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Chapter 3

Flotation in the 2010s: focus on
mineral processing

George P. Gallios,a George Z. Kyzasb,* and Kostas A. Matisa
aDivision of Chemical Technology & Industrial Chemistry, Department of Chemistry, Aristotle

University, Thessaloniki, Greece; bHephaestus Advanced Laboratory, Department of Chemistry,

International Hellenic University, Kavala, Greece

*Corresponding author

1. Introduction

All over the years, there have been various flotation techniques developed, and
some of them are worth mentioning here, such as foam flotation [1], ion
flotation [2], adsorbing colloid flotation [3], dissolved air flotation [4], elec-
troflotation [5], combined microflotation [6], oil agglomerate flotation [7],
two-phase flotation [8], flotation-microfiltration [9], and certainly, the Jameson
cell [10]. The process has been recently reviewed, based on almost 40 years
research experience on it [11].

Nevertheless, among various modern applications of flotation (apart from
water and wastewater treatment), the original approach in mineral processing
is believed that it is the most interesting. Although there are certain similarities
between the fields of conventional mineral beneficiation and effluent treat-
ment, as far as flotation is concerned, several differences (see, for instance,
Table 3.1) should be kept in mind. It is true that a large volume of experimental
work on the role of particle/bubble size, among others, has its origin in the
application of flotation to water and wastewater purification [12].

Scope of the present review paper is the flotation of salt-type minerals and
particularly, magnesite. Different physicochemical parameters affecting
flotation were discussed. An investigation of salt-type mineral flotation may be
interesting both from the practical and theoretical points of view.

Magnesite is an important economic nonmetallic mineral, since it is the
main source of magnesium oxide (magnesia, MgO), which is widely used
mainly as a refractory material. It is one of the important products of the Greek
mineral wealth. Magnesite appears in veins or stockworks in serpentine host
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rock [13]. Beneficiation products with commercial quality are directly
calcined in rotary kilns. Raw materials are of course crucial to Europe’s
economy. They form a strong industrial base, producing a broad range of
goods and applications used in everyday life and modern technologies. Reli-
able and unhindered access to certain raw materials is a growing concern
within the EU and across the globe. Magnesium is belonging to the critical raw
materials (http://ec.europa.eu/growth/sectors/raw-materials/specific-interest/
critical_en).

Salt-type minerals, which is the general category examined in the
following, are important raw materials for the metallurgical, chemical,
construction, and agricultural industries. Many millions of tonnes of these
minerals are consumed each year. Examples are phosphates or apatites,
Ca2(PO4)6(OH,Cl,F)2; baryte, BaSO4; fluorite, CaF2; gypsum, CaSO4$2H2O;
magnesite, MgCO3; calcite, CaCO3; dolomite, CaCO3 MgCO3; scheelite,
CaWO4; etc. Among the existing phosphates, mention is given to hydroxy-
apatite, fluorapatite, francolite, dahlite, dehmite, lewistonite, wilkeite, and
ellestadite.

A large proportion of these minerals are produced by flotation process,
typically by fatty acid collector. The magnesite ore deposits usually contain a
variety of gangue minerals, mostly other carbonates (calcite, dolomite, etc.),
silicates, and oxides. A classical flow sheet of salt-type mineral processing
plant was presented [14]. Nevertheless, cationic flotation with amine collectors
was applied to succeed separation of magnesite from silicate gangue
(i.e., reverse flotation), as, for instance, had been used in Mantoudi Evia,
Greece [15].

Certain significant activities in flotation research were reviewed [16], with
main focus in the contribution of physical chemistry to flotation. Also, the
impact of chemical speciation during various flotation applications was
stressed [17]. It is noted that this chapter is a continuation of the other one on

TABLE 3.1 Differences of flotation from the point of view of fine

processing.

Conventional mineral

processing Effluent treatment

Concentration (pulp density) 15%e40% ppm range

Particle size 25e500 mm Colloidal

Mixing Intense, continuous Unnecessary

Separation Selective S/L

Economy Attractive Unattractive
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flotation, coming from the same laboratory (formerly, of General and Inor-
ganic Chemical Technology) at AUTh [18].

2. Mineral processing

Arguing on the “the death of mining (?),” during his presentation in Australia,
threats to mining were said by Davies [19] to be posed by the declining ma-
terials intensity of economic growth, by recycling and by the long downward
trend in real mineral prices. Although it is not certain whether the above have
been much exaggerated, certainly we believe that justifies the present paper, as
the new economy activities are in fact surprisingly dependent on traditional
raw materials [20]; for instance, a home PC typically contains around
30 mineral ingredients. Despite the heavy dependence of our economies on
minerals, the responsibility for mineral production and the development of
mining technology is being rather handed over to predominantly developing
countries.

The dramatic reduction in mining activities in Western Europe is perhaps
illustrated by the hard coal production, which has dropped from 495 million
tonnes in 1970 to 99 in 1999. The main reasons for this reduction in production
were more difficult geological conditions, an increase in depth of mining,
increased labor costs, the development of an international coal trade, and the
reduced political will of the European countries to subsidize coal production;
there apparently exists a marked imbalance between the production and
consumption figures [21]. In mineral processing, with the increasing demand
for minerals, the continuously diminishing grade of ores and various economic
pressures (i.e., cost of fuel), the problem of fines processing became important
[22]; may be the title of the aforementioned book (originated from the cor-
responding NATO Advanced Study Institute held at Falmouth, UK) was
prophetic.

Elsewhere, a paper [23] reflected on how sustainability is being interpreted
both theoretically and in practice for the primary extraction industries. Two
contrasting perspectives can be adopted: one states that continued extraction of
nonrenewable resources is a necessary part of sustainable development, while
the other states that extraction of these resources must be greatly reduced or
even eliminated. There is now a burgeoning literature that examines sustain-
able development in the context of minerals and mining, most of which are
concerned with sustainability at global and national scales. Sustainable
development in the corporate mining context was reported [24].

So, another possible aim of the present work was the reprocessing of once
deposited tailings, usually existing at a fine particle size. Published examples
are the case of cassiterite from a historic tin operation [25] and that of gold-
bearing arsenopyrite at Northern Chalkidiki area, Greece [26]. The increas-
ingly complex mineralogy and lower grade of many current ore reserves have
forced technology to evolve rapidly in the decades to treat these materials
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economically. Flotation, which is a quite unique separation process, constitutes
one of the most significant operations in mineral beneficiation, termed froth
flotation.

Flotation of minerals is usually performed in agitated cells. This may prove
inconvenient when treating fine particles, especially when entrainment of
gangue or loss of valuable mineral is not desired. Also, the solubility problem
is enhanced with the finer range. Modern (then) flotation techniques permitted
the mining of low-grade and complex ores, overcoming the associated
problems such as the existence of fine particles; the former was at first
accomplished by the introduction of column flotation [27].

Perhaps, the best example is the Florida phosphate industry where
approximately one-third of the phosphate was discarded as slime. It was
argued that one-fifth of the world’s tungsten and one-half of Bolivian tin were
lost in slimes because of the lack of a suitable method of separation at fine
particle sizes [28]. As the particle size is reduced, two characteristics begin to
dominate: the specific surface becomes large and the mass of the particle
becomes very small.

Ideally, one would like fine mineral particles to be produced only for the
purpose of liberation of valuables from gangue minerals. However, large
amounts of fines are generated at the mine site itself. Advances in mining
techniques, in order to reduce the production of fines, are one area that needs
to be explored. Also, to avoid unwanted fines, grinding and classification
circuits have to be made more efficient [29]. So, the processing of ores con-
taining fines can be classified into two broad categories, namely (1) those in
which the desired mineral almost entirely occurs in the fine size range, and in
this instance, the process (ideally) should be designed to recover virtually all
the mineral particles at this size range; (2) those in which the desired mineral
extends from coarse sizes into the fine size range. In this case, the fines often
interfere with the concentration of coarser particles also, poor flotation
behavior of fines is observed. These problems, in general, have been handled
either by elimination, minimizing, or ignoring the fines in the flotation circuit
feeddnoting that we are dealing with tonnages of ores [30].

Research on the mechanisms of particleebubble interaction provided
valuable information on how to improve the flotation of fine (and coarse
particles) with novel flotation machines, which provides higher collision and
attachment efficiencies of fine particles with bubbles and lower detachment of
the coarse particles [31]. It was pointed out that fines can be collected more
easily by finer bubbles. Dissolved air flotation, a process established already in
effluent treatment, was examined for salt-type minerals; the technique offers
certain advantages, principally the production of fine air bubbles (<120 mm),
so it may be suitable for the processing of particles at the subsieve size range
[32]. Selective separation of fines by electroflotation was presented [33],
discussing the changes happening during such processing due to the oxida-
tionereduction reactions occurring on the electrodes; noting that this
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technique indeed had its origin in the ex-Soviet Union. Electroflotation (or
electrolytic flotation) was also compared with the conventional one as far as
costs are concerned.

The flotation of minerals from their ores in flotation cells involves
understanding many chemical and physical processes ranging from electronic
events in the bulk mineral and in the mineral surface régime, molecular events
at interfaces, the statics and dynamics of thinning and rupture of microscopic
to molecular interfacial films, the fluid dynamics of bubbleeparticle events,
the dynamics of airewateresolid colloid sates in a flotation machine, etc. [34].

3. Case study: flotation of magnesite

3.1 Theoretical aspects and relative experimental work

The minerals mainly used in the following experiments were pure natural
magnesite coming from Yerakini Chalkidiki, where the second biggest deposit
of magnesite exists, and dolomite from Neraida Kozani (both in northern
Greece). Their chemical analysis is mentioned in Table 3.2, certified also by
X-ray diffraction analysis. Dolomite theoretically contains a combination of
CaCO3 (54.35%) and MgCO3 (45.65%). The specific surfaces for magnesite
and dolomite were, respectively, 1.93 and 0.0442 m2/g, despite nominally
similar size ranges. This was attributed to the numerous ultrafine particles,
with size less than 10 mm, which existed on the larger magnesite particles, as
shown under a microscope [14].

Magnesite and dolomite belong to the calcite minerals group; they crys-
tallize in the rhombohedral system. The crystal structure of calcite is
considered to be derived from that of NaCl, while in magnesite all the Ca2þ

cations of the former are replaced by Mg2þ. In dolomite, only about half of
them are replaced. The bonds between the cations and the anion radical are
ionic, while the bonds within each complex CO3

2� are covalent. Because of the

TABLE 3.2 Chemical analysis of dolomite and magnesite, wt%.

Dolomite Magnesite

Loss on ignition 46.74 5.158

Silicates and insolubles 0.28 0.26

R2O3 0.12 0.20

CaO 30.50 0.40

MgO 21.86 47.52

Total 99.50 99.96
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difference in the ionic radius of magnesium and calcium cations, dolomite has
an ordered structure and lower symmetry than magnesite.

Since any fraction (due to grinding, for example) breaks bonds that have
at least a partial ionic character, the minerals have strongly hydrophilic
surfaces and collectors must be used in order to float them. In the case of
weakly ionizable collectors, which are widely used, it is important to
consider their ionomolecular composition and its effect on the formation of
insoluble salts or complexes. Fatty acids and amines are known to undergo
dissociation [35]:

RCOOH#RCOO� þ Hþ pK ¼ 4:7ðat 298KÞ
RNH2 þ H2O#RNH3

þ þ OH� pK ¼ 10:6

and the resulting ions may form insoluble salts with multivalent metal ions.
The principal mechanism for oleate attachment to magnesium- and calcium-
bearing salt-type minerals was considered to be chemisorptions at both
neutral and basic pH values, shown by IR studies [36]. The major reactions
involved are the following:

Mg2þ þ 2RCOO�#MgðRCOOÞ2ðsÞ Ksp ¼ 10�13:8 n!

r!ðn� rÞ!
Ca2þ þ 2RCOO�#CaðRCOOÞ2ðsÞ Ksp ¼ 10�15:4

which may take place either in solution or on particle surfaces, where the
solubility products are coming from the literature [37]. An ethanolamine-
based surfactant was introduced into the flotation of magnesite ore, and
the possibility of improving its purity was studied; this collector was
adsorbed on the surfaces of magnesite and dolomite by weak electrostatic
interactions [38].

Few flotation reagents can match the standards of purity required in other
sectors of chemical industry; it was ascertained that impurities have frequently
proved beneficial, while purer chemicals did not perform as well [39]. Oleic
acid, of course, is a weakly acidic insoluble compound, which forms very
soluble salts with monovalent alkali metal ions, such as sodium; the species
considered in the hydrolysis reactions are the oleate ion, oleic acid, acid soap,
and oleate dimer. Oleic acid is often applied due to its double bond reactivity.
A possible chemical mechanism of its oxidation on mineral particle surfaces
was reported [40] and given in Table 3.3. Some evidence also suggested [41]
that cross-linking may occur between oleate chains via an epoxide linkage,
leading to a polymerized layer of collector molecules with greater hydro-
phobic character. The adsorption of fatty acids on magnesium carbonates was
extensively studied [42].

On the other hand, solubility properties of minerals are of importance in
flotation because of their role in determining both the chemical composition of
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TABLE 3.3 Mechanism of oleic acid oxidation.

H3C CH2 CH CH CH2 COOH( )
7

( )
7

H3C CH2 CH2 CH CH2 COOH( )
6

( )
7CH

O O

AutooxidationO2

H3C CH2 CH2 CH CH2 COOH( )
6

( )
7CH

O OH

+H

-H

H3C CH2 CH CH CH2 COOH( )
6

( )
7CH

O OH

H3C CH2 CH CH CH2 COOH( )
6

( )
7CH

O +   OH

H3C CH2 CH CH CH2 COOH( )
6

( )
7CH

O
+H

H3C CH2 CH2 CH CH2 COOH( )
7

( )
7CH

O
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the aqueous phase and the charge characteristics of the interface. In general,
the solubility can be expressed as follows:

MxHy/xMyþ þ yAx�

where M stands for certain cations, such as Mg2þ, Ca2þ, and A for an anion
such as CO3

2�, PO4
3�, WO4

2�, etc. An idea for the salt-type minerals, under
study, on the distribution of various species may be taken by the reactions of
Table 3.4. Calculations of solubilities from thermodynamic data, in a system
open to atmosphere, using the equilibrium constants were conducted [43].
Their solubilities are higher than those of silicate and oxide minerals. For pH
values below 9.2, only the concentrations of calcium and magnesium cations
were shown to be significant, and above this pH, the solubility controlling
species were (MgCO3)aq and (CaCO3)aq.

TABLE 3.4 Hydrolysis equations of magnesitea (Eqs. 3.1e3.11) and

dolomitea (Eqs. 3.1e3.17).

Dolomite
hydrolysis
(Eqs.
3.1e3.17)

Magnesite
hydrolysis
(Eqs.
3.1e3.11)

MgCO3ðsÞ#MgCO3ðaqÞ ð3:1Þ

MgCO3ðaqÞ#Mg2þ þ CO3
2� ð3:2Þ

CO3
2� þH2O#HCO3

� þOH� ð3:3Þ

HCO3
� þH2O#H2CO3 þOH� ð3:4Þ

H2CO3#CO2ðgÞ þH2O ð3:5Þ

Mg2þ þHCO3
�#MgHCO3

þ ð3:6Þ

MgHCO3
þ#Hþ þMgCO3ðaqÞ ð3:7Þ
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TABLE 3.4 Hydrolysis equations of magnesitea (Eqs. 3.1e3.11) and

dolomitea (Eqs. 3.1e3.17).dcont’d

Mg2þ þOH�#MgOHþ ð3:8Þ

MgOHþ þOH�#MgðOHÞ2ðsÞ ð3:9Þ

MgOHþ þOH�#MgðOHÞ2ðaqÞ ð3:10Þ

MgOH2ðaqÞ#MgðOHÞ2ðsÞ ð3:11Þ

CaCO3$MgCO3ðsÞ#Ca2þ þMg2þ þ 2CO3
2� ð3:12Þ

Ca2þ þHCO3
�#CaHCO3

þ ð3:13Þ

CaHCO3
þ#Hþ þ CaCO3ðaqÞ ð3:14Þ

Ca2þ þOH�#CaOHþ ð3:15Þ

CaOHþ þOH�#CaðOHÞ2ðaqÞ ð3:16Þ

CaðOHÞ2ðaqÞ#CaðOHÞ2ðsÞ ð3:17Þ

apK1 ¼ �4.51.
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However, it was argued that these minerals do not dissolve very fast [44]. It
was observed that the rate of change of the pH, during conditioning, was
greater for dolomite than that for magnesite. Because of the minerals’
dissolution, the fracture of the bonds, and different species adsorption from
solution, the surface of minerals is charged; the latter is usually expressed as
zeta-potential. It was surprisingly reported that the zero point of charge of
magnesite may range from 2 up to even 11.5, depending on the method of
measurement and origin of the samples [45].

The effect of modifying reagents, such as carboxymethyl cellulose (as the
sodium salt), in the flotation of magnesium carbonates by fatty acid collectors
was examined, combined with electrokinetic measurements. As presented, for
instance, in Fig. 3.1, it was shown that this modifier (also sodium hexameta-
phosphate, Na6P6018) increased the negative charge of dolomite, although it
did not much affect that of magnesite, i.e., showing a preferential adsorption.
Possibly, the action of the modifier was due to adsorption on sites where
calcium existed, as the surface of the minerals was negatively charged in the
pH range investigated [35].

The solution pH did not seem to have any substantial influence on the
adsorption of collector on magnesite, as presented in Fig. 3.2; however, pH
affected significantly its flotation. Similar results were obtained with dolomite.
The removal of the oleic acid from the solutions examined was very good, over
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90% when the concentration initially was over 100 mg/L, but only 40%e60%
in the more dilute cases [46].

In a study of oleate on calcite, fluorite, and baryte, it was found that the
removal of oleate from solution could be attributed to the precipitation of
calcium or barium oleate on the surface [47]. It was elsewhere reported that
adsorption equilibrium is established quickly in alkaline environment in which
the collector appears in the form of ions and the flotation under such condi-
tions depends very little on the conditioning time [48].

The effect of solution pH on the floatability of magnesium carbonates was
investigated and compared for two extreme collector concentrations, i.e., 10
and 40 mg/L sodium oleate [49]; in the latter case, both minerals had re-
coveries over 90% in the pH range examined of 5e12, while with the former a
low rate was noticed (of about 20%) at pH 8e9. However, the reagents used
for pH adjustment could also influence the minerals flotation. An example of
the aforementioned was given during the flotation of calcite, fluorite, and
apatite by oleate and use of either sodium hydroxide or carbonate for pH
variation [50].

Service water certainly contains significant quantities of calcium and
magnesium ions, which may be detrimental for fatty acid flotation, because
they produce insoluble salts that decrease the available collector, as said
above. This is presented, for instance, in Fig. 3.3, while studying calcium
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sulfate addition. This showed that the precipitation of oleate by calcium ions
does not mean that it will be ineffective as collector; however, it may well
mean that its efficiency will be lowered, noting that the chemical reaction of
oleate with calcium is quantitative, i.e., for 40 mg/L Ca2þ approximately
600 mg/L sodium oleate are required, noting that the use of 40 mg/L Ca2þ

corresponds to the French hardness grade 10. The effect of Ca2þ on the
separation of magnesite and dolomite was examined, and sodium hexa-
metaphosphate was used as regulator for complexation [51]. The fundamentals
of mineral surface complexation and their meaning in flotation were
discussed [52].

In the same meeting, the mechanisms of adsorptioneabstraction of sur-
factants on heterogeneous surfaces were investigated in depth [53]. It was also
reported that it is difficult to achieve effective separation of magnesite from
dolomite in a single-stage flotation, which may be enhanced by controlling the
solution chemistry; as due to their same crystal structure, similar chemical
composition, sparingly soluble nature showed similar flotation behavior [54].
A study was conducted aiming to understand why the fines respond well to
flotation with oleate, but do not have the same performance with usual cationic
collectors [55].

Knowledge of the wetting characteristics of the minerals helps to under-
stand the efficiency of separation valuable mineral from gangues [56]. Fig. 3.4
illustrates magnesite contact angle measurements and flotation recovery versus

0 100 200 300 400 500 600 700 800
0

20

40

60

80

100

200 mg/L Ca2+

R
ec

ov
er

y 
(%

)

Collector concentration (ppm)

40 mg/L Ca2+

Magnesite

FIGURE 3.3 Use of hard water (red line: 40 mg/L, blue line: 200 mg/L Ca2þ) in magnesite

flotation, at pH 10: influence of collector concentration. After crushing and grinding, the �180

to þ125 mm particle size fraction was taken by wet sieving. Reprinted with permission; copyright

Elsevier Matis K.A., G.P. Gallios, Anionic flotation of magnesium carbonates by modifiers, Int. J.

Miner. Process. 25 (1989) 261e274.

54 Advanced Low-Cost Separation Techniques in Interface Science



solution pH. The bubbles used in these experiments were characterized as
being of medium size (diameter 1 mm). It was observed that even with no
collector in solution, magnesite exhibited a small contact angle, of approxi-
mately 10 degrees [49]. With 30 mg/L sodium oleate, the curve obtained had
two maxima, one about 40 degrees at pH 7e7.5 and the other of 45 degrees at
a pH of about 10. Nevertheless, at higher collector concentrations, of 100 mg/
L, the obtained curve was entirely different, probably reflecting the formation
of a polymolecular adsorbate structure.

Contact angle was a concept introduced by the Young equation, at the point
of conjunction of the three phases [16]. Contact angle measurements often
serve in flotation as a measure of the hydrophobicity of mineral surfaces,
although this was disputed by some researchers [57]. Both theoretical and
experimental studies in the literature showed that the bubbleeparticle
attachment efficiencies in potential and Stokes flow conditions increase with
decreasing particle and bubble size and increasing particle contact angle and
electrolyte concentration [58].

Many small-scale tests (around 2 g of solids sample) are available in
flotation testwork, and among them, in mineral processing the Hallimond tube
(with a G4 porous frit) is widely used [59]. It provides a fast, convenient, and
low-cost method based on small samples usually of pure minerals and often
with artificial mixtures to determine during testing (usually with distilled
water) the general conditions under which minerals may be rendered floatable.
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The use of the Hallimond microcell had been investigated in anionic pure
calcite for floatability tests in the laboratory and compared with results
obtained with a Leeds flotation cell; the �300 mm particle size was used in the
larger cell, while in this case a tall oil fatty acid was the collector (Acintol
FA-1 by Arizona Chemical Co.) (Fig. 3.5). Although different collector con-
centrations were of course needed, in order to obtain the same recovery in the
two cells, it is observed that the results are quite similar. Hence, indicating that
the Hallimond tube can be effectively used to study the flotation behavior of
minerals and reach preliminary conclusions, before scaling up the work.

3.2 Selective separation by flotation

Modifying agents are added in flotation circuits of salt-type minerals to
achieve selective separation; sodium hexametaphosphate belongs to the group
of cyclic polyphosphates and has a very high negative charge (more than the
pyrophosphate) [60]. It was found that the former reagent depressed dolomite
anionic flotation (by sodium oleate) in the alkaline region of pH [43]. Further,
to what was discussed above on the influence of sodium hexametaphosphate
on zeta-potential of magnesite, it is also possible that its action is related to the
solution rather (than the solids) because it is known that phosphate and pol-
yphosphate ions can bond calcium from solution, giving complexes or
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insoluble salts and even redissolve insoluble salts of calcium. These thoughts
can be described by the following reactions:

Ca2þ þ phospate ion#calcium phospate complex

Ca2þ þ precipitate ion#insoluble salt ðprecipitateÞ
It was reported that phosphates did not adsorb on salt-type minerals while

the calcium concentration in solution increased [61].
Sodium fluorosilicate was also applied as modifier, acting as a depressant,

although its flotation behavior is basically different from that of sodium
silicate; the presence of fluorides catalyzes its polymerization to colloidal
silicate. A comparison for the two magnesium carbonates is shown in Fig. 3.6.
Fluorosilicate seemed to present the combined action of fluorides and silicates
[62]. This modifier in aqueous solution is hydrolyzed according to the
following reaction:

NaSiF6 þ 4H2O#NaþþSiðOHÞ4 þ 4Hþ þ 6F�

while the so formed orthosilicate is then further hydrolyzed, as mentioned
above.

The abovementioned modifiers are more or less common; another reagent,
Calcon used in analytical chemistry as an indicator (in the volumetric deter-
mination of calcium by EDTA) was also tested [62]. Although this did not
affect, as expected, the flotation of magnesite (which has no calcium in the
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structure), it strongly depressed dolomite flotation. For instance, at a pH of
about 10 the recovery dropped from 95% to 25% approximately.

The selective separation of salt-type minerals both from silicates and from
other salt-type minerals is of interest; the former is usually much easier [63].
Fig. 3.7 presents some obtained results for anionic flotation of a magnesite/
quartz artificial mixture; in this case, the laboratory work was conducted at a
250 g Denver flotation cell. High recoveries over 90% were noticed in acidic
pH of 4e6, as well as a quite good grade of the concentratedof less than 2%
quartz content.

Amines were also applied in magnesite separation problems with certain
silicates, as, for instance, with sepiolite, a hydrophobic magnesium silicate
[64]. A process to reduce the content of gangue minerals was proposed, which
at first used laurylamine (dodecylamine) as the collector to remove most talc
and quartz (and part of the dolomite and serpentine), and then used sodium
oleate to separate magnesite from dolomite and serpentine [65]. Molecular
dynamics simulation and the results of zeta-potential and contact angle
measurements indicated that adsorption of dodecylamine on magnesite surface
could be strengthened by monohydric alcohols [66]. Reverse flotation
combined with silicate-bacteria pretreatment was also utilized to achieve
desiliconization of magnesite ore [67].
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Fine mineral particles have interactive effects with coarse particles of other
minerals; the extended DLVO theory was applied to calculate the interaction
energy between the particles [68]. Further, in a comparative work of low-grade
dolomite fines with the aim to remove the siliceous gangue content, direct
flotation (by oleic acid) showed better control over the quality of the product,
while reverse flotation (by dodecylamine) had an edge on the product yield
[69]. The upgrading of magnesite deposits is often achieved through cationic
silica flotation; however, when the ore contains substantial amounts of dolo-
mite, the bulk of it remains with magnesite. It is noted that the ratio CaO/SiO2

affects significantly the quality of the product; the best refractory properties
are obtained with a ratio of 2:1.

The biomodification of mineral surfaces involves the complex action of
microorganism on the mineral surface [70]. So, another possibility is perhaps
the application of bioflotation [71]; Rhodococcus opacus is a unicellular
gram-positive bacterium with different types of compounds on its surface
(polysaccharides, carboxylic acids, lipid groups, and micolic acids in the cell
wall). The ability of microorganisms to remove metal ions from solution is a
well-known phenomenon; applications of biosorption make use of dead
biomass, which does not require nutrients and can be exposed to environments
of high toxicity [72].

Sodium silicate also is one of the common modifiers, acting generally as a
depression agent, e.g., of silicates in scheelite flotation [73]. Its hydrolysis
reactions may be found in following:

SiO2 þ 2H2O#SiðOHÞ4
SiðOHÞ4 þ OH�#SiOðOHÞ3� þ H2O

SiOðOHÞ3� þ OH�#SiO2ðOHÞ22� þ H2O

SiðOHÞ4 þ 2OH�#SiO2ðOHÞ22� þ 2H2O

4SiðOHÞ4 þ 2OH�#Si4O6ðOHÞ62� þ 6H2O

4SiðOHÞ4 þ 4OH�#Si4O8ðOHÞ44� þ 8H2O

2SiðOHÞ4 þ 2OH�#Si2O3ðOHÞ42� þ 3H2O

In large concentrations sodium silicate is polymerized. In the case of
dolomite, sodium silicate was a strong depressant for pH values under
approximately 9. As found from zeta-potential measurements, sodium silicate
adsorbs on calcite and dolomite [74]. However, it is possible that a salt-like
calcium silicate may be formed, in salt-type minerals, either on the particle
surface by chemisorption or in solution and adsorbed onto the mineral
surface [75].

Depending on the existing conditions (i.e., pH, concentration) in the
solution different species dominate. The action of this inorganic modifier is
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possible to be due to one or more chemical species and also be different from a
mineral to another one [40]. Hence, the application of sodium silicate on salt-
type minerals for their (selective) flotation was widely investigated. Typical
chemical reactions explaining the process mechanism and its influence are:

Ca2þsurf þ SiOðOHÞ3�#CaSiOðOHÞ3þsurf

CaOHþ
surf þ SiðOHÞ4#CaSiOðOHÞ3þsurf þ H2O

which describe the formation of calcium silicate on minerals particle
surface.

Fig. 3.8 shows the application of sodium silicate in dolomite flotation by
oleate. The modifier was indeed a strong depressant at pH less than 9. This
could be attributed to silicic acid, as mentioned, which dominates in aqueous
solutions in the pH range 4e10. Sodium silicate appeared to have a small
activating action on magnesite.

Results for binary mixtures of magnesite/dolomite are presented in
Fig. 3.9. An interaction of the minerals was observed when the flotation results
were compared with values calculated theoretically from experiments with a
single mineral. Thus, the concentrate was beneficiated in magnesite, although
this was not expected. With higher concentrations of the modifier, the
concentrate was enriched in magnesite for initial contents of magnesite in the
mixture of 50%e80%. A similar interaction was also reported for the calci-
teeapatite system [76].
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The interaction in the magnesiteedolomite system may be due to the
higher concentration of calcium and magnesium ions in solution and the
possible partial consumption of oleate by these ions [62]. When more reagents
were added in solution, as for example silicate, then the interactions of their
ions and the hydrolysis products with Ca2þ and Mg2þ should be taken into
account. It is finally possible that the two salt-type minerals act antagonisti-
cally toward the collector.

Further results from single-mineral flotation with sodium carboxymethyl
cellulose are given in Fig. 3.10. The modifier (as also shown in Fig. 3.1) acted
as a strong depressant for the basic pHs; with the same conditions, only a slight
activation was observed for magnesite. The mentioned zeta-potential
measurements indicated that carboxymethyl cellulose increases the negative
charge of dolomite in the basic region of pH. The adsorption study showed a
significant decrease of oleate adsorption on dolomite. So, it probably acts
antagonistically to oleate for calcium sites on dolomitic mineral surface. This
organic modifier is known to be ionized completely and possesses a high
negative charge [60]. In the acidic region, where carboxymethyl cellulose is
not charged, its adsorption is rather small and does not influence the
carbonates flotation.

Elsewhere, more explanation was presented [43]: at pH 7e11, magnesite
and dolomite had the same charge and similar crystal structure; if carbox-
ymethyl cellulose adsorption was due only to electrostatic forces, it should
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adsorb on both minerals. However, its nonadsorption on magnesite is an
indication of chemisorption in relation to the existence of calcium ions on the
particles surface. Adsorption of the modifier on a dolomite surface, in pref-
erence to sites where calcium was present, reduced the available sites for
collector adsorption, with result that there was in this way a reduction of
flotation recovery in the alkaline pH region.

Fig. 3.11 shows some work on simple binary mixtures without any modifier
added other than sodium hydroxide, for pH adjustment. A quite promising
separation of magnesite from dolomite may be achieved by reverse flotation at
pH 11, using only small quantities of sodium oleate as collector, with
magnesite remaining in the underflow (i.e., the nonfloated fraction). The
experimental determinations indicated that in the absence of collector there
was a significant surface potential gap between the dolomite and the magne-
site, the dolomite being much closer to electrical neutrality. Translated to a
mineral mixture, the presence of such a gap, promoting decrease in magnesite
surface area, had reached the point at which calcium activation of the
magnesite began to affect the result [49].

Pyrophosphate addition as a modifier was also studied (see, for instance,
Fig. 3.12). The depressive action was more noticeable with dolomite than with
magnesite at pH greater than 9. Pyrophosphate, in contrast to hexameta-
phosphate, belongs to the group of polyphosphates having a linear chain [60].
It generally acts as a strong dispersing agent in pulps of fine mineral particles.
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It is also a polyelectrolyte with a high negative charge and forms character-
istically chelates with metal cations.

From zeta-potential measurements [43] was observed that phosphates
significantly increased the negative charge of dolomite, as was also found for
scheelite [61]. The solubility of these complexes is high, and calcium is
rapidly dissolved from dolomite surface, resulting in a negative surface charge.
The solubility rate of calcium is a function of the crystal structure of the
mineral. In relatively high concentrations, it was found that precipitates be-
tween the phosphate and calcium ions were formed in solution and then
adsorbed on the mineral surface [77]. Either of both of the aforementioned two
mechanisms could happen in this case.

4. Concluding remarks

The two minerals mainly investigated in the present, magnesite and dolomite,
although of the same type (i.e., salt-type minerals) did not behave similarly as
far as flotation is concerned. Dolomite, being here mineralogically crystalline,
was more amenable to processing, giving high flotation recoveries at the size
range used. The presence of modifying reagents could significantly depress its
floatability, as expected.

The existence of very fine particles presented difficulties in flotation. The
former can be created even during the conditioning (or mixing), particularly in
the case of cryptocrystalline minerals, such as magnesite in the present, being
friable. The salt-type minerals solubility constitutes a serious problem for
flotation, if selectivity is required. It was also said that fine particles float
poorly and less selectively under normal (reverse) flotation conditions, having
detrimental effects on recovery of other minerals, to leave magnesite in sus-
pension [78].

It was observed generally that the flotation response of pure magnesite with
30 mg/L oleate collector was rather similar to that of dolomite with 20 mg/L
collector; peak magnesite recoveries being at pH 7.5 and 11 [49]. Readsorption
of magnesium dioleate molecules by hydrophobic aggregation is likely to be
important in the enhanced recovery at near neutral pH, but the lower solubility
of magnesite caused both the intermediate trough (at pH 9) and subsequent
recovery in flotation performance to occur at a lower pH than with dolomite.

A review of the available evidence suggests that the responses of the two
carbonate minerals investigated at the various separating conditions were
dominated by a rapid decrease in the solubility of the CaCO3 component of the
dolomite with rising pH and a much stronger affinity between oleate ions than
between oleate ions and magnesium ions. The ultrafine particles (mostly of
magnesite) detached during conditioning and then affected flotation in
different ways.

In conclusion, the knowledge of chemistry and its respective use may help
not only in minerals flotation research but also in the relevant application of
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this process. Flotation, with its various techniques, is a flexible and effective
separation process, as indicated in the present review with the application of
binary mineral mixtures and the investigation of modifier’s influence.
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