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Abstract: Froth flotation has been widely used in upgrading iron ores. Iron ore flotation can be
performed in two technical routes: direct flotation of iron oxides and reverse flotation of gangue
minerals with depression of iron oxides. Nowadays, reverse flotation is the most commonly used
route in iron ore flotation. This review is focused on the reverse flotation of iron ores, consisting of
reverse cationic flotation and reverse anionic flotation. It covers different types of collecting agents
used in reverse iron ore flotation, the surface characteristics of minerals commonly present in iron
ores (e.g., iron oxides, quartz, alumina-bearing minerals, phosphorus-bearing minerals, iron-bearing
carbonates, and iron-bearing silicates), and the adsorption mechanisms of the collecting agents at the
mineral surface. The implications of collecting agent–mineral interactions for improving iron ore
flotation are discussed.
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1. Introduction

Steel is an indispensable material for the construction industry, shipbuilding, railway construction,
motor vehicle manufacture, bridge building, machinery manufacture, and many other engineering
applications. Steel is made mainly from iron, which is one of the most abundant elements on Earth.
Iron is extracted primarily from iron ores. The iron ores mainly include oxides and hydroxides
such as magnetite [Fe3O4], hematite [Fe2O3], goethite [FeO(OH)], and limonite [FeO(OH)·nH2O] [1].
The primary gangue mineral in iron ores is quartz. In addition to quartz, iron-bearing silicates
(e.g., amphiboles and pyroxenes), carbonates, clays (e.g., kaolinite), and gibbsite are also commonly
present in iron ores [1,2]. Iron ore beneficiation aims to eliminate the harmful elements in iron
ore concentrate, which could impose a detrimental effect on ironmaking. Table 1 summarizes the
allowed contents of the harmful elements in the iron ore concentrate (in China) and their effects on
ironmaking/steelmaking.
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Table 1. The allowed content of the harmful elements in iron ore concentrate [3] and their detrimental
effects on ironmaking.

Elements Magnetite Concentrate Hematite Concentrate Detrimental Effect on the Mechanical
Properties of Iron/Steel

Si (%) ≤4.2 ≤5.6 Decreased toughness and weldability [4]

S (%) ≤0.50 ≤0.30 Increased brittleness of steel and decreased
weldability and corrosion resistance [5]

P (%) ≤0.10 ≤0.10 Increased hardness and brittleness and
decreased ductility [6]

Al (%) ≤1.1 ≤0.8 Decreased creep resistance [7]

The amount of high grade and easy-to-process iron ores are in continual decline and beneficiation
of iron ores is in increasing demand. A challenge is to upgrade the low-grade iron ores with complex
mineralogy and fine grain size, which require the beneficiation to be carried out at fine or ultrafine size
fractions [8]. A versatile method of beneficiation of fine and ultrafine particles is froth flotation. In the
flotation of iron ores, the difference in flotation rates between iron oxides and gangue minerals needs
to be enlarged, which can be achieved by changing the surface hydrophobicity of certain minerals
using various reagents, such as pH modifiers, depressants, activators, and collectors.

Since the early stage of technology development for iron ore flotation in the 1930s, the following
two technical routes of iron ore flotation have been developed: (i) direct flotation of iron oxides and (ii)
reverse flotation of gangue minerals by depressing iron oxides. The route of reverse flotation is currently
in widespread use in iron ore flotation practice. The majority of studies on reverse flotation of iron ore
focused on reagents and reagent scheme [9–13]. The reverse flotation route can be classified into reverse
cationic flotation and reverse anionic flotation, based on the collector type. The reverse anionic flotation
(flotation of gangue minerals using anionic collectors that mainly include fatty acids) was developed
in the early 1960s [14]. At present, reverse anionic flotation is mainly applied in China to upgrade
iron ores [15–17]. The most popular flotation route in the iron ore industry worldwide is reverse
cationic flotation [1,17,18]. The cationic collectors have evolved from fatty amines in the early industrial
applications to ether amines with relatively high solubility in water at the present [9]. Apart from using
a cationic or an anionic collector alone, the use of reagent mixtures has been increasingly popular in the
reverse iron ore flotation practice. The mixtures can be (i) anionic/anionic collectors, (ii) anionic/cationic
collectors, or (iii) ionic/non-ionic combinations [10]. The presence of the co-surfactants in solution
can enhance the adsorption of the collectors at the solid/water interface and improve the mineral
hydrophobicity [11–13].

The performance of the reverse flotation of iron ores is largely governed by the interactions
between collectors and minerals, which are complex. A common task in the reverse flotation of iron
ores is to separate quartz from iron oxides as quartz is often the major gangue mineral in iron ores.
In some iron ores, removal of non-quartz gangue minerals is also essential, which has been the subject
of several studies [16,19–23]. These non-quartz gangue minerals include alumina-containing minerals,
phosphorus-containing minerals, iron-bearing carbonates, and iron-bearing silicates. The presence of
these gangue minerals not only complicates the flotation system, but also imposes a detrimental effect
on downstream steel-making processes. The surface properties of these gangues minerals are different
from that of quartz, so they are often treated separately in the flotation process.

To date, several review papers [1,9,10,14,18,24,25] either discuss the collector–mineral interactions
in a single flotation route or cover the collectors used in different iron ore flotation routes, but neglect
the fundamental interactions between collectors and minerals. There are still no reviews dedicated to
the interactions between collectors and minerals in different iron ore flotation routes. In particular,
the present work reviewed the interactions between quartz to non-quartz gangue minerals and collectors,
aiming at facilitating the process of complex iron ores. It is expected that a fundamental understanding
of the interactions between collectors and mineral surfaces will contribute to the design of appropriate
flotation collectors and collector regimes for iron ore beneficiation. As only reverse cationic and anionic
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flotation routes are currently used in industry, the present work focuses on reviewing the fundamental
collector–mineral interactions in these two routes.

2. Collectors for Quartz

As quartz is the main gangue mineral in iron ores, this section focuses on the interactions between
collectors and quartz in aqueous solution. The interactions between collectors and non-quartz gangues
will be discussed in Section 3.

2.1. Anionic Collectors

Fatty acids are widely used as a collector in the reverse anionic flotation of iron ores. The most
popular anionic collectors used in iron ore flotation practice are oleic acid and its soaps [16,26].
The oleate in aqueous solution forms different species and which species dominate is dependent
on pH. Table 2 summarizes the equilibrium constants for oleate aqueous species at a total ionic
concentration of 1 × 10−2 mol/L. Figure 1 shows the species distribution diagram of oleate as a function
of pH. The oleate is insoluble in acidic pH region, existing in the form of oleic acid droplet, emulsion,
and insoluble film [27]. The solubility of the oleate ions increases as the pH is raised to alkaline. At a
pH value above 11, the oleate species exist mainly in the form of oleate ion (RCOO−) and oleate dimer
((RCOO)2

2−). Oleate ions are the functional species that can interact with the quartz surface activated
by polyvalent metal cations (the details are discussed below). This is why reverse anionic flotation of
iron ore using oleic acid or its soaps is usually performed in a strongly alkaline environment (i.e., above
pH 11). Fuerstenau and Cummins [28] concluded that, when oleate was used as collector, the suitable
pH value was between 11 and 12 in the flotation of quartz.

Table 2. Equilibrium constants for oleate species in aqueous solution [29] (total ionic concentration = 1 ×
10−2 mol/L).

Equilibria Constants

HOl
 H+ + Ol− pK′a = 4.95
HOll 
 H+ + Ol− pK′sp = 12.55

2Ol− 
 Ol2−2 logK′D = 4.00
HOl + Ol− 
 HOl−2 logKAD = 4.75

NaHOl2(l) 
 Na+ + H+ +2Ol− pK′sp = 19.00
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At pHs 11–12, the oleate ions cannot, however, directly adsorb onto the quartz surface. At this
pH range, the quartz surface is negatively charged [30], so the adsorption of oleate ions on the quartz
surface would be resisted by the electrostatic repulsion. The quartz needs to be firstly activated
by adsorption of multivalent ions to reverse its surface charge from negative to positive. The most
prevailing cation used for this purpose is Ca2+ (often sourced from lime). The species of calcium
ions existing in solution are also pH-dependent [31,32]. Figure 2 shows that, at the pH range of
11–12, the dominant species of calcium existing in the solution are Ca2+ and Ca(OH)+. It has been
reported that the Ca(OH)+ is the species that can adsorb onto the negatively charged quartz surfaces,
forming SiO-Ca(OH) [31].
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The adsorption of oleate ions on the activated quartz surface is considered chemisorption via
forming covalent bonding. The adsorption can be described by the general electron donor/electron
acceptor model (i.e., covalent bonding model); that is, the oxygen in the COO− functional group is
the electron donor and the calcium is the electron acceptor [33,34]. Equations (1) and (2) show the
reactions between the oleate ions and the SiO-Ca(OH) on the quartz surface [26]:

SiO–Ca(OH) + RCOO− → SiOCaOOCR + OH− (1)

2SiO–Ca(OH) + (RCOO)2−
2 → 2SiOCaOOCR + 2OH− (2)

The formation of SiOCaOOCR, a precipitate, is non-reversible. The presence of the hydrocarbon
tail of the oleate molecule on the quartz surface renders the quartz surface hydrophobic.

A problem associated with using oleic acid in flotation is that these reagents exhibit low solubility
and often require heating to enhance their activity, which significantly increases the process cost [35].
Changing oleic acid (or fatty acids) to its soap by the addition of caustic soda has been commonly
used to increase collector solubility and efficiency. Some attempts have been made to modify fatty
acids by changing their molecular structures for increased solubility and activity. Fuerstenau and
Jia [36] showed that the addition of a second polar group to the fatty acid molecule could not only
increase the solubility owing to the formation of hydrogen bonds between the polar group and water
molecules, but also enhance the collector adsorption on the mineral surfaces owing to the increase in
electrostatic attraction. Ogata, et al. [37] found that the saturated fatty acids modified by introducing a
chlorine atom to the α-carbon position could improve their solubility. More recently, Zhu, et al. [38]
introduced a bromine atom to the α-carbon position of lauric acid to improve its solubility, and the
results suggested that the newly synthesized collector exhibited good activity at a relatively low
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flotation temperature (15 ◦C). Similarly, Luo, et al. [39] synthesized a new collector by introducing a
bromine atom to the α-carbon position of decanoic acid, and they found that the collector also exhibited
good selectivity at 16 ◦C with improved solubility. Although these newly modified anionic collectors
have better solubility and selectivity (even at low flotation temperatures), none of them have been
applied in the iron ore flotation practice, probably because of the high synthesis cost.

The effect of ions in process water on reverse anionic flotation has also attracted attention.
The presence of excessive polyvalent cations could be detrimental for reverse anionic flotation [40,41].
For example, the concentration of Ca2+, mainly sourced from lime addition, can be accumulated to an
excessive level in the process water. Ca2+ also may get adsorbed on the ultrafine particles of hematite,
rendering its surface positively charged to accommodate the adsorption of fatty acids, thus resulting in
the loss of iron along with the ultrafine quartz. A large amount of cations will precipitate with OH–,

which in turn hinders the flotation process. Only a couple of studies placed an emphasis on the role of
anions in plant water. It was found that an anion in water has a greater depression than a cation at the
same charge in the flotation of hematite, and an increase in the valence of anion leads to a drop in the
adsorption of oleate on hematite [42,43].

2.2. Cationic Collectors

Amines are widely used as collectors in the reverse cationic flotation of iron ores. Because a
cationic collector carries a positively charged headgroup in water, the adsorption of the collector on a
mineral surface is governed by the magnitude and sign of the surface charge of the mineral, which can
be measured by a zeta potential meter or zeta probe [44,45].

The zeta potential of quartz in aqueous solution is pH-dependent. Quartz hydrolyses in aqueous
solution to form hydroxyl at the surface [30]. The surface hydroxylation achieves a maximum at
the isoelectric point (IEP) [46], a pH value at which the net charge at the surface is zero. Below the
IEP of quartz, the surface hydroxyl protonates and the quartz surface becomes positively charged,
whereas above the IEP, the hydroxylated quartz deprotonates and becomes negatively charged.
As shown in Figure 3, the IEP of quartz in an aqueous solution is about 2. The reverse cationic
flotation of iron ores is normally performed at weak alkaline pHs, where the surface of quartz is
negatively charged. Note that hematite surface can also be hydrolyzed in aqueous solution [47,48].
Figure 3 shows that the IEP of hematite is between 6 and 7, indicating that the hematite surface is also
negatively charged at normal pHs of the flotation operations (e.g., 8–10.5), but to a lesser extent than
the quartz surface. The cationic collector molecules would preferentially adsorb onto quartz instead of
on hematite, especially when a depressant for hematite is used.
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A cationic collector often forms different species in aqueous solutions, and which species dominate
is dependent on pH. For example, dodecylamine (DDA), the most commonly used collector in the
early development stage of reverse cationic flotation of iron ores, may be present in various forms
such as RNH3

+, (RNH3)2
2+, RNH2·RNH3

+, RNH2 (neutral molecule), and RNH2 precipitates in
the solution phase, depending on pH and concentration [50]. Table 3 summarizes the equilibrium
constants for dodecylamine aqueous species at total ionic concentration of 5 × 10−2 mol/L. As depicted
in Figure 4, the ionic forms RNH3

+ and (RNH3)2
2+ dominate at the pH range of 2 to 9 and the neutral

molecule RNH2 precipitates at pH 10. The concentration of ion-molecular complex RNH2·RNH3
+

exhibits a maximum value at pH 10.5. At pH > 10.5, the primary species are RNH2 molecule and
RNH2 precipitation. Filippov, et al. [1] noted that the most effective cationic collectors are hydrolyzed
reagents that present both ionic and molecular species in the aqueous phase. Hence, the optimum
pH for DDA as a collector should be 10.5, where the amount of ion-molecular complex RNH2·RNH3

+

reaches the maximum.

Table 3. Equilibrium constants for dodecylamine species in aqueous solution [40] (total ionic
concentration = 5 × 10−2 mol/L).

Equilibria Constants

RNH2 
 RNH2(so) pK′so = 4.69
RNH+

3 
 RNH2 + H+ pK′a = 10.63
2RNH+

3
− 
 (RNH3)

2+
2 pK′a = −2.08

RNH+
3 + RNH2

− 
 (RNH2·RNH3)
+ pK′AB = −3.12
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The floatability of quartz also depends on the amount of amines adsorbed at the surface. At low
concentrations (Figure 5A), the amine ions are adsorbed at the quartz surface, resulting primarily
from electrostatic forces, and the hydrophobic amine tails increase the floatability of quartz [51,52].
When the amine concentration is increased, reaching the critical hemimicelle concentration (CHC),
saturated monolayer hemimicelles are formed at the solid–liquid interface (see Figure 5B). At this
concentration, the floatability of quartz reaches a maximum and the zeta potential is reversed from
negative to positive, under which concentration the Stern layer acts against further adsorption [53].
Above the CHC, the amine adsorption is driven by the association between hydrocarbon chains [54].
The polar head of the amine ions that associate with those already adsorbed on the surface might
stay away from the surface owing to the repulsion between the ionic heads, and a bilayer is formed



Minerals 2020, 10, 681 7 of 22

by tail–tail hydrophobic interaction (Figure 5C). This type of adsorption of the ions can lead to a
hydrophilic quartz surface, thus decreasing quartz recovery in flotation [51,53,55]. A further increase
in the concentration of the amine to its critical micelle concentration (CMC) will allow micelles to form
in the bulk solution (see Figure 5D). Any further increase in the amine concentration will not affect the
collector adsorption at the quartz surface. In short, the concentration of a cationic collector in flotation
needs to be controlled at an appropriate concentration, and an overdose may be detrimental for quartz
flotation. For dodecylamine hydrochloride (DAC), a typical cationic collector, the literature reports
that its CMC varies between 1.25 × 10−2 mol/L and 1.38 × 10−2 mol/L [56,57].
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The molecular structure of a flotation collector is an important factor affecting its flotation
performance. Primary alkylamine collectors used at the early stage of iron ore flotation technology
development were abandoned in 1960s owing to their low solubility and activity [1]. The low solubility
in water and low critical micelle concentration of alkylamines result in low adsorption density at
the quartz surface. Quaternary ammonium salts exhibit higher solubility and better selectivity
than alkylamine collectors [58]. Quaternary ammonium salts in water are in the form of ions at a
wide range of pH and are, therefore, less sensitive to pH [59]. However, quaternary ammonium
salts result in relatively low adsorption density at the quartz/water interface, primarily because
of the strong electrostatic repulsions between the collector ions at the quartz/water interface [60].
Fuerstenau and Modi [61] showed that effective flotation of corundum would require a concentration
of the trimethyldodecylammonium salt (a quaternary ammonium salt) 10 times higher than that of
dodecylamine. Currently, ether amines and their salts have been widely used as collector in the reverse
cationic flotation practice for upgrading iron ores. According to Araujo, et al. [9] and Fuerstenau
and Jia [36], the addition of a second polar group to the molecule of the primary aliphatic amines
increases the collector adsorption density at the mineral surfaces. The ether amines with the presence
of one –NH2 functional group are named ether monoamines. In addition, a second –NH2 functional
group could be inserted into the molecular structure, forming ether diamines. It is expected that ether
diamines have higher solubility and selectivity compared with ether monoamines because the former
has two hydrophilic moieties in one molecule [62]. Araujo, et al. [9] reported that ether diamines
would exhibit superior selectivity in coarse silicate particle flotation. Some studies suggested that a
mixture of monoamines and diamines may be more efficient for the flotation of iron ores with a wider
particle size distribution [1,63,64].

Some progress for developing new types of cationic collectors was made in the past several years.
Huang, et al. [53] synthesized a cationic gemini collector dimethyl-dodecyl-ammonium bromide (EBAB).
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Gemini collectors contain two hydrophilic head groups (functional groups) and two hydrophobic
tails covalently linked through a spacer [65]. Figure 6 shows a schematic model of a cationic gemini
collector adsorption at the quartz surface. The EBAB exhibited higher solubility and selectivity than
dodecylamine hydrochloride. Similarly, Weng, et al. [66] developed an ester-containing quaternary
ammonium collector M-302. They reported that M-302 showed better collecting power and higher
solubility compared with dodecylamine hydrochloride. Note that EBAB and M-302 could be used at
neutral pH, which is another advantage over the other collectors normally used. However, no industrial
applications of the two collectors have been reported yet. Recently, ionic liquids (ILs) as collector in the
reverse iron ore flotation have also been tested. ILs are a group of salts having poorly coordinated ions,
and are in liquid state at a temperature below 100 ◦C or even at ambient temperature. Sahoo and his
co-authors have tested quaternary ammonium-based ionic liquids (Aliquat-336 and Tricaprylmethyl
ammonium salicylate) as flotation collector of quartz [67–69]. They found that the ionic liquids
exhibited stronger adsorption at the quartz surface via electrostatic adsorption compared with DDA
or cetyltrimethylammonium bromide (CTAB). Those ionic liquids can be used at a wide range of pH
and can even exhibit great selectivity at a neutral pH. Currently, the study of using ionic liquids as
collector for iron ores is still at the early stage and no ILs are being used in the industrial iron ore
flotation operations.
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It is noteworthy that the presence of cations has a detrimental impact on quartz flotation with
cationic collectors. The commonly present metal cations in iron ore flotation such as Ca2+ and Mg2+ are
either sourced from hard water used at the processing plants or released from gangue minerals (e.g.,
calcite and Mg-bearing siderite) [70]. The concentration of cations can be very high after accumulation
in the process water and significantly depress the flotation of quartz when cationic collectors are used.
As shown in Figure 7, the adsorption of metal cations on quartz surface can reverse the surface charge
from negative to positive, which prevents the adsorption of cationic amine on the quartz surface owing
to electrostatic repulsion [43,71]. Hence, the concentration of metal cations in process water should
be closely monitored. The concentration of cations can be reduced by increasing pH to hydroxylate
the cations and form precipitates [72]. Different from cations, anions exhibit a promotive effect on
the reverse flotation of iron oxides, in improving the recovery of Fe and lowering the SiO2 content in
the concentrate. This is probably owing to the formation of the inner and outer sphere binuclear or
polynuclear surface complexes on mineral surfaces at near-neutral pH values, providing less suitable
leaving groups for detachment into the water, thus successfully inhibiting the dissolution of metal ions
with a higher valence [43]. In addition, anions at a higher valence (e.g., SO4

2−) tend to have a more
significant effect than anions with a lower valence (e.g., Cl−) [73].

In summarizing the above two sections, one can see that cationic collectors adsorb on the mineral
surface via physisorption (electrostatic interaction), while anionic collectors adsorb on the mineral
surface mainly by chemisorption. The electrostatic interaction occurs by means of the positively
charged cationic collector adsorbing on the negatively charged mineral surface. The chemisorption of
anionic collectors on mineral surfaces is governed by forming covalent bonding between the anionic
collectors and the multivalent ions adsorbed on the mineral surface. The adsorption of these two
types of collectors at the mineral surface is pH-dependent. The collectors for reverse iron ore flotation
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were advanced via modifying the collector structure, with the aim of improving their solubility
and selectivity.Minerals 2020, 10, x FOR PEER REVIEW 9 of 22 
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2.3. Collector Mixtures

The use of collector mixtures has become common in flotation practice. Different mixtures
of collectors were tested to remove quartz from other minerals. These mixtures mainly include
anionic/anionic collectors, anionic/cationic collectors, and ionic/non-ionic combinations [10].

The application of mixed anionic collectors in reverse iron ore flotation has been long
investigated [74–76]. The use of mixture of anionic collectors aims to increase the collector solubility
in order to reduce the collector consumption. As mentioned in Section 2.1, oleic acid and its soaps
have low solubility, posing a limitation on their use in iron ore flotation practice. The solubility
of oleic acid and its soaps could be improved by adding some hydrophilic functional groups to
their molecular structures. Another approach to improving their solubility is simply adding some
anionic collectors that have better solubility in water. In general, for the fatty acids with the same
carbon atom number, the solubility increases with the increasing number of double bonds in their
molecules (i.e., degree of unsaturation) [76]. Rama Murthy and Mallikajunan [74] used soaps made
from Bombax malabarica oil and shark liver oil to float barium-activated quartz. Bombax malabarica
oil contains 43% oleic acid and 31.3% linoleic acid. The shark liver oil contains 24.9% palmitic acid,
11.2% palmitoleic acid, 11.1% stearic acid, 19.6% oleic acid, and 22.3% gadoleic acid. The degree of
unsaturation of Bombax malabarica oil is higher than that of the shark liver oil. These researchers
found that the soap from Bombax malabarica oil was superior to the soap from the shark liver oil
in quartz flotation. Lin, et al. [75] developed an anionic collector RA-315, with the main components
being fatty acids and abietic acids. The abietic acids have a much higher degree of unsaturation than
fatty acids. This collector exhibits good solubility and selectivity and has been widely used in the
reverse flotation of iron ore in China. Wei, et al. [76] used a purified cotton seed fatty acid as collector
in the reverse flotation of an iron ore. The purified cotton seed fatty acid contains oleic acid and
linoleic acid. The purification process aimed to increase the content of linoleic acid in the collector
blend as the degree of unsaturation of linoleic acid is higher than that of oleic acid. Wei, et al. [76]
reported that this collector exhibited good selectivity at ambient temperature.

The effectiveness of using anionic–cationic mixtures in flotation has also been recognized.
Vidyadhar and Hanumantha Rao [11] found that using the mixture of a cationic collector
(tallow-1,3-diaminopropane) and an anionic collector (sodium dodecyl sulfonate) could achieve
a superb separation of feldspar from quartz at pH 2. Wang, et al. [12] observed that the mixture of
sodium oleate and dodecylamine acetate could enhance the separation of muscovite from quartz at
pH 10. Huang, et al. [77] investigated the adsorption of dodecyltrimethylammonium bromide (DTAB),
dodecylpyridinium bromide (DPB), sodium dodecylbenzenesulfonate (SDBS), and sodium dodecyl
sulfate (SDS) on silica gel at pH 5.6 in individual aqueous solutions, and DTAB–SDBS and DPS–SDS
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binary mixed solutions. It is expected that the cationic collectors should be strongly adsorbed on
negatively charged silica gel, but no significant adsorption of anionic collectors should occur owing to
electrostatic repulsion. However, in mixed collector systems, the adsorption of cationic and anionic
collector ions would increase simultaneously, and the surface excess of cations could match that of
anionic ions. Figure 8 illustrated a possible reason that the anionic collector ions are co-adsorbed
specifically with cations as ion pairs at the non-charged sites of quartz through the van der Waals
interaction [10]. An increased adsorption density of collectors on the quartz surface would result in
enhanced hydrophobicity of the quartz surface.
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The metallurgical results for the reverse flotation of iron ores can also be improved using a
combination of ionic collectors (anionic or cationic collectors) and non-ionic surfactants, such as fatty
alcohols [13,78,79]. Non-ionic alcohols cannot adsorb on the quartz surface, while their presence could
enhance the adsorption of ionic collector. Vidyadhar, et al. [79] observed that the presence of 1-dodecanol
enhanced the adsorption of the dodecylamine ions at the quartz surface at pH 6–7 and resulted in a
higher quartz recovery. Filippov et al. [13] found that the addition of a C13-rich iso-alcohol to ether
diamine increased the quartz flotation recovery from 52 to 84% at pH 10. In addition, Filippov, et al. [78]
observed that adding iso-alcohols to ether diamine could also improve the floatability of Fe-bearing
mica silicates at pH 8, while use of the amine alone exhibited little selectivity on the silicates. It is likely
that the adsorption of ionic collector is enhanced by the presence of nonionic surfactant owing to both
the hydrophobic chain–chain interaction and the reduction of electrostatic repulsion between ionic
head groups that are shielded from each other by the nonionic surfactant molecule [10,80]. Figure 9
shows a schematic of coadsorption of cationic collector and alcohol on the surface of quartz. The
phenomenon may also be explained by Leja–Schulman’s penetration theory [81]; that is, a diffused
monolayer of collector molecules is formed at the quartz surface, and in the meantime, the insoluble
non-ionic surfactant (e.g., fatty alcohols) forms the diffused molecular monolayers at the air/water
interface. As soon as the air bubble contacts the quartz surface, the surfactant molecules at the air/water
interface can penetrate the diffused collector monolayer at the quartz surface and adsorb strongly onto
the quartz surface, greatly increasing quartz recovery by increasing the local surfactant concentration
and local hydrophobic character of the quartz surface. It is, therefore, expected that adding alcoholic
frothers may enhance the flotation performance, although these frothers are normally not needed in
iron ore flotation.
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3. Collectors for Non-Quartz Gangue Minerals

3.1. Alumina-Bearing Minerals

The alumina-bearing minerals present in the iron ore include gibbsite, kaolinite, montmorillonite,
illite, diaspora, and corundum. Gibbsite (Al(OH)3) and kaolinite (Al2Si2O5(OH)4) are the two main
alumina-bearing minerals present in iron ores [82]. Removal of kaolinite and gibbsite from iron ores is
aimed at reducing the content of Si and Al in the flotation concentrate.

Separation of gibbsite from iron oxides such as hematite by means of flotation is difficult owing
to little difference in surface characteristics between gibbsite and hematite. Generally, hematite and
gibbsite have a similar crystal structure. The cations are trivalent and have common chelation
characteristics. In addition, the bond distances of Fe–Fe and Al–Al are very similar (i.e., 2.850 Å and
2.852 Å, respectively) [83]. Hence, gibbsite and hematite have a similar surface charge and almost
identical complexation characteristics. It is, therefore, challenging to separate gibbsite from iron oxides
via flotation. Thella, et al. [84] argued that the direct production of iron ore concentrate by flotation from
iron ores containing high alumina (mainly gibbsite) was challenging, owing to complex mineralogy.
Desliming was indispensable before flotation to remove ultrafine gangue particles and to increase iron
grade. It was found that the combination of classification and reverse cationic flotation using monamine
as collector could achieve a high grade iron concentrate having 64.5% Fe, 2.2% Al2O3, while the Fe
recovery was only 28.7% [84]. Kumar, et al. [85] reported that selective flocculation for alumina-rich
iron ore slimes using carboxymethyl cellulose as flocculant could facilitate the separation of gibbsite
from hematite. The experimental results show that a final concentrate of 64.4% Fe, 4.2% Al2O3, and 1.9%
silica with a yield of 56% could be obtained from a feed containing 56.5% Fe, 7.0% alumina, and 4.9%
silica [85].

Removal of kaolinite in iron ore flotation is possible, but not straightforward. There are multiple
interactions between kaolinite and depressant and/or collector [2]. It was found that selective depressing
of hematite against kaolinite using starch is feasible, subject to strict pH control. Ma and Bruckard [86]
observed that starch adsorption on kaolinite would significantly decrease with the increasing pH from
7 to 10.5. Starch showed an extremely low affinity towards kaolinite at pH 10.5, where iron oxides
can be well depressed by starch. As reverse cationic flotation of iron ores is normally performed at
alkaline pH around 9–10.5, where iron ores can be well depressed while kaolinite is not, it is possible to
separate kaolinite from iron ores if kaolinite could be rendered hydrophobic using a suitable collector.

It was, however, found that the amine collectors normally used in reverse iron ore flotation would
interact with kaolinite in a way different from that with quartz. Amine collectors lead to effective
kaolinite flotation in acidic solutions, while little adsorption of collectors occurs at alkaline pH [19,21].
Figure 10 shows the zeta potential of kaolinite as a function of pH. The IEP of kaolinite is at pH
4.2 [19,87]. Above its IEP, the negative zeta potential of kaolinite increases with the increasing pH,
hence the adsorption of collector on kaolinite increases. However, the flotation of kaolinite decreases
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with an increase in collector adsorption. Hu, et al. [19] investigated the anomalous flotation behavior
in kaolinite solution using dodecyl amine (DDA) as collector based on crystal structure considerations
and particle aggregation phenomena. Although the silica (001) and alumina (001) basal planes of
kaolinite are negatively charged, DDA has a stronger interaction with the (001) plane than with the (001)
alumina plane, which can be attributed to the difference in the structure at the (001) and (001) planes.
The self-aggregation between (001) faces and the edge planes and the adsorption of DDA at the
silica (001) plane cause the kaolinite to aggregate hydrophobic, and good floatability is achievable in
acidic solution. In alkaline solution, the kaolinite particles are dispersed. With the presence of DDA,
hydrophobic aggregation appears to occur in alkaline solution between the (001) planes owing to the
adsorbed DDA, and thus the hydrophilic (001) faces are exposed and flotation is not achievable [19].
As silica needs to be removed in an alkaline solution when an amine is used as collector, it is difficult
to remove kaolinite and silica together in iron ore flotation using amine collectors. It may be possible,
however, to sequentially remove kaolinite and silica from iron oxides, namely removing kaolinite at
acidic pHs and removing silica at alkaline pHs.
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Ammonium quaternary salts can be used as collector for kaolinite in reverse iron ore flotation.
As mentioned before, quaternary ammonium salt collectors are less influenced by pH [59].
Rodrigues, et al. [88] showed that effective separation between kaolinite and hematite was achieved
using DTAB at the pH range of 4 to 10. Note that, at this pH range, the quaternary ammonium salt
can also be used as collector for quartz removal, so it is possible to simultaneously remove kaolinite
and quartz.

The current understanding of the interaction between anionic collector and kaolinite is limited.
According to the work of Xu et al. [89], sodium oleate, the prevailing anionic collector used in reverse
anionic flotation, has strong affinity with Al sites at kaolinite surface at pH 8–9. At this pH range,
however, the amount of sodium oleate adsorbed on the quartz surface is low. It might be possible
to remove kaolinite and quartz separately at different pHs. More studies are needed to explore the
possibility of using anionic collector to remove kaolinite from iron ores.

The effectiveness of using a temperature-sensitive polymer, poly (N-isopropyl acrylamide)
(PNIPAM), as a process aid in the flotation of kaolinite was demonstrated by Li and Franks [90].
The polymer acts as dual-function flocculant and collector. The polymer preferentially adsorbs
on kaolinite via hydrogen bonding to cause flocculation of kaolinite particles and to render the
particle surface hydrophilic at room temperature, whereas at a temperature higher than the polymer’s
critical solution temperature (approximately 32 ◦C), adsorption of the polymer molecules induces
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a hydrophilic/hydrophobic transition. A high flotation recovery of kaolinite particles was achieved
at 50 ◦C, which was attributed to flocculation and increased surface hydrophobicity, thus obviating
the need for the addition of a conventional flotation collector. Given the function of flocculating
the fines, this polymer should exhibit good performance for the ores carrying a significant amount
of fine particles. However, this polymer requires heating during flotation, which will increase the
operating cost.

3.2. Phosphorus-Bearing Minerals

Phosphorus is a harmful element in steel-making, causing product defects such as increased
hardness and brittleness and decreased ductility [6]. The phosphorus in iron ore deposits occurs
primarily as apatite (general molecular format Ca5(PO4)3(F, Cl, OH)). In what follows, the interactions
between collectors and apatite in the separation of apatite from iron ores via flotation are discussed.

In anionic flotation of apatite, fatty acids (e.g., oleic acids) and their soaps are primarily used
as collector [91–93], often in conjunction with hydrocarbon supplements (e.g., kerosene and fuel oil),
to reduce the collector consumption [94]. Su, et al. [95] separated apatite from magnetite with a modified
fatty acid collector (Atrac-1562) at pH 8.5–9.0 and at a pulp temperature of approximately 20 ◦C.
Kou, et al. [96] carried out phosphate flotation using a refined tall oil fatty acid at a dosage of 0.45 kg/t
at pH 10 with a 9:8 (by mass) concentration ratio of fatty acid to diesel. Cao, et al. [97] employed a
mixed collector (i.e., 54 wt.% oleic acid, 36 wt.% linoleic acid, and 10 wt.% linolenic acid) for apatite
flotation at pH 9.5 and at a pulp temperature of approximately 23 ◦C. The interaction between the
carboxyl group of the fatty acids and Ca(OH)+ ions exposed at the mineral surface was considered
the mechanism of attaining the flotation of the apatite [98], which is the same as the adsorption
mechanism of oleic acid with activated quartz (see Section 2.1). Furthermore, given that apatite
is a sparingly soluble mineral, it has been reported that its dissolution accounts for the floatability
of apatite. Finkelstein [99] argued that, immediately after leaving the mineral lattice, Ca2+ ions
interact with the oleate molecules. The formed calcium oleate then precipitates and renders the
mineral surface hydrophobic. Horta, et al. [98] found that the apatite more dissolvable in water
could provide more Ca2+ ions and exhibit better floatability. It was concluded that, in general,
igneous apatite (e.g., fluorapatite, Ca10(PO4)6F2) bears better solubility than sedimentary apatite
(e.g., carbonate-fluorapatite, (Ca,Na,Mg)10(PO4,CO3)6(F,OH)2) [98].

The use of oleic acid in flotation requires relatively high temperatures, thus the added operating
cost associated with using oleic acid is a concern [100]. At ambient temperature, alkyl hydroxamic acid
mixed with alcohol is an effective collector for phosphate flotation (Miller et al. [94]). The flotation
response demonstrated a very weak pH dependence for the hydroxamic acid collector, and the natural
pH was found to be satisfactory for apatite flotation in most cases. Although the newly developed
collector showed improved performance for phosphate flotation, it has found limited use in industry
owing to its high cost [97].

Flotation of apatite using cationic collectors was also studied. Figure 11 shows the zeta potential
of apatite as a function of pH. The IEP of apatite is 5.4 [22]. Soto and Iwasaki [101] investigated the
effect of pH on apatite flotation using octadecylamine and found that apatite flotation was insensitive
to the pulp pH. They noted that the electrostatic adsorption may not fully account for the flotation
phenomena; flotation of apatite below its IEP with octadecylamine was attributed to the chemical
interaction between the collector and the mineral surface and, above its IEP, the collector would
be adsorbed on the negatively charged apatite surface through electrostatic attraction. A similar
observation was made by Moudgil and Ince [22] when separating apatite from dolomite using
dodecylamine as collector. More recently, Nunes, et al. [6] reported that wavellite [Al3(PO4)2(OH,
F)3·5H2O], a secondary phosphate mineral, exhibited around 100% floatability at pH 8.2 with Flotigam
EDA (an industrial amine collector) and at pH 9.8 with octylamine. They attributed the adsorption of
amines on wavellite to both chemical and electrostatic interactions.
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3.3. Iron-Bearing Carbonates

Siderite (FeCO3) is the most abundant non-oxide iron-bearing carbonate in iron ores [1]. As its
theoretical grade is only 47.46%, siderite is generally treated as gangue mineral and needs to be
removed from the concentrate. Note that iron ores associated with siderite or other carbonate minerals
are referred to as refractory ores [102–104]. The beneficiation of siderite via the combination of flash
magnetizing roasting and flotation has been reported in China [105], but no industrial application is
commissioned yet.

Siderite cannot be readily removed together with quartz in the reverse flotation of iron ores using
anionic collectors such as fatty acid, despite that fatty acids have been widely used in the flotation of
quartz (see Section 2.1) or many carbonates [106]. The presence of siderite can impose a detrimental
effect on separating quartz from iron oxides when fatty acids are used as collector. As a salt-type
mineral, siderite has a relatively high solubility. The dissolved mineral species can reach a high
concentration. Figure 12 shows the species distribution diagram of siderite in aqueous solutions [16].
The dissolved mineral species can undergo several reactions such as hydrolysis, adsorption, and surface
and bulk precipitations, which might inhibit selective interactions between the collector and other
minerals [107–109]. Luo, et al. [16] used sodium oleate, calcium chloride, and starch as collector,
activator, and depressant, respectively, in the flotation of a mixture of hematite, siderite, and quartz at
pH 11.4. They found that siderite adversely affected the floatability of quartz, which was attributed to
the adsorption of CaCO3 precipitations at the quartz surface. As shown in Figure 12, the concentration
of CO3

2− increases significantly with the increasing pH. The appearance of CaCO3 precipitations was
caused by reaction of Ca2+ from the hydrolysis of CaCl2 and CO3

2− from dissolved species of carbonate
minerals. Starch can adsorb on the CaCO3 precipitated at the quartz surface and then depress the
quartz [110].

It is possible to separately remove siderite and quartz from iron oxides using anionic collectors.
Sis and Chander [111] observed that, in anionic flotation, at acidic or neutral pH 5–7, siderite had good
floatability, probably because siderite dissolves Fe2+ species below pH 7.6 [46]. Anionic collector can
interact with the dissolved Fe2+ species and precipitate at the siderite mineral surface. The anionic
flotation of quartz is, however, operated at strongly alkaline pH [24,35,112]. A two-step process can
thus be used to remove these two impurities at different pHs. Zhang [113] demonstrated the two-step
separation of siderite and quartz from hematite, in which siderite was floated under a neutral pH
condition in the first step using sodium oleate as collector, and then the concentrate was refloated via
reverse flotation with sodium oleate as collector under a strong alkaline condition to separate quartz
from hematite.
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Figure 12. Species distribution diagram of siderite in aqueous solution at 25 ◦C (after [5]).

Scarce information on flotation separation of siderite from iron oxides using cationic collector is
available. Figure 13 shows the zeta potential of siderite as a function of pH, from which one can see
that the IEP of siderite is around 7. Ignatow [46] employed a cationic collector (i.e., dodecylpyridinium
chloride, DPCl) to float siderite at various pHs and achieved flotation recoveries of 60% at a pH
above 12. At this pH range, DPCl would be adsorbed onto negatively charged siderite, matching the
characteristics of electrostatic interaction. Ignatow [46] proposed an adsorption mechanism of DPCl
with siderite; that is, the ions were adsorbed through an exchange reaction involving the DP+ ion and
FeOH species at the siderite surface. Abido [114] also observed that siderite had a strong interaction
with dodecylamine at pH 10.5.
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3.4. Iron-Bearing Silicates

Removal of the iron-bearing silicates from iron ores is challenging because of the presence of both
metallic cations and Si in the crystal lattice of these iron-bearing silicates. These cations and Si sites
may have different affinities with reagents present in the flotation system. Manser [115] categorized the
silicates into four groups by structure: orthosilicates, pyroxene, amphiboles, and framework silicates.
It was reported that the orthosilicates float well with anionic collectors; pyroxenes float with this
collector in some cases, but there is no flotation of amphiboles or framework silicates; and the flotation
properties of silicates with cationic collectors are reversed, with orthosilicates and pyroxenes having
less floatability than the amphiboles and framework silicates (see Table 4) [115].
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Table 4. Floatability of different silicates by structure in the presence of cationic and anionic collector
(after [115]).

Collector Type Silicate Class

Ortho- Pyroxene Amphibole Framework-

Anionic Good Poor Nil Nil

Cationic
Mediocre

(sensitive to pH)
Good Very good

(not sensitive to pH)

A group of typical iron-bearing silicates in iron ores is amphibole, with general chemical
composition NaCa2(Mg,Fe,Al)5(Al,Si)8O22(OH)2 (the proportions of Na, Ca, Fe, and Mg substitute for
one another in the crystal structure). Amphiboles have been investigated through flotation to evaluate
the feasibility to separate them from iron oxides [13]. In what follows, we will discuss the flotation
behavior of iron-bearing silicates mainly using amphiboles as an example.

Amphiboles can be removed by the use of mixture of amine collectors or an amine collector
plus alcoholic surfactants. Note that there is a relatively large uncertainty for the IEP of amphiboles.
Severov, et al. [23] noted that the IEP of amphiboles is related to a substitution of Al3+ for Si4+ as well
as distribution of Mg2+ in the crystal structure. The cations of Na, Ca, Fe, and Mg can also substitute
for one another in the crystal structure. Filippov, et al. [13] reported that amphiboles could achieve a
collector adsorption degree similar to quartz over a broad alkaline range of pH, owing to the presence
of Si site at the surface. However, starch adsorption at the surface of amphiboles inhibits their recovery
(owing to the presence of Fe site at the surface) when primary monoamines are used as collector
of amphiboles. Hence, a denser adsorption layer of collector is needed to render the silicate surface
hydrophobic enough to achieve high flotation recovery. It has been discussed in Section 2.3 that the
use of a proper mixture of surfactants could result in higher adsorption density and more hydrophobic
mineral surface than the use of a single collector. Filippov, et al. [13] found that the mixtures of ether
diamine (1,3-Propanediamine of chain lengths 10 C) with primary monoamine (DDA) or with alcohols
(C13-rich) could render the surface of an amphibole hydrophobic, even in the presence of starch,
resulting in effective flotation of the silicates with high quality magnetite concentrates (SiO2 content <

1.0% and iron content up to 70.3%). There is little information available about the reverse flotation of
iron-bearing silicates using anionic collectors. Note, however, that anionic collectors have been used
in direct flotation to separate iron oxides from iron-bearing silicates. For example, Mei, et al. [116]
achieved flotation separation of aegirine (NaFe2SiO6) from hematite with ammonium hexafluorosilicate
((NH4)2SiF6) as depressant for aegirine and NaOl as collector for hematite at pH 4–5. They proposed
that the depressant ions SiF6

2− interact with aegirine surface via chemisorption.

4. Recommendation for Future Work

Flotation will remain a key process solution for the beneficiation of iron ores in the fine or ultrafine
size fractions in the foreseeable future. From the aspect of the collector–mineral interactions, more work
needs to be done in water chemistry and reagent development. Water chemistry studies should
consider the effects of the quality of recycled water in flotation performance. There can be soluble
salts with polyvalent metal cations, residual collector, or depressant contained in the recycled water.
A better understanding of the interactions between various minerals and new collectors and their
mixture is needed. With the rapid depletion of easy-to-process iron ores, there is a pressing need to
develop novel solutions to the flotation of iron ores containing multiple gangues. The gangue minerals
may exhibit similar surface properties to iron oxides. Thus, it is necessary to develop a more selective
depressant for an efficient separation. In addition, different gangues may preferentially interact with
different collectors. It is likely that mixed collectors could exhibit better adaptability to the presence of
various gangue minerals and remove the gangues more effectively than single-collector schemes.
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5. Conclusions

Reverse cationic and anionic flotation routes are currently used in the iron ore beneficiation industry.
Anionic collectors such as fatty acids adsorb at the mineral surface via chemisorption. Cationic collectors
such as amines adsorb at the mineral surface via electrostatic interaction. For both cationic and
anionic collectors, only a certain type of species can interact with quartz. Hence, the pH needs to be
carefully controlled, at which the desired collector species reaches its maximum concentration. For the
advance of collector development, modifying the molecular structure of collectors to improve their
activity and selectivity has been an on-going subject. Water chemistry needs to be closely monitored
and controlled. In general, the presence of multivalent cations and anions in high concentration can
impose a detrimental effect on quartz flotation by adsorbing on the quartz surface and resisting the
adsorption of collectors.

The mixture of surfactants has been attracting increasing attention. Anionic surfactant ions can
co-adsorb specifically with cations as ion pairs at the non-charged sites of gangue mineral through
van der Waals interaction; the presence of nonionic surfactant also increases the adsorption of cationic
collector at the solid surface by reducing the electrostatic repulsion between ionic head groups. Both of
these mechanisms can lead to increased adsorption density at the mineral surface and enhanced
hydrophobicity of the mineral surface.

There are several other non-quartz gangues commonly present in iron ores. The present work
provides a review of the interactions between collectors and the non-quartz gangues. In general, there is
no universal collector regime and solution chemistry for the removal of various non-quartz gangues.
The selection of collector types should be tailored based on the surface characteristics of the gangues.
To process iron ores in the presence of multiple gangues, using a more selective depressant would be
necessary for an efficient separation.
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