery. 
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Fig. 3. Effect of pH and sodium oleate concentration on rho-
donite recovery. 

 

III. RESULTS 
Figures 2 to 4 present the effects of the oleate concen-
tration and pH on the mineral sample recoveries. The 
maximum recovery for rhodochrosite occurred at a pH 
value of 11 (Fig. 2). For rhodonite (Fig. 3) and quartz 
(Fig. 4), it occurred at a pH value 9. The pH ranges of 
maximum recovery for both rhodonite and quartz in-
creased with increasing oleate concentration. However, 
a recovery decrease for all three minerals was observed 
at a pH of 12.   

In general, it can be affirmed that the sodium oleate 
had a high affinity for all three studied minerals and that 
it is not possible to obtain a selective separation among 
them by flotation with this collector without a depres-
sant, especially in the case of rhodonite and quartz, 
whose maximum recovery values occurred at a pH 
value of 9 (Fig. 3 - 4). In the case of rhodochrosite, the 
greatest recovery occurred at a pH value of 11 (Fig. 2). 

Figures 5 and 6 present the effect of water glass on 
the recoveries of quartz, rhodonite and rhodochrosite at 
the previously determined sodium oleate concentration 
corresponding to a maximum recovery: 40 ppm for 
quartz and rhodonite and 80 ppm for rhodochrosite at 
pH values of 9 and 11, respectively. 

At both pH values studied, the water glass was 
found to be more efficient in depressing quartz than 
rhodonite, especially for concentrations smaller than 
100 ppm. The opposite trend was observed for rhodo-
chrosite; see Fig. 5 and 6.  Thus, the selective separation 
of manganese minerals (rhodochrosite and rhodonite)  
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Fig. 4. Effect of pH and sodium oleate concentration on quartz 
recovery.  

 
Fig. 5. Recoveries of quartz, rhodonite and rhodochrosite with 
sodium oleate, preconditioned with water glass at a pH value 
of 9. 

 
Fig. 6. Recoveries of the minerals quartz,  rhodonite and 
rhodochrosite with sodium oleate, preconditioned with water 
glass at a pH value of 11. 

from quartz mineral is dependent on the water glass 
concentration. 

For both pH values (9 and 11), the water glass was 
not efficient in depressing the rhodochrosite mineral up 
to a concentration of 100 ppm; see Fig. 5 and 6. This 
means that, for manganese ore that contains carbonate 
manganese (rhodochrosite), silicate manganese (rhodo-
nite) with quartz could be possible to produce concen-
trates with lower SiO2 contents by flotation with water 
glass as a depresssant and sodium oleate as a collector. 
However, the system under study was very simple. It 
would be valuable to study the influence of a hidroxy 
complex of Mn in the solution on silicate mineral re-
covery with water glass and sodium oleate, once rhodo 
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Fig. 7. Zeta potential of rhodochrosite conditioned without and 
with reagents. 
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Fig. 8. Zeta potential of rhodonite conditioned with and with-
out reagents. 
chrosite is a semi-soluble mineral. 

The isoeletric point for rhodochrosite occurred at a 
pH value of 10.4. This value differs from the value of 
7.2 determined by Song and Lu (1994) and 4.8 of a 
natural Egyptian rhodochrosite sample that was deter-
mined by the streaming potential method (Abeidu, 
1973); see the zeta potential curve of the mineral deter-
mined without reagents (Fig. 7). 

In general, for rhodochrosite conditioned with so-
dium oleate, the zeta potentials became negative for pH 
values below the isoeletric point (pH 10.4) and de-
creased with increasing pH, except for the pH value of 
12 (Fig. 7) when compared with the potential zeta of the 
mineral in the absence of reagents. This behaviour is in 
accordance with the lower recovery obtained at a pH 
value of 12 pH in the microflotation test results pre-
sented in Fig. 2. Thus, it can be affirmed that the anionic 
specimens of oleate present in the solution specifically 
adsorb on the mineral surface. 

As shown by the zeta potential curve of rhodo-
chrosite mineral conditioned with 100 ppm of water 
glass, the zeta potential values of the mineral were 
nearly constant up to a pH of 8. Above this value, the 
zeta potential values became more negative as com-
pared with the values of the mineral without reagent. 
This behaviour could be attributed to specific adsorption 
of the specimens [SiO(OH)3

-], [SiO2(OH)2
2-] and 

[Si4O6(OH)6
2-] present in the solution, especially for pH 

values above 9, as reported by Marinakis and Sherhold  
(1985); see Fig. 7. 

The isoeletric point (pH 2.8) of the rhodonite was 
the same as that reported by Fuerstenau et al. (1976) 
(Fig. 8). After the mineral came into contact with so-
dium oleate, the zeta potentials at all of the pH values 
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Fig. 9. Zeta potential of quartz conditioned with and without 
reagents. 

 
were negative and became more negative as the pH val-
ues increased. As in the case of rhodochrosite, this be-
haviour is coherent with the microflotation tests, which 
means that recovery increases with increasing pH value 
due to increased specific adsorption of the anionic 
specimens of the collector on the mineral surface. The 
point at which the zeta potential values became more 
negative with pH corresponds to the point of maximum 
recovery. 

For rhodonite conditioned with water glass, it was 
found that, up to a pH value of 6, the zeta potential val-
ues were very similar to those obtained for the mineral 
conditioned without a reagent (Fig. 8). This occurred 
because, until this pH value is reached, silicic acid 
(H4SiO4) is the dominate specimen in the solution, and 
above this pH, H3SiO4

- (predominant at a pH range of 
9.5 to 12.5), and [SiO2(OH)2

2-]  and [Si4O6(OH)6
2-] be-

tween pH values of 9.5 and 12.5 are present in the solu-
tion (Marinakis and Sherhold, 1985), which specifically 
adsorbed on the mineral surface.    

In spite of sample impurities (Table 1), the measured 
isoeletric point (pH 2.2) of quartz was close to the value 
reported (pH 1.8) by Iwasaki et al. (1960) (Fig. 9). As in 
both previous cases (rhodochrosite and rhodonite), the 
zeta potential values obtained with the mineral condi-
tioned with sodium oleate and water glass were more 
negative than the zeta potential values of the mineral 
conditioned without reagent for all pH values, which 
can be attributed to specific adsorption of the anionic 
specimens present in the solution on the mineral suface. 
This behaviour is in accord with the microflotation test 
results (Fig. 6 and 7). 

It was found that the water glass was more efficient 
in depressing quartz, followed by rhodonite. This effi-
ciency was higher at pH 9 as compared with pH 11 at 
concentrations smaller than 100 ppm (see Fig. 5). This 
means that it may be possible to achieve selectivity be-
tween these two minerals by flotation, especially at 
these pH values, due to the previous adsorption of ani-
onic specimens of water glass present in the solution, 
which could be attributed to hydrogen bonding between 
the hydroxyl group on the mineral surfaces, especially 
for quartz, and the anionic specimens present in the so-
lution (H3SiO4

-), which prevent the adsorption of ani-
onic specimens of oleate present in the solution  in pH 
values of 9 and 11, respectively.    
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IV. CONCLUSIONS 
Based on the above studies carried out with manganese 
minerals and quartz, which are present in silicate-
carbonate  manganese ore from Morro da Mina Mine, it 
was concluded that: 
i – The maximum recovery of quartz and rhodonite 
minerals occurred at a pH value of 9, and for synthetic 
rhodochrosite, it occurred at pH 11. 
ii - Water glass was more efficient in depressing quartz 
than rhodonite for dosages smaller than 100 ppm with 
40 ppm of sodium oleate at pH values of 9 and 11. 
iii - Rhodochrosite recovery decreased by about 15% for 
water glass concentrations ranging from 0.1 to 100 ppm 
at a pH value of 11 and a sodium oleate concentration of 
80 ppm. 
iv - The isoelectric points of quartz, rhodonite and 
rhodochrosite were found to be: 2.2; 2.7 and 10.4, re-
spectively. 
v - All zeta potential values of the three studied minerals 
conditioned with sodium oleate were smaller than those 
values determined without a reagent. Thus, the adsorp-
tion mechanism of oleate on the surface of all studied 
minerals is specific. 
vi - The zeta potential values of quartz, rhodonite and 
rhodochrosite conditioned with water glass up to a pH 
of 6 were very similar to those obtained by conditioning 
with distilled water. The values also became more nega-
tive for pH values above 6. 
vii- The dominant specimen present in the solution at 
pH values from 9 to 11 is H3SiO4

-
. Thus, this specimen 

specifically adsorbed on the negatively charged surfaces 
of the studied minerals. 
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