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This paper presents the influence of sodium silicate modulus on iron ore flotation with sodium oleate collector.
Bench flotation tests were performed at pH 7 with actual iron ore from Quadrilátero Ferrífero, Brazil, with
42.8% Fe and 37.2% SiO2. Iron recovery averaged above 90% and the Fe contents in the concentrate were above
55%. The highest values of Fe grade and lowest of SiO2 were obtainedwith low levels of pulp density and sodium
silicate dosage andwith high level of sodium oleate. Increase of sodium silicatemodulus had a small influence on
response variables.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Factors such as mineralogy, Fe and SiO2 grades, and particle size dis-
tribution are important for choosing the most suitable concentration
method (gravity separation, magnetic separation, and flotation) to be
used in low grade iron ore beneficiation (Araújo et al., 2003). There are
two possible flotation routes to concentrate low grade iron ore: direct
flotation of iron oxides with anionic collectors (fatty acid, hydroxamate,
and sulphonate) and inverse flotation of siliceous gangue with both cat-
ionic (amine) and anionic collectors with previous siliceous gangue acti-
vation by a polyvalent metal such as Ca2+ (Houot, 1983; Uwadiale,
1992).

In iron oxide (hematite, magnetite, and goethite) flotation, its max-
imum recovery with the collector sodium oleate is achieved at the neu-
tral pH value (Kulkarni and Somasundaran, 1975; Luz, 1996; Lopes and
Lima, 2009). But, with higher collector dosages, high hematite recover-
ies are possible at both acid and alkaline pH values (Gutierréz and Iskra,
1977; Jung et al., 1987; Shibata and Fuerstenau, 2003; Lopes and Lima,
2009).

Soluble sodium silicate or water glass is the most widely used dis-
persant of slime in wet mineral processing. It is also very frequently
used as depressant in nonmetallic flotation such as phosphate flotation
in order to depress siliceous gangue and carbonates (Zhang et al., 2007).
In iron ore wet processing, especially in flotation, sodium silicate is
widely used to disperse the kaolinite over a wide range of pH values
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(Al-Wakeel and El-Rahman, 2006; Ma, 2011). The SiO2 to Na2O ratio
(modulus) of sodium silicate varies from 1 to 3.75 (Sollenberger and
Greenwalt, 1958; Leja, 1982). The products of sodium silicate hydrolysis
are monomeric, polymeric, and colloidal species, depending on the pH
value, concentration, and ratio of SiO2 to Na2O (sodium silicate modu-
lus) (Lagerström, 1959; Ingri, 1959; Sjöberg et al., 1985; Svensson at
al., 1986; Bass and Turner, 1997).

This paper presents the influence of sodium silicatemodulus on iron
ore flotation with sodium oleate collector. Bench flotation tests were
performed at pH 7 with actual iron ore from Quadrilátero Ferrífero,
Brazil.
2. Materials and methods

2.1. Ore sample

The iron ore received in laboratory (200.7 kg) was previously wet
ground in ball mill (pulp of 70 wt.%) and classified in pilot plant of
Vale Company inside the fraction size normally used in iron oreflotation
(90% — 147 μm) and before the bench flotation tests, it was filtrated,
dried at 100 °C, homogenised and quartered to obtain subsamples,
which were previously deslimed before the bench flotation tests.

The desliming process consisted of the following steps. First, the iron
ore pulp density of 15 wt.% at natural pH (~7)was prepared and stirred
in flotation cell (Cimaq) at 1400 RPM speed. After 3 min, the flotation
cell was turned off, and after 1 min, the mud was removed. This opera-
tionwas performed three times. Finally, the deslimed iron orewas dried
at 100 °C.
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Table 1
Chemical composition and loss on ignition (LOI) of iron ore from Quadrilátero Ferrífero,
Brazil, after desliming operation.

Content (%)

FeTotal SiO2 Al2O3 P Mn CaO TiO2 LOI

42.8 37.2 0.26 0.073 0.043 0.011 0.009 0.94

Table 2
Chemical composition and properties of sodium silicate samples.

Modulus SiO2 Na2O Solids H2O Density Viscosity

(wt.%) (wt.%) (g/L) (cP)

1 28.8 28.8 57.6 42.5 – –

2.26 33.3 14.7 48.0 52.0 1.6 1350
3.33 29.9 8.9 38.7 61.3 1.4 540
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The chemical compositions and loss on ignition (LOI) of iron ore
from Quadrilátero Ferrífero, Brazil, used in bench flotation tests are
presented in Table 1.

Theminerals identified in the iron ore sample studiedwere hematite
(He), goethite (Go), and quartz (Qz), which is in accordance with the
chemical composition presented in Table 1. Probably in this sample
there are traces of kaolinite (Al2O3, 0.26%), which was not identified in
the X-ray diffractogram due to its small proportion in the sample.

The P80 of iron ore after desliming operation is about 120 μm and
about 4% of the particles in the sample are below 10 μm in size. See
Fig. 1.

2.2. Reagents

The reagents used in thebench flotation testswere commercial sodi-
um silicate of modus 1, 2.26, and 3.33 as depressants (Table 2), the col-
lector sodium oleate trade mark Dinâmica, and the pHmodifiers NaOH
Dinâmica and HCl trade mark Vetec.

For bench flotation tests, 1% sodiumoleate (wt/v) and 5% sodium sil-
icate (wt/v) were prepared. The sodium oleate solution (1% wt/v) was
prepared by dilution of 1 g of oleic acid with 10 mL of distilled water
followed by the addition of 1.7 mL of sodium hydroxide solution of
10% (wt/v) concentration under constant stirring until a limpid and yel-
low colour solution was obtained. Finally, the solution obtained was di-
luted with distilled water to a volume of 100 mL. The 5% (wt/v) sodium
silicate solution was prepared by dilution of an appropriate weight of
reagent, corresponding to 5 g in accordance with the data presented
in Table 2, with distilled water under constant stirring until a limpid so-
lutionwas obtained. Finally, the solution obtained was dilutedwith dis-
tilled water to a volume of 100 mL.

2.3. Bench flotation tests

The software Minitab 15 was used to plan the factorial experiment
design of the bench flotation tests and to analyse the variable responses,
Fe recovery, Fe and SiO2 grades in the concentrates obtained. The
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Fig. 1. Size distribution of the iron ore
factorial experiment design of two levels of the variables, pulp density
(60 and 70 wt.%) (Houot, 1983), sodium silicate dosage (25 and
500 g/ton), and sodium oleate dosage (300 and 1200 g/ton) was
performed with the sodium silicate of modulus 1 (SS1), 2.26 (SS2.26),
and 3.33 (SS3.33).

The bench flotation tests were performed in a CIMAG cell at pH 7
(Luz, 1996; Lopes and Lima, 2009). The pulp at a desired densityweight
percentage was prepared with tap water and the speed of the cell was
fixed at 1200 RPM. Then depressant sodium silicatewas added and con-
ditioned for 6 min, followed by the addition of sodium oleate and con-
ditioning for 6 more minutes. Afterwards chemical analyses were
performed for Fe and SiO2 to calculate the metallurgical balance. Each
test was performed twice with only one concentrate collected by test.
3. Results

Table 3 depicts the row data from the design of the variables studied
(pulp density, sodium silicate, and sodium oleate dosages) on Fe recov-
ery, Fe and SiO2 grades in concentrate for sodium silicate modulus of 1
(SS1), 2.26 (SS2.26), and 3.33 (SS3.33), respectively.

In general, Fe recoveries were highest (above 90%mean) for all sodi-
um silicates tested. Fe grades were highest for low levels of the factors
pulp density and sodiumsilicate dosage, and at high level of sodiumole-
ate dosage. The SiO2 grades behaved oppositely.

The mean Fe recoveries were between 93.8% (SS2.26) to 95.2%
(SS3.33). The results with SS1, SS2.26 and SS3.33 are in accordance
with those of Sollenberger and Greenwalt (1958) flotation of specular
hematite orewith oleic acid and amixture of sodium silicate ofmodulus
2.4 and 2.9 (Fe recovery of 89% with 56% acid-soluble iron). But a 2.3%
increase in Fe grade in concentrates, and a 3.5% decrease with larger so-
dium silicate modulus in SiO2 grade were observed.

Tables 4, 5, and 6 summarize the estimated effects and coefficients of
Fe recovery, Fe and SiO2 grade of coded units for a confidence level of
95% (alpha = 0.05). Based on p-values presented in Tables 4 and 6,
100 1000

le size (µm)

sample after desliming operation.



Table 3
Row data from the design of the variables studied (pulp density, sodium silicate, and sodium oleate dosages) on Fe recovery, Fe grade, and SiO2 grade, in concentrate.

Factors SS1 SS2.26 SS3.33

Pulp density
(wt.%)

SS
(g/ton)

Sodium oleate
(g/ton)

Fe rec
(%)

% Fe % SiO2 Fe rec
(%)

% Fe % SiO2 Fe rec
(%)

% Fe % SiO2

60 − 25 − 300 − 94.8 47.1 30.3 94.6 45.7 33.0 95.5 48.3 29.7
70 + 25 − 300 − 94.4 45.9 32.5 95.7 47.0 31.4 95.6 48.6 27.9
60 − 500 + 300 − 89.1 48.3 29.6 90. 6 47.5 30.5 92.9 49.1 27.7
70 + 500 + 300 − 95.3 46.3 31.6 93.5 47.1 30.8 96.6 45.2 32.8
60 − 25 − 1200 + 92.9 55.2 19.2 91.5 59.9 13.1 93.1 60.1 12.9
70 + 25 − 1200 + 92.3 59.2 13.5 96.3 55.7 19.0 96.0 56.2 16.8
60 − 500 + 1200 + 96.2 49.1 28.2 94.6 52.7 22.9 94.4 53.9 20.3
70 + 500 + 1200 + 97.4 47.2 31.1 96.1 51.6 24.8 97.4 50.3 26.5
60 − 25 − 300 − 94.1 47.1 30.3 94.7 47.0 31.1 93.7 49.9 27.2
70 + 25 − 300 − 94.4 45.9 32.5 90.7 48.6 28.7 96.2 48.6 28.5
60 − 500 + 300 − 92.0 44.0 35.3 94.5 47.9 30.5 94.7 47.6 30.2
70 + 500 + 300 − 96.0 47.9 29.4 94.4 47.8 30.1 95.3 49.1 27.2
60 − 25 − 1200 + 90.2 57.9 15.3 89.3 61.3 10.8 93.5 57.0 16.1
70 + 25 − 1200 + 92,2 56.2 17.7 94.4 43.0 37.0 97.0 56.2 17.8
60 − 500 + 1200 + 94.1 44.8 34.1 93.1 53.6 21.6 94.2 55.1 19.0
70 + 500 + 1200 + 96.2 44.0 34.7 96.5 52.2 23.0 97.3 48.1 28.9

(−) low level; (+) high level.

Table 4
Summary of the estimated effects, coefficients for Fe recovery, Fe grade, and SiO2 grade of coded units for a confidence level of 95% (alpha = 0.05) for SS1.

Term Fe recovery % Fe % SiO2

Effect Coef p Significance Effect Coef p Significance Effect Coef p Significance

Constant 93.9 0.00 Yes 49.1 0.00 Yes 27.8 0.00 Yes
A 1.8 0.9 0.02 Yes −0.1 −0.1 0.91 No 0.1 0.1 0.95 No
B 1.4 0.7 0.05 Yes −5.3 −2.7 0.00 Yes 7.8 3.9 0.00 Yes
C 0.2 0.1 0.77 No 5.2 2.6 0.00 Yes −7.2 −3.6 0.00 Yes
A ∗ B 1.5 0.8 0.03 Yes −0.1 −0.0 0.95 No −0.2 −0.1 0.90 No
A ∗ C −0.7 −0.3 0.28 No 0.0 0.0 0.99 No −0.1 −0.0 0.97 No
B ∗ C 2.7 1.3 0.00 Yes −5.5 −2.7 0.00 Yes 7.8 3.9 0.00 Yes
A ∗ B ∗ C −1.1 −0.5 0.11 No −1.2 −0.6 0.28 No 1.9 1.0 0.18 No
Standard deviation = 1.2 Standard deviation = 2.1 Standard deviation = 2.7

A — pulp density (wt.%); B — SS1 (g/ton); C — sodium oleate (g/ton).

Table 5
Summary of the estimated effects, coefficients for Fe recovery, Fe grade, and SiO2 grade of coded units for a confidence level of 95% (alpha = 0.05) for SS2.26.

Term Fe Recovery % Fe % SiO2

Effect Coef p Significance Effect Coef p Significance Effect Coef p Significance

Constant 93.8 0.00 Yes 50.5 0.00 Yes 27.2 0.00 Yes
A 1.8 0.9 0.08 No −2.9 −1.4 0.12 No 1.7 0.9 0.62 No
B 0.8 0.4 0.43 No −1.0 −0.5 0.56 No −0.9 −0.5 0.80 No
C 0.4 0.2 0.68 No 6.4 3.2 0.00 Yes −7.1 −3.5 0.07 No
A ∗ B 0.1 0.0 0.93 No 2.1 1.0 0.24 No −0.9 −0.5 0.79 No
A ∗ C 1.8 0.9 0.08 No −3.4 −1.7 0.07 No 2.8 1.4 0.44 No
B ∗ C 1.4 0.7 0.15 No −1. 5 −0.7 0.40 No −0.3 −0.2 0.92 No
A ∗ B ∗ C −1.3 −0.7 0.18 No 2.9 1.5 0.11 No −1.9 −1.0 0.58 No
Standard deviation = 1.8 Standard deviation = 3.3 Standard deviation = 6.8

A — pulp density (wt.%); B — SS2.26 (g/ton); C — sodium oleate (g/ton).

Table 6
Summary of the estimated effects, coefficients for Fe recovery, Fe grade, and SiO2 grade of coded units for a confidence level of 95% (alpha = 0.05) for SS3.33.

Term Fe Recovery % Fe % SiO2

Effect Coef p Significance Effect Coef p Significance Effect Coef p Significance

Constant 95.2 0.00 Yes 51. 5 0.00 Yes 24.3 0.00 Yes
A 2.4 1.2 0.00 Yes −2.3 −1.2 0.02 Yes 2.9 1. 5 0.02 Yes
B 0.3 0.1 0.48 No −3.3 −1.7 0.00 Yes 4.5 2.2 0.00 Yes
C 0.3 0.1 0.49 No 6.3 3.2 0.00 Yes −9.1 −4. 6 0.00 Yes
A ∗ B 0.2 0.1 0.67 No −0.9 −0.5 0.26 No 1.6 0.8 0.14 No
A ∗ C 0.7 0.4 0.11 No −1.5 −0.7 0.09 No 2.5 1.3 0.04 Yes
B ∗ C 0.7 0.3 0.14 No −2.2 −1.1 0.02 Yes 3.3 1.7 0.01 Yes
A ∗ B ∗ C −0.3 −0.1 0.52 No −0.6 −0.3 0.46 No 1.0 0.5 0.35 No
Standard deviation = 0.8 Standard deviation = 1.5 Standard deviation = 2.0

A — pulp density (wt.%); B — SS3.33 (g/ton); C — sodium oleate (g/ton).
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Fig. 2. Surface plots for variable responses: Fe recovery (oleate dosage 750 g/ton) in function of mean values of pulp density and of sodium silicate dosage, and Fe and SiO2 grade (pulp
density 65%) in function of mean values of sodium silicate and sodium oleate dosage.
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Fig. 2 presents surface plots for themain significant factors for Fe recov-
ery and Fe and SiO2 grades for all sodium silicate modulus.

4. Conclusions

Based on the results of bench flotation tests of an actual sample of
iron ore that was observed, iron recoveries were above 90% and Fe con-
tents were above 55% in the concentrate for all sodium silicate tested. In
general, the highest Fe grade and the lowest SiO2 grade came from low
pulp density (60%) and sodium silicate dosage (25 g/ton) and at high
level of sodium oleate (1200 g/ton). The increase of sodium silicate
modulus had a small influence on response variables: Fe recovery in-
creased ~1.4%, Fe grade increased ~2.3%, and SiO2 grade decreased
~3.5% in SS3.33 compared with SS1.
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