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Summary
Flotation has long been one of the most important ways of separating different minerals in the
small particle size. The success of mineral flotation processes depends on the hydrophobization
of the surface for the desired mineral particles whilst keeping, or making, all other minerals
hydrophilic. This is achieved by adding several reagents to the flotation pulp to adsorb
selectively at the mineral-water interface. The reagents (surface active agents) which selectively
adsorbs on minerals to be floated are called collectors. With the steady depletion of high grade,
relatively easy to process ores, the mineral industry is confronted with a challenging task of
finding more efficient techniques so as to exploit low grade, complex and disseminated type of
ore deposits and old tailing dumps. The development of new selective and environmentally
acceptable substances containing almost tailor-made reagents is thus of interest for the mineral
industry. Over the years, several known chelating agents have been appropriately modified to
behave as selective flotation collectors with some degree of success. The problem is that almost
all of the chelating groups form complexes with almost all of the transition and many nontransition metals. As a consequence, absolute selectivity does not exist. Besides being
unsatisfactory from a scientific viewpoint, it assumes that the metal ion specificity observed for
a functional group in bulk aqueous system would remain valid during surface chelation at the
interface, while in actual practice, the specificity based on metal ion is neither valid nor useful
where the cations participating in the complexation reactions are the same, for example in
separation among the calcium minerals.
To make a more selective reagent it should be based on the reagent interactions not merely with
the metal ion on the surface, but with the whole surface. It is more appropriate to design reagents
having functional groups so spaced that those are matching with the relative positions of the
metal ion sites available on the surface, that is, to design not just metal-specific but structurespecific reagents.
The understandings of molecular interactions involved in the recognition of surfaces by organic
molecules in biomineralization process suggest the possibility of reagents specific to the crystal
structure. These understandings have been successfully applied to the rational design and
synthesis of molecules either for the control of crystal morphology or to inhibit crystal growth
processes through the recognition of specific crystal surfaces. The idea of molecules consisting
of two groups with appropriate spacing between them to achieve structural compatibility during
interaction with the mineral surface, to exhibit structure-specificity, is of direct relevance for
the reagents selectivity in flotation processes.
The present investigation aims to systematically examine mineral specific reagents with two
functional groups for use in flotation of calcium containing minerals. For this purpose, a series
of dicarboxylate-based surfactants with varying spacing between the carboxylate groups were
synthesized. The adsorption behavior of these new reagents on pure apatite, calcite and fluorite
mineral surfaces was studied using Hallimond tube flotation, zeta-potential and FTIR/TOC
measurements. A series of commercially available collector with varying number of functional
groups were also examined using bench-scale flotation and zeta-potential to investigate the
importance of addition order for flotation.
The results show that some bi-dentate surfactants show better result than others, indicating that
the distance between the functional groups is an important factor. However, there is also clear
indications that this distance is not the only important factor as surfactants with similar distance
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between the functional groups behave differently. There is also clear indications that the
addition order of collectors is important.
Flotation with multiple surfactants can be seen as a two-step process where a more selective
collector should be added first to adsorb on the surface. A second less selective but more
reactive collector may then be added to create the hydrophobic layer. This to achieve a better
flotation result.
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1 Introduction
1.1 Objective
The main goal of this thesis is to investigate the possibility of having mineral specific reagents for
use in flotation processes based on molecular recognition mechanisms at the inorganic-organic
interface as experienced in bio-mineralization. The general idea and concepts of molecular
recognition mechanisms simultaneously satisfying the geometrical, stereo-chemical and electrostatic
requirements at inorganic/organic interface was used for developing and testing of new reagents with
two functional groups with varying spacing between them.
Originally, the aim for this PhD project was to initiate development of a new reagent scheme for more
effective dephosphorization of magnetite fines as well as better apatite recovery from flotation tailings
containing carbonates, silicates and iron minerals. As the plan was found to be too wide for one
project, and synthesis of the desired chemicals proved more problematic than expected, it was
narrowed down to focus more on calcium mineral separation to show the potential of the idea. As an
initiating step towards this aim, systematic studies on mineral-reagent interactions in flotation
separation of apatite-calcite and calcite-fluorite systems were performed. The apatite-calcite
separation was chosen both due to the inherent difficult separation as well its significance for
Luossavaara-Kiirunavaara Aktiebolag (LKAB). Despite the minerals apatite and calcite having the
same counter ion, they have different structures and calcium densities, which means different
distances between Ca-ions at the mineral surface. Further expanding the scope, fluorite, another
calcium mineral, was added to test the reagents on a third Ca-Ca distance and structure.

1.2 Significance
The magnetite ore at LKAB Kiruna contains 1-3 wt.% phosphorous which is detrimental to modern
steel production. Dephosphorization at LKAB is carried out by magnetic separator stages after
primary and secondary grinding of the ore, followed by floating the remaining phosphate gangue
from the magnetite fines with a fatty acid based collector (Atrac 1563). The process is described in
Figure 1. The level of phosphorous content in magnetite fines is lowered in the flotation stage from
the initial 0.1 % phosphorous to below 0.025 wt.% which is the target goal. This is achieved at a
collector dosage of about 30-70 g/t. The concentrated magnetite fines are then sent to the pelletizing
plant. The green balls produced during the balling stage are found to be less strong than similar balls
derived from the treatment of non-floated magnetite fines. Studies have shown that the surface
contamination of magnetite by chemicals adsorbed during the flotation step is responsible for this
behavior. Thus, there is an economic need either to strip the adsorbed collector from magnetite fines,
or to develop a new reagent scheme which is more specific for apatite mineral (Forsmo et al., 2008).
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Figure 1. Principal process scheme at LKAB showing the steps in the process.

During the early 1980:s an apatite concentrate was produced at LKAB in Kiruna from magnetic
separator tailings. From 1989, phosphate production has been discontinued due to varying
phosphorous content with associated carbonate gangue leading to problems in the flotation circuit
and a decreased profitability. However, as easy to get world resources of phosphates continue to
dwindle, the price of phosphate raw material increases. This has led to renewed interest in the
possibility to once again start the production of phosphate concentrate from the tailing materials.
The phosphate containing material at LKAB can be classified into:
i)

Coarse tailings of crushed dry rock material from the cobbing plant process

ii)

Fresh tailings from magnetic separation

iii)

Floated gangue material from magnetite fines in the dephosphorisation process

iv)

Accumulated fines in the tailings pond over the years

It is only (apatite) tailings from ii and iv that are of major interest, since they contain enough of
liberated apatite (Pålsson and Fredriksson, 2012).

1.3 Bio-mineralization
One of the most fundamental characteristic properties of biochemical systems is recognition, like in
the lock and key hypothesis proposed by Emil Fischer in 1890’s in which only the perfect fit of a
substrate (key) in an enzyme (lock) will induce an appropriate response (open, or create an reaction
in the actual case of an enzyme) (Cramer, 1995; Fischer, 1894). While it might be an
oversimplification of the process, it works well to paint a picture of the process.
Several researchers (Addadi and Weiner, 1992; Mann, 1988; Mann et al., 1993b; Weissbuch et al.,
1991) have studied bio-mineralization systems indicating that nucleation and growth of crystals is
affected by specific molecular interactions at the inorganic-organic interface. If there is a geometric
compatibility between lattice spacing of the crystal structure and distances between ion-binding sites
on the organic surface, nucleation on a specific crystal face may occur.
2

By exposing growing calcite crystals to different α,ω-dicarboxylates it was showed that only one of
them (a malonate containing compound) severely inhibited crystal growth perpendicular to the c-axis,
especially the prismatic face {11� 0} This indicates the preferred interaction with one face over the
others (Mann et al., 1990). The authors reported that the distances in the dicarboxylate groups in the
malonate compound, which severely inhibits crystal growth is close to 4 Å which is close to that of
carbonates between adjacent anion layers in the {110} and {11� 0} faces of the examined calcite
(Figure 2). The other longer chains had only minimal effect on growth. It was therefore believed that
the malonate compound interact with the crystal surface using both carboxylate groups, which is not
possible for the other longer-chained compounds.

Figure 2. A calcite cell projection parallel to the [110] axis; where A and B are the binding sites for
malonate in the (100) face (Mann et al., 1990).

Other studies with growth of barium sulphate (BaSO4) (Black et al., 1991; Davey et al., 1991) and
calcium fluoride (CaF2) (Grases et al., 1991) in aqueous solutions in the presence of inhibiting
surfactants show matching conclusions confirming the geometric, stereo-chemical and electrostatic
match of organic molecules with the crystal lattice. In the barium sulphate studies (Figure 3) the most
successful inhibitor was amino-dimethylene diphosphonates (DMD), with a distance of 5.7 Å
between the phosphonate groups.

3

Figure 3. A projection of the BaSO4 structure normal to the (011) sulfate layer showing diphosphonate ions
replacing sulfate ions (Davey et al., 1991).

This matches well with the 5.6 Å sulphate-sulphate distance in the BaSO4 crystal surface making
substitution possible and reduces crystal growth. The calcium fluoride studies used several
dicarboxylic acids (oxalic, malonic, malic, tartaric, succinic and glycolic acid) where oxalic acid was
found to be the most active inhibitor. The authors also reported that it was even better to use two
carboxyl groups and one hydroxyl group in α-position which fits well with the Ca-Ca distancing
within the unit cell of CaF2 (Figure 4), (Grases et al., 1991), which is a similar distances to that of the
C12MalNa2 used in this thesis (Figure 6).

4

Figure 4. Interaction between dicarboxylic acids and a unit cell of fluorite depending on the distance
between the functional groups(Grases et al., 1991)

Based on the above and other studies (Fuerstenau and Pradip, 2013; Kalyan and Pradip, 1995; Pradip
et al., 2002a; Rai, 2008), the process of molecular recognition is considered to be determined by
electrostatic binding or association, geometric matching, and stereo-chemical complementarity at the
inorganic-organic interface (Mann et al., 1993a).

1.4 Background
Phosphorous is an important element that is required in many biological processes. It is a vital part in
fertilizers and in animal food supplements, which as a component is hard for plants and animals to
come by naturally. As phosphate rock is hard to dissolve, the availability of phosphorous is low, and
the mineral has to be transformed into something that is easier for plants and animals to handle (monocalcium phosphate and di-calcium phosphate). This is traditionally done by dissolving phosphate rock
in acid.

1.4.1 Phosphate rock
Phosphate rock or phosphate minerals are the common name for minerals containing the phosphate
ion (PO43-). The major deposits for phosphate rocks are sedimentary and igneous, with sedimentary
5

being the larger source of phosphate by far (~80%). However, as igneous deposits are more prevalent
in Scandinavia the focus in this thesis is on igneous deposits. The largest group of phosphate minerals
is the apatite group Ca5(PO4)3(F,Cl,OH) with other major phosphate minerals being francolite ((Ca,
Mg, Sr, Na)10(PO4, SO4, CO3)6F2–3), collophane (Ca5(PO4,CO3)3F) and dahllite (Ca5(PO4,CO3)3OH).
It should be noted that francolite, collophane and dahllite are mostly found in sedimentary deposits
(Kawatra and Carlson, 2014; U.S. Geological Survey, 2016).
The largest producers of phosphate rock are China (100 000 tons), Morocco (30 000 tons) and the
United States (27 600 tons). Morocco is also the biggest exporter, between 2011 and 2014 it alone
stood for 64% of the United States import of phosphate rock (U.S. Geological Survey, 2016). These
countries have mostly sedimentary deposits.

1.4.2 Calcium minerals
A common group of minerals found with apatite as gangue are clay, dolomite (CaMg(CO3)2), quartz
(SiO2) and calcite (CaCO3). Since clays are mostly common in sedimentary ores, it is considered
outside the scope of this thesis. The same goes for dolomite and quartz; dolomite due to only minor
amount of the mineral found in the apatite-iron ore, and quartz as it already is relatively easy to
remove; especially compared to calcite (Niiranen, 2015).
Apatite
Apatite is besides a phosphor mineral also a calcium mineral. It has a hexagonal bipyramidal
structure. As stated earlier the structural formula is Ca5(PO4)3(F,Cl,OH) and it has a Ca density
between 5.1 and 6.6 μmol/m2 (Horta et al., 2016; Lu et al., 1998). The common names for the different
species are hydroxyapatite (Ca5(PO4)3OH), fluorapatite (Ca5(PO4)3F) and chlorapatite (Ca5(PO4)3Cl).
As already mentioned the most common use of apatite is within agriculture as fertilizer, which
accounts for approximately 80% of the mined apatite usage (Scholz et al., 2014). Other notable
industrial uses of apatite are as pigment and raw material for phosphoric acid, which is used in several
down-stream processes, e.g. production of mono- and dicalcium phosphate. Interestingly,
hydroxyapatite is besides a naturally occurring mineral also a component in human bone and teeth
(Arnold and Gaengler, 2007; Vučinić et al., 2010).
Calcite
Calcite is a calcium carbonate with a trigonal-rombohedral structure with a Ca density of 8,2
μmol/m2(Horta et al., 2016; Lu et al., 1998). The other major carbonate mineral is aragonite (CaCO3),
which has the same formula but different structure (orthorhombic). Aragornite is not
thermodynamically stable under ambient conditions and will eventually convert into calcite with
enough time (>107 years). As calcite is a carbonate it will readily dissolve in most acids thereby
increasing the pH making flotation separation at lower pH problematic. Calcite, together with
aragonite are the major constituents in limestone and as such important as building material for
construction. Calcite is also used as a filler in toothpaste and paint as well in production of burnt lime
and cement.
Fluorite
Another calcium mineral often found with calcite is fluorite (CaF2) or fluorspar as it is also known.
It has a Ca density between 11.1 and 12.9 μmol/m2 (Horta et al., 2016; Lu et al., 1998). It has a cubic
(isometric) structure and its main industrial use is for production of the strong acid hydrogen fluoride
(HF), in welding electrodes and as slag viscosity modifier.
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1.4.3 Separation of apatite ores
Flotation
The efficiency of a mineral flotation process depends on the desired mineral particles being
hydrophobic while at the same time keeping, or making, all unwanted particles hydrophilic. To make
the mineral surface hydrophobic (if needed) a collector is added to the flotation pulp. Currently, there
is hardly any satisfactory scientific theory describing the collector selectivity for mineral surfaces,
and most of the reagents presently used were discovered by empirical and/or trial and error methods.
Several known chelating agents have been modified to make them act as selective flotation collectors
with some degree of success (Bustamante and Shergold, 1983; Marabini et al., 2007). The problem
is that almost all of the chelating groups form complexes with almost all of the transition and many
non-transition metals. Hence, absolute selectivity does not exist, especially where the cations
participating in the complexation reactions are the same. One way to improve the selectivity is to use
other reagents, depressants, to hinder the flotation of undesired minerals. This will improve the
selectivity of the flotation scheme but does add an additional reagent cost and complexity.
As the easy to access and high grade ores are steadily depleting, it is becoming more and more urgent
to find efficient techniques to exploit low-grade, complex and disseminated type of ore deposits and
old tailings dumps (Steiner et al., 2015). In this, the development of new selective reagents
(collectors) by correlating the chemical structure of a surface-active molecule directly to the physicochemical activity of a mineral is of particular interest (Pradip et al., 2002b).
The minerals studied here have been chosen due to their similarities and importance for the industry.
Especially apatite and calcite are often being found together and are difficult to separate. These
minerals behave more or less the same in their interaction with flotation collectors (at least regarding
oleate) which is due to these minerals containing calcium in surface sites; which is a major factor in
their problematic separation. As they all have the same positive calcium group targeted by the
negatively charged flotation reagent they are also useful to study, and to show any possible
differences in their interaction with surfactants having more than one functional group.
Reagents
Much research has been performed on the adsorption of fatty acid collectors to calcium mineral
surfaces and comprehensive reviews have previously been published in the literature (Finkelstein,
1989; Hanna and Somasundaran, 1976; Horta et al., 2016; Lu et al., 1998; Rao and Forssberg, 1992).
Despite this, there is still no common solution for their separation processes on an industrial level
(Abouzeid, 2008) This is partially due to the complexity of the minerals themselves and in part due
to the high reactivity of the collectors employed for this purpose. The traditional collectors have a
low selectivity with depression of unwanted minerals being the way to selectively separate calcium
minerals, but with limited success. The most common depressant for calcium mineral separation is
starch, which has a higher affinity towards calcite over apatite, thereby adsorbing more on the calcite
surface and blocking collector adsorption (Kawatra and Carlson, 2014; Leal Filho et al., 2000).
In theory, it would be more efficient to design a selective collector based on interactions with the
whole surface and not only on a single constituent, i.e. designing a collector that recognizes the
surface of a mineral and takes into account the differences in the crystal structure of the mineral
surfaces.
The discoveries in bio-mineralization that molecules with the same functional groups, but different
distances between them, will interact differently with the inorganic surface suggest the possibility of
designing crystal structure specific reagents (Mann, 1993, 1988; Pradip et al., 2002a). The same
7

influence with reagents having only one functional group was not observed, indicating that the
distance between functional groups is an important factor in selectivity for crystal growth inhibition.
These concepts have been successfully applied to the rational design and synthesis of molecules,
either for the control of crystal morphology, or to inhibit crystal growth processes through the
recognition of specific crystal surfaces (Davey et al., 1991).
Conventional collectors
There are many different types of collectors used for mineral flotation. While the collectors listed
here might not all be conventional for calcium flotation, they are all commercially available and used
in flotation separation.
Table 1. Structure of some conventional collectors used in flotation of calcium minerals

Collector

Molecular structure of the functional group
O

Oleate
R

O

–

O

Hydroxamate

O
R

–

N

O

–

O
O

O
O

Sulfosuccinamate

O

–

–

S

N
R

O
O
O

O

–

R

Atrac 1563

O

O
O

O

O

O

–

O

Sarcosinate

N
R

O

–

Oleate, or sodium oleate is one of the most traditional collectors used in flotation. It is an anionic fatty
acid, a relatively weak acid as such with the chemical formula C17H33COOH. The functional groups
is a carboxylic functional group (COOH), shown in Table 1. While it might not always be the best
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collector for a mineral system, as it is more reactive then selective, it is a very well-studied collector,
which has been tested in a wide variety of systems over the years.
Hydroxamates are anionic collectors that have CONO as the functional group (Table 1). It has a
similar behavior as the carboxylic collectors, possibly due to similarities with the, and both collectors
having electronegative functional groups. Flotation separation with hydroxamates have been used in
many different systems like iron ore, tin, tungsten and rare-earth minerals and have shown themselves
to be very selective (Pradip et al., 2002b). Examples of commercially available collectors in this
family are the AM2 flotation reagent developed by Ausmelt Ltd and AERO 6493 developed by
CYTEC.
Sulfosuccinamate collectors are alkylated succinate acids with a sulphonate group attached between
the groups and can be seen in Table 1. The reagent have several carboxylic groups with different
distances between them and has as such similarities to the oleates. They were developed to be more
selective than the oleates with its many carboxylic groups and the varying distances between them
(Cytec Industries, 2002). A commercial example of this type of collector is AERO 845 from CYTEC
Atrac is a commercially available reagent from Akzo Nobel, Sweden. It is currently used for apatite
flotation by LKAB in their Kiruna and Svappavaara plants in Sweden. The actual structure is not
known as it is proprietary information but from the safety data sheet, it is known to contain
ethoxylated tall oil ester of maleic acid and maleic anhydride (Table 1). While the aim is apatite
removal it has been shown that the collector also adsorbs on the iron mineral surfaces, which may
lower the quality of the green pellets produced. Investigations by Potapova et al has proposed a
structure for the groups involved in the interactions with iron ore (Potapova et al., 2010), It is likely
that the collector interaction with apatite will be from the carboxylic groups.
Another group of collectors is based on sarcosine, a carboxylic acid coupled to a methylated nitrogen
via a spacer carbon, seen in Table 1. The methyl group on the nitrogen will make it adsorb stronger
on a suitable surface than similar glycine based surfactants (same structure as sarcosinate if the methyl
group is removed). A drawback with the methyl group could be that the nitrogen lacks the possibility
of hydrogen bonding that the hydrogenated nitrogen has. The hydrogen bonding possibility is a little
more advantageous for good packing when used as a surfactant (Bordes et al., 2010). A commercially
available reagent of this type is Berol A3 from Akzo Nobel.
Mixtures of collectors
At times using only one collector might not be sufficient or yield the best result. Combining several
surface active reagents could help by improving selectivity towards one mineral over another or by
further depressing gangue. One collectors in this study (AERO 845) has a recommendation to
combine it with other collectors, while A6494 is a combination of the hydroxamate collector A6493
and vegetable oil. Historically, several of the early dithiophosphate collectors offered by Cytec were
mixtures (Cyanamid, 1976):
•
•

Aerofloat 208 – 50 % diethyldithiophosphate and 50 % disec-butyldithiophosphate,
Aerofloat 242 – 94 % dicresyldithiophosphate and 6 % thiocarbanilide

The strategy for doing such combinations is not entirely clear. Most combinations appear to have
been found without much of scientific basis. One example of the benefit of using an addition of longchained alcohol to hydroxamate is published (Miller et al., 2002a, 2002b). However, it is not clear
how the authors came to the conclusion to try this mixture. In searching for background information
for this thesis, no conclusive literature references regarding how to select combinations of surfaceactive reagents to get the best packing of a hydrophobic layer at the mineral surface have been found.
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Novel collectors
To investigate the idea behind this thesis (to use the recognition mechanism in bio-mineralization to
separate minerals), reagents having two functional groups differently spaced were synthesized in an
attempt to design not only metal-specific but also structure-specific reagents. This in an attempt to
make them compatible with the relative positions of the metal ion sites available on the surface, as
illustrated in Figure 5.

Figure 5. Collector with two negative functional groups interacting with the positive sites on a simplified
metal oxide surface, where R is the hydrophobic tail of the collector, Fn- is the negatively charged functional
group, M is the positive metal ion and O is the negatively charged oxide.

A scientific approach to designing mineral separation reagents involves two important surface
chemical aspects:
i.

Selection of the appropriate functional group

ii.

Design of the corresponding molecular architecture depending on its intended use

The structure specificity in mineral-reagent interactions, even though not specifically stated, can be
noticed in the flotation of calcium minerals. Among calcium minerals, the dominant flotation of
fluorite using conventional fatty acid collectors has been attributed to the better templating effects at
the fluorite surface as seen for oleate (Arad et al., 1993). The different flotation response of chloroand fluoro-apatites using oleate has been attributed to their different crystal structures (Sorensen,
1973). Amino-carboxylic fatty acids have been found to be effective in fluorite-calcite separation
(Baldauf, H., Schubert, H., and Kramer, 1985). Diphosphonic acid collectors with varying link
lengths exhibited different flotation response for apatite and calcite (Collins et al., 1984; Kotlyarevsky
et al., 1984).The selectivity of these reagents may be attributed to their geometrical match and
compatibility at the mineral surfaces.
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2 Theory and Experimental Methods
2.1 Reagents
Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used as pH regulators for all
experiments. In the zeta-potential measurement sodium chloride (NaCl, 0,01 M) was used as the
background electrolyte.
Lauroyl chloride, l-aspartic acid, l-glutamic acid, aminomalonic acid diethyl ester hydrochloride, lglycine ethyl ester, lithium aluminum hydride, calcium chloride anhydrous were purchased from
Sigma–Aldrich, USA. Dodecylamine, bromoacetic acid, bromopropanoic acid, bromoacetic acid
methyl ester, bromopropanoic acid methyl ester, and carbon disulfide were purchased from AlfaAesar, UK. Sodium hydroxide, hydrochloric acid 37%, ethanol, tetrahydrofuran (THF) anhydrous
were purchased from VWR, Sweden. All these reagents were used as received. Pyridine (Aldrich,
99%) was used freshly distilled in vacuum and stored over potassium hydroxide (KOH).
The hydroxamate and sulfosuccinamate collectors used in the bench scale flotation were received by
courtesy of Cytec, USA and used according to their instructions. The Na-oleate reagent is of technical
grade and was received from Avantor Performace Materials. The Atrac collector was received from
LKAB as it is their standard collector (manufactured by Akzo Nobel, Sweden)

2.2 Novel Collectors
The novel collectors used in this work were synthesized at both Chalmers University of Technology
(CTH), left column, and at Luleå University of Technology (LTU), right column, Figure 6. The
reagents synthesized at Chalmers University are amino acid derivatives, which are suspected to be
less detrimental for the environment compared to traditional collectors. The functional group in all
the synthesized surfactants involved in the mineral surface interaction is the carboxylic group
(COOH). However, to separate the two different groups of surfactants from each other when
discussing in general, they are referred to as amides (surfactants on the left side in Figure 6) or amines
(surfactants on the right in Figure 6).

11

H
N
O

C12GlyNa

H
N

C14H26NNaO3

C12sp1Na
C14H28NNaO2

COO- Na+

Mol. Wt.: 265.4

Mol. Wt.: 279.4

H
N
O

COO- Na+
-

COO Na

+

C12MalNa2

COO- Na+
N

C15H25NNa2O5

C12sp11Na2

COO- Na+

C16H29NNa2O4
Mol. Wt.: 345.4

Mol. Wt.: 345.4

H
N

COO- Na+
COO- Na+

O

H
N
O

COO- Na+

COO- Na+
COO- Na+

C12AspNa2

COO- Na+

C12sp12Na2

N

C16H27NNa2O5

COO- Na+

Mol. Wt.: 359.4

C17H31NNa2O4
Mol. Wt.: 359.4

COO- Na+

C12GluNa2
C17H29NNa2O5
Mol. Wt.: 373.4

Chalmers University of Technology, Gothenburg, Sweden

C12sp22Na2

N
-

COO Na

+

C18H33NNa2O4
Mol. Wt.: 373.4

Luleå University of Technology, Luleå, Sweden

Figure 6. Collector molecules synthesized at Chalmers (left) and LTU (right) and used for apatite and calcite
flotation.

The synthesis route for the CTH compounds is outlined in Figure 7. The malonate and glycine based
surfactants have been prepared via an ester protected route while the aspartate and the glutamate were
prepared by the Schotten-Baumann reaction.

Figure 7. Schematic diagram of synthesis of calcium-mineral specific (carboxylic acid terminated) collectors
carried out at CTH (Bordes and Holmberg, 2011).

C12MalNa2 (Mal): The diethyl ester of the malonate amino acid (47 mmol) was dissolved in pyridine
(100 mL) in a round-bottomed ﬂask. Lauroyl chloride (47 mmol) in THF (100 mL) was added under
stirring at room temperature. A precipitate appeared and the suspension was stirred for 18 hours. The
mixture was poured into aqueous hydrochloric acid (1.5 L, 1 M) and stirred. After 2 hours the
suspension was ﬁltered and the solid diethyl ester of the dicarboxylate surfactant was washed with
water and dissolved in ethanol (150 mL) in a round-bottomed ﬂask. Sodium hydroxide (2 M, 2 eqv.)
in ethanol (30 mL) was then added, leading to a white precipitate, which was isolated by ﬁltration
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with a 95% yield. The substance was confirmed using NMR: 1H NMR (D2O, δ 0.85 (t, 3 protons), δ
1.26 (m, 16 protons), δ 1.58 (m, 2 protons), δ 2.30 (t, 2 protons), δ 3.33 (s, 1 proton)), 13C NMR (D2O,
δ 13.96, 17.07, 22.68, 29.35, 29.86, 36.07, 49.11, 57.62, 62.19, 174.39, 175.62) (Bordes and
Holmberg, 2011).
C12AspNa2 (Asp) and C12GluNa2 (Glu): A suspension of amino acid (310 mmol) was prepared in a
mixture of water/acetone (210 mL/150 mL) in a round-bottomed ﬂask. pH was set to 12 with an
automatic titrator ﬁlled with a solution of sodium hydroxide (2.5 M). Lauroyl chloride was added
drop-wise under stirring at 5°C and stirring was continued for 90 minutes. The mixture was then
cooled to 0°C and stirred for 2 hours while the pH was kept at 12. The solution was warmed to room
temperature after which then the pH was lowered to 2. A white precipitate appeared which was
filtered and washed with water. The product was recrystallized three times in toluene. The product
was dissolved in ethanol, and a solution of sodium hydroxide was added (2 M, 2 eq.). The subsequent
precipitate was isolated by ﬁltration with a 74% yield.
The substances were confirmed by NMR:
•

•

C12AspNa2: 1H NMR (D2O, δ 0.85 (t, 3 protons), δ 1.26 (m, 16 protons), δ 1.56 (m, 2 protons),
δ 2.24 (t, 2 protons), δ 2.56 (d, 2 protons), δ 4.38 (t, 1 proton)), 13C NMR (D2O, δ 14.02, 22.71,
25.67,29.28, 29.36, 29.42, 29.61, 29.71, 31.99, 36.25, 40.16, 52.97, 176.08, 178.98, 179.10).
C12GluNa2: 1H NMR (D2O, δ 0.83 (t, 3 protons), δ 1.24 (m, 16 protons), δ 1.56 (m, 2 protons),
δ 1.85 (m, 1 proton), δ 2.02 (m, 1 proton), δ 2.23 (m, 4 protons), δ 4.12 (m, 1 proton)), 13C
NMR (D2O, δ 13.98, 22.65, 25.72, 29.15, 31.90, 34.40, 36.16, 55.42, 176.39, 179.16, 182.36).

C12GlyNa (Gly): l-glycine ethyl ester (10 g) was dissolved in pyridine (20 mL) in a round-bottomed
ﬂask under reﬂux. Dodecyl chloride (15.7 g) was added drop-wise under stirring, leading to a white
precipitate. The solvent was evaporated and the product dispersed in water, stirred and then ﬁltered
and recrystallized from ethanol. The N-dodecyl ester formed was dissolved in ethanol (100 mL) and
aqueous sodium hydroxide (2 M, 35 mL) was added drop-wise under stirring, leading to a white
precipitate of the sodium salt of the surfactant. The yield was 46%.
The substance was confirmed by NMR: 1H NMR (D2O, δ 0.83 (t, 3 protons), δ 1.25 (m, 16 protons),
δ 1.57 (m, 2 protons), δ 2.26 (t, 2 protons), δ 3.70 (s, 2 protons)), 13C NMR (D2O, δ 13.84, 22.58,
25.67, 29.07, 29.24, 29.46, 29.56, 31.84, 36.09, 43.44, 176.49, 176.91).
The compounds synthesized in house at LTU, see the right column in Figure 6, were synthesized
using the scheme shown in Figure 8.

Figure 8. Schematic diagram of synthesis of calcium-mineral specific (carboxylic acid terminated) collectors
carried out at LTU (Patra et al., 2014).

C12sp1Na (sp01): Dodecylamine (10 g, 54 mmol, 2 eq.) was dissolved in ethanol (50 mL) in a roundbottomed ﬂask. Bromoacetic acid (3.75 g, 27 mmol, 1 eq.) was added drop-wise under stirring,
leading to a white precipitate. The mixture was set for reflux for 24h, dissolving the precipitate. The
solvent was evaporated and the product was purified by repeated crystallization in ethanol with a 76%
yield (Patra et al., 2014). The NMR data: 1H NMR (D2O, 360 MHz): δ 3.2 (s, 2H), 2.6 (t, 2H), 1.5
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(br t, 2H), 1.3 (br m, 18H), 0.9 (t, 3H). 13C NMR (D2O, 90 MHz): δ 182.2, 56.2, 52.3, 36.7-28.5, 26.0,
17.3.
C12sp11Na2 (sp11): C12sp1Na (1.33 g, 5 mmol, 1 eq.) was dissolved in ethanol (20 mL) in a roundbottomed ﬂask. Bromoacetic acid (0.70 g, 5 mmol, 1 eq.) was added drop-wise under stirring, leading
to a white precipitate. The mixture was set for reflux for 24h, dissolving the precipitate. The solvent
was evaporated and the product was purified by repeated crystallization in ethanol. The yield was
62%. The NMR data: 1H NMR (D2O, 360 MHz): δ 3.2 (s, 4H), 2.6 (t, 2H), 1.5 (br t, 2H), 1.3 (br m,
18H), 0.9 (t, 3H). 13C NMR (D2O, 90 MHz): δ 182.3, 62.6, 59.3, 36.7-28.5, 26.0, 17.3.
C12sp12Na2 (sp12): C12sp1Na (1.33 g, 5 mmol, 1 eq.) was dissolved in ethanol (20 mL) in a roundbottomed ﬂask. Bromopropanoic acid (0.77 g, 5 mmol, 1 eq.) was added drop-wise under stirring,
leading to a white precipitate. The mixture was set for reflux for 24h, dissolving the precipitate. The
solvent was evaporated and the product was purified by repeated crystallization in ethanol. The yield
was 41%. The NMR data: 1H NMR (D2O, 360 MHz): δ 3.2 (s, 2H), 2.9 (t, 2H), 2.6 (t, 2H), 2.4 (t,
2H), 1.5 (br t, 2H), 1.3 (br m, 18H), 0.9 (t, 3H). 13C NMR (CDCl3, 90 MHz): δ 184.2, 181.3, 60.7,
57.5, 54.0, 37.4, 36.3-27.6, 25.7, 17.0.
C12sp22Na2 (sp22): The synthesis was performed using a similar scheme as for the preparation of
C12sp11Na2, but using bromopropanoic acid instead of bromoacetic acid for both the steps. The
stoichiometry remained unchanged. The yield was only 28%. The NMR data: 1H NMR (D2O, 360
MHz): δ 2.9 (t, 4H), 2.6 (t, 2H), 2.4 (t, 4H), 1.5 (br t, 2H), 1.3 (br m, 18H), 0.9 (t, 3H). 13C NMR
(CDCl3, 90 MHz): δ 184.0, 56.6, 53.0, 37.1, 36.7-28.5, 26.0, 17.3.

2.3 Materials
Apatite and calcite were procured as pure crystal blocks from Gregory, Bottley & Lloyd Ltd., United
Kingdom. The crystal blocks were crushed in a jaw crusher and subsequently milled in a dry stainless
steel rod mill after which the product was screened to collect the 38-150 μm size fraction used for
micro-flotation. The smallest size fraction (≤5 μm) used in the zeta-potential measurements was
produced using a Fritch Pulverisette 2 mortar grinder and was screened on a 5 μm polymer cloth sieve
(Nybolt PA-5/1) in an ultrasonic water bath. The ore material for the bench scale flotation came from
sampling of the underflow from the tailings thickener in the LKAB KA2 concentrator and can be
seen in Table 2. Analyses of this material was performed by ALS Scandinavia (see Paper V for more
information).
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Table 2. Main elements and REE in underflow thickener.

Main element Assay (%)
SiO2
45.8
Al2O3
8.37
CaO
14.61
Fe2O3
10.41
K2O
1.95
MgO
6.86
MnO
0.22
Na2O
2.82
P2O5
6.38
TiO2
1.25
L.O.I.
≈4

REE
Assay (mg/kg)
Sc
35.6
Y
178
La
339
Ce
627
Pr
70.9
Nd
256
Sm
40.9
Eu
5.84
Gd
36.9
Tb
5.03
Dy
26.9
Ho
5.85
Er
16.1
Tm
2.14
Yb
13.4
Lu
2.1
TOTAL
1 661

2.4 Flotation
Froth flotation is one of the most important and widely used methods in mineral processing to separate
minerals from gangue. The method aggregates air bubbles and minerals in an aqueous solution with
the aggregates then following the flow of air bubbles to the surface. Whether the mineral particle
attaches to the air bubble is determined by thermodynamics. The attraction force between the water
molecules and the mineral surface is called the work of adhesion (WAD) and is calculated as:
𝑊𝑊𝐴𝐴𝐴𝐴 = 𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝐿𝐿𝐿𝐿 − 𝛾𝛾𝑆𝑆𝑆𝑆

(1)

where , γSL is the surface tension between the solid and liquid phase, γLG is the surface tension between
the liquid and gas phase and γSG is the surface tension between the solid phase and the gas phase.
This is related to what degree of wettability the surfaces of the mineral particles have. Wettability is
essentially how much a drop of a certain liquid will spread on a surface in the presence of air.
Assuming the surface is flat and rigid the equation for surface tension is simplified to the Young
equation (2).
𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝐿𝐿𝐿𝐿 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(2)

where γSG is the surface tension between the solid phase and the gas phase, γSL is the surface tension
between the solid and liquid phase, γLG is the surface tension between the liquid and gas phase and θ
is the contact angle of the drop at the boundary point.
Combining the surface tension with the work of adhesion yields the equation:
𝑊𝑊𝐴𝐴𝐴𝐴 = 𝛾𝛾𝐿𝐿𝐿𝐿 (1 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

(3)

From this equation, it is easy to see that a large contact angle is preferable given that we want the
attraction force between the mineral surface and the air to be as large as possible (Parekh and Miller,
1999; Rao, 2004; Wills, 2006).
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Thus, the contact angle describes the wettability of a surface where a large θ correspond to a
hydrophobic surface, from greek hydro, meaning water and phobic, meaning fear. A low θ
corresponds to a hydrophilic surface, from greek philia, meaning love. High wettability results in less
interaction with the gas phase and more with the water phase, with water spreading itself over the
surface. A low wettability results in more interaction with the gas phase and low water phase
interaction, with air taking on more of a drop shape to reduce water-solid interaction. However, as
Figure 9 represent the opposite scenario, with a mineral surface in water, the behavior is changed in
the sense that the air bubble will spread when interacting with a hydrophobic surface, and form a
more rounded bubble when interacting with a less hydrophobic surface.

Figure 9. Schematic image of wettability showing a bubble of air attached to a solid mineral surface in a
water solution. The left side of the picture represent more hydrophobic interaction while the right side
represent less hydrophobic interaction

When a surface active reagent (collector) adsorbs to the mineral, it shields the surface from the water
molecules and the water interacts with the collector instead of the mineral. If the collector is
sufficiently hydrophobic, it will increase γSG enough to promote the collector-mineral complex to
attach to air bubbles and follow them to the pulp surface where they can be skimmed off. Only adding
collector is usually not enough. Other reagents may have to be added for improved recovery or control
of the process; for example depressants, to prevent unwanted minerals or gangue to float, frothers to
stabilize the froth so that the bubbles do not burst and release the minerals before they have been
skimmed off, and modifying reagents to facilitate the collector-mineral adsorption. (Rao, 2004; Wills,
2006)
The adsorption interaction between mineral and collector can be divided in two major groups,
chemical adsorption and physical adsorption. Chemical adsorption, or chemisorption, is when there
is an actual electron transfer in the form of a covalent bond between the mineral and the surfactant
molecule. This is common in surface precipitation of oleates on calcium minerals (Finkelstein, 1989;
Hanna and Somasundaran, 1976; Hanumantha Rao and Forssberg, 1991; Horta et al., 2016; Lu et al.,
1998; Rao et al., 1991; Young and Miller, 2000). It generally has a higher energy change relative to
physical adsorption as well as an initial activation stage. The process is in most cases irreversible and
results in monolayers as a first stage. Physical adsorption, or physisorption, is commonly reversible,
involves weak interactions, has a high rate of adsorption and can result in formation of mono, double
or multilayers. The most prominent forces involved are electrostatic interaction and van der Waals
forces (Rao, 2004).

2.4.1 Modified Hallimond tube flotation
The modified Hallimond flotation tube technique uses a small glass tube (100 ml) with fritted glass
at the bottom with a second tube attached on top with a collecting tube attached to test flotation
recovery quickly and cheaply (Fuerstenau et al., 1957). The Hallimond tube is filled with
deionized/distilled water and the mineral (~1 g or less of pure mineral or a mixture of two minerals)
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with magnetic stirring or another agitator is placed on the sinter and air is introduced from underneath
the sinter. Any hydrophobic particles will follow bubbles to the top of the second tube and fall back
into the float collecting tube where it can be removed and weighed after the experiment to evaluate
the recovery. The method has been used for several years; however, there is still debate over how
accurately it can predict flotation recovery (Pålsson, 2017). The major concerns include the lack of
frother in the experiments making it more of a hydrophobicity test; and the use of distilled/deionized
water and pure minerals, not entirely a true representation of the normal flotation process.

Figure 10. Modified Hallimond tube flotation cell used in this thesis

The micro flotation tests presented in this thesis were done in a 100 ml Hallimond tube flotation cell
with an aqueous suspension of 1 g of pure mineral in the size fraction -150+38 μm. The mineraldeionized water suspension was conditioned for 10 minutes at the desired pH and concentration,
transferred to the Hallimond tube and floated for 1 minute. The flotation recovery was calculated as
the mass-ratio between the floated particles and the total number of particles. The mineral recovery
was calculated according to equation (4)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑚𝑚𝑓𝑓
× 100
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡

(4)

Where mf is the mass of floated mineral and mtot is the total mass of mineral used in the experiment.
The pH was adjusted using NaOH or HCl to reach the correct value. The experiments at natural pH
were performed without adjusting or measuring the pH, however, the pH values are assumed to be in
the proximity of neutral pH. Due to the difficulty of synthesizing large amounts of the amine
surfactants, it was not possible to perform flotation experiments using neither C12sp01 nor C12sp22.

2.4.2 Bench scale flotation
Bench scale flotation uses small cells (2.7L in these experiments) and a small amount of ore (1 kg).
The cell has a mechanical stirrer to both agitate and introduce air into the flotation pulp. The pulp
density is much more similar to the actual plant situation compared to Hallimond flotation, and both
frother and process water is commonly used. The process is usually done in several stages to mimic
the actual stages in plant flotation.
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Figure 11. Bench scale flotation cell. Tilted back for cleaning.

Before flotation, the ore was ground for two minutes in a stainless steel mill followed by a pre-float
to remove talc from the material. The bench scale apatite rougher flotation was performed using a 2.7
l cell from WEMCO in three subsequent pulls. The experiments were performed at pH 9 with a total
collector concentration of 200 g/ton of varying combinations (200 g/ton pure collector or a
combination of 100 g/ton collector and 100 g/ton Na-oleate; where the oleate was added before or
after the other collector, as indicated in the experiment). The collector mixing time was 10 minutes
and the flotation times were 1+2+5 minutes. The water used for flotation was either tap water or
process water from LKAB Kiruna.
The reagents were Na-olate, Cytec A6493 (30 weight-% solution of C8-C10 hydroxamate), Cytec
A6494 (same as A6493 but with vegetable oil added to increase flotation), Cytec S9849 (same as
A6493 with foam depressant added), Cytec Aero 845 (sulfosuccinamate) and Akzo Atrac 1563 (a
mixture of etoxylated tall oil and maleic acid). The feed material was from sampling of an underflow
tailings thickener (Table 2).

2.5 Zeta-potential
Zeta-potential is the electric potential difference between the shear plane of a moving particle and the
stationary liquid the particle is dispersed in. The most common way to calculate the zeta-potential is
by experimentally determining the electrophoretic mobility by electrophoresis. The electrophoretic
mobility is then calculated using the Smoluchowski equation (5)
𝜇𝜇𝐸𝐸 × 𝜂𝜂
(5)
𝜀𝜀
where µE is the particles electrophoretic mobility, η viscosity of the solution, ε is the permittivity
(dielectric) and ζ is the zeta-potential.
𝜁𝜁 =

When a charged particle is in contact with an aqueous solution, the free ions in the solution will cover
the charged particle with an immobile stationary layer of ions of opposite charge (counter ions) to
that of the particle called the Stern layer or compact layer. Outside of this layer a second mobile layer
of counter ions called the diffuse layer will form. These two layers, the diffuse and the Stern layer,
are called the electrical double layer, or simply the double layer. The zeta-potential is the electrostatic
potential at the boundary between these two layers (Fuerstenau et al., 1985; Shaw, 1992).
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By placing aqueous particles in an electric field and measuring their mobility, the zeta-potential can
be calculated. This is an important parameter for the understanding of several chemical and biological
processes, agglomeration stability of fine particles for instance. In this thesis however, zeta-potential
is used to monitor the mineral surface. By examining the zeta-potential, we can see if the mineral
particle surface is changed for different pH or collector concentrations. This can indicate collector
adsorption or affinity for the mineral surface (Fuerstenau et al., 1985; Shaw, 1992).
Zeta-potential measurements were done using a ZetaCompact (CAD instruments) instrument. The
background electrolyte was 0.01 M NaCl and the mineral solid concentration was 50 mg/dm3. Each
sample was equilibrated on a laboratory shaking table for 10 minutes. Due to the high number of
particles in the sample, it was necessary to dilute the mineral water suspension four times before
measurement in the ZetaCompact for some of the experiment series. The results were calculated using
the Schmoluchowski equation in the Zeta4 software®. Each data point is an average of three
measurements with different aliquots.

2.6 Diffuse Reflectance Fourier Transform Spectroscopy (DRIFT)
Infrared (IR) spectrometry uses light in the infrared region and is split in three groups, near infrared
(NIR) 14000-4000 cm-1, mid infrared (MIR) 4000-400 cm-1 and far infrared (FIR) 400-10 cm-1. Light
in the infrared region has the right frequency to excite atoms in molecules, making them move to
release the energy absorbed. As the IR-beam passes through a sample with molecules, energy is
absorbed. Different bonds will absorb energy from different frequencies. A detector on the opposite
side of the sample measures the beam that has passed through and calculates an absorbance spectrum.
IR spectroscopy has a very wide array of applications and several different methods have been
developed over the years (Griffiths and Haseth, 2007). One such method is Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS). It is a method that has been developed
specifically for powder samples. The infrared beam is directed towards the sample where the beam
is then partially absorbed as it refracts, diffracts and reflects before exiting the sample. The fraction
of the incident beam that escapes the sample is called the diffusely refracted beam and is recorded.
The recorded spectra is then ratioed against a nonabsorbing reference spectra (normally KBr) to get
the reflectance spectra (R(v)). The reference spectra must be converted to be linear towards
concentration using the Kubelka-Munk theory (Griffiths and Haseth, 2007).
The DRIFTS measurements were performed using a Bruker IFS 66 v/S instrument with a deuterated
triglycine sulfate (DTGS) detector to investigate the amount of surfactant present at the mineral
surface. The -5 μm fractions were conditioned for 10 minutes, at different pH and concentration. The
samples were washed three times with deionized water and filtered to remove any molecules not
chemically adhered to the surface. The samples were air-dried overnight at room temperature. The
dried samples were mixed with potassium bromide to give a 13 wt.% concentration. The spectra were
recorded using 128 scans at a resolution of 4 cm-1. Due to calcite having two bands overlapping with
the CH2-band absorption region, a spectrum of pure (freshly ground) calcite was subtracted from the
spectrum of surfactant-coated calcite to find the spectrum for the adsorbed collector only. The spectra
were then normalized via the highest peak in the CH2-band absorption region. As the experiments
were not repeated multiple times there are no error bars presented in the DRIFTS-graphs in this thesis.

2.7 NMR
Nuclear magnetic resonance (NMR) is a phenomenon which occurs when the nuclei of certain atoms
are immersed in a static magnetic field and exposed to a second oscillating magnetic field. Some
nuclei experience this phenomenon, and others do not, depending on the presence or absence of spin
in the nuclei. Nuclear magnetic resonance spectroscopy uses the NMR phenomenon to study physical,
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chemical, and biological properties of matter. There are two major interactions within NMR
spectroscopy: chemical shift and spin-spin coupling.
First, chemical shift: When an atom is placed in a magnetic field, its electrons circulate along the
direction of the applied magnetic field. This circulation causes a small magnetic field at the nucleus,
which opposes the externally applied field. The magnetic field at the nucleus (the effective field) is
therefore generally less than the applied field by a fraction σ:
𝐵𝐵 = 𝐵𝐵0 (1 − 𝜎𝜎)

(6)

where B is the magnetic field interacting with the sample, B0 is the external magnetic field and σ is
the shielding constant (Hore, 1995).
The electron density around each nucleus in a molecule varies according to the types of nuclei and
bonds in the molecule. The opposing field and therefore the effective field at each nucleus will vary.
This is called the chemical shift phenomenon. The chemical shift is a precise measurement of the
chemical environment around a nucleus.
Spin-Spin Coupling: Nuclei experiencing the same chemical environment or chemical shift are called
equivalent. Those nuclei experiencing different environments or having different chemical shifts are
nonequivalent. Nuclei that are close to one another exert an influence on each other's effective
magnetic field. This effect shows up in the NMR spectrum when the nuclei are nonequivalent. If the
distance between non-equivalent nuclei is less than or equal to three bond lengths, this effect is
observable. This effect is called spin-spin or J coupling.

2.8 Total Organic Carbon
Total Organic Carbon (TOC) is a method to measure the amount of organic carbon in a sample. By
first measuring the total carbon content, i.e. organic and inorganic carbon, and then measuring and
deducting how much inorganic carbon (mostly CO2/CO3) is present. By first acidifying one aliquot
of the sample, it is possible to transform the inorganic carbon to CO2 which can be measured.
Following this, the second aliquot can be combusted whereby all carbon is converted to CO2 and
measured. The organic carbon is then calculated as TC minus IC. There are several different ways to
measure the CO2 concentration Non-dispersive Infrared (NDIR) has been used in this work.
The instrument used for the Total Organic Carbon (TOC) was a TOC-V from Shimadzu Corporation,
Kyoto, Japan. In this instrument, TOC was determined according to the European standard method
EN 1484 (CEN, 1997) to investigate how much surfactant was left in the solution after suspension
and from this the amount of surfactant adsorbed on the mineral surface was calculated. IC (inorganic
carbon) was analyzed by preparation of the samples with phosphoric acid. TC (total carbon) in the
samples was analyzed by oxidation of all carbon present in the sample to carbon dioxide by
combustion at 680 °C. The produced carbon dioxide was analyzed using Non-Dispersive Infrared
(NDIR) technology. TOC was calculated as the difference between TC and IC. The samples were
diluted using deionized water 1:4 to get sufficient volume for the TOC measurement.
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3 Results
The result section is divided into three sections (one for each type of collector series) containing
multiple parts for each mineral and analysis method. The three types of collectors are amide, amine
and conventional (in regards to them being commercially available). The amide and amine sections
were investigated using Hallimond tube flotation and zeta-potential. The results were further
substantiated using DRIFTS for the amide type collectors and TOC for the amine type collectors. The
conventional collectors were investigated using batch cell flotation complemented by zeta-potential.

3.1 Collectors 1 (Amide groups)
The amide collectors (C12GlyNa, C12MalNa2 C12AspNa2, and C12GluNa2) were produced at
Chalmers University of Technology and were the first molecules examined in this research project.
The only difference between the surfactants with more than one functional groups is the distance
between said groups. The monofunctional C12GlyNa was included in the experiment as a reference
to be able to attribute differences in adsorption/recovery to the distance between the groups.

3.1.1 Apatite
Zeta-potential measurements
Zeta-potential of apatite with amide surfactants was measured as a function of pH in the range of 2 –
12 with a constant surfactant concentration of 2 × 10-4 M, as a function of concentration at natural
pH, and at pH 10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The measurements were done using NaCl
as background electrolyte at a concentration of 1 × 10-2 M. The data is presented in Figure 12a, b and
c respectively. In Figure 12a, which shows zeta-potential as a function of pH for apatite with and
without surfactant present; the isoelectric point for pure apatite is slightly below pH 4. The isoelectric
point is of interest due to the charge reversal it represents, which can be very important for flotation
possibility. In the presence of either C12GluNa2 or C12GlyNa the isoelectric point of apatite was
shifted slightly to below pH 3 while there was no isoelectric point found in the presence of either
C12MalNa2 or C12AspNa2 in the pH range examined. The zeta-potential of apatite in the presence
of collector is noticeably different compared to pure apatite at lower pH. With increasing pH the zeta
gets closer to the pure apatite surface for all surfactants except for C12MalNa2, which shows a strong
charge reversal over the entire region.
At pH 10.5 however only C12MalNa2 and C12GlyNa are showing lower zeta-potential than the pure
mineral with the remaining two surfactants not changing the zeta dramatically in any way indication
little or no adsorption.
At natural pH, Figure 12c, the zeta-potential is slightly lower for all surfactants over the entire region;
with C12MalNa2 showing the lowest zeta.
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a)

b)

c)

Figure 12. Zeta-potential measurement of apatite as a function of a) pH, in the presence of 2 × 10-4 M
collector, b) concentration at pH 10.5., c) concentration at natural pH.

Hallimond tube flotation
The flotation recovery of apatite with amide surfactants was measured as a function of pH in the range
of 2 – 12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at
natural pH and at pH 10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The data is presented in Figure
13a, b and c respectively. Despite the surfactants all having the same functional groups, there are very
noticeable differences in the flotation efficacy between the surfactants. As can be seen in Figure 13a,
at lower pH all surfactants except the monocarboxylic C12GlyNa achieved very or reasonable good
flotation response of apatite. However as pH increases recovery using all surfactants decreases
drastically to none or very little recovery at the highest pH. This is in fair agreement with the zetapotential data seen in Figure 17a.
With the difference between the dicarboxylic surfactants being largest at pH 10.5, this was selected
as an interesting region to examine the recovery as a function of pH (Figure 13b). Neither C12AspNa2
nor C12GluNa2 has any recovery in the concentration span that was examined. There is however good
recovery using C12MalNa2, which has the shortest distance between the functional groups, as well
as with the monocarboxylic C12GlyNa.This is in very good agreement with the zeta-potential data
(Figure 12b), where these two surfactant showed the drop in zeta-potential.
At natural pH, Figure 13c, all surfactants can recover apatite at some concentration, even if only at
the highest concentrations for C12GluNa2, which has the longest distance between the functional
groups, which agrees with the zeta-potential data (Figure 12c).
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a)
b)

c)

Figure 13. Flotation recovery of apatite as a function of a) pH, in the presence of 2 × 10-4 M collector, b)
concentration at pH 10.5, c) concentration at natural pH.

DRIFT
The normalized absorbance in the alkyl chain region for apatite at pH 10.5 after addition of surfactants
C12MalNa2 and C12GlyNa as functions of concentration are shown in Figure 14a and b. C12GlyNa
show a steep increase in the measured absorption around 8 × 10-4 M and onwards indicating
increasing amount of surfactant adsorbed on the surface in Figure 14a. A similar behavior with
increasing absorbance with higher surfactant concentration can be seen for C12MalNa2 in Figure 14b.
It does however lack the sharp increase, which can be seen for C12GlyNa in Figure 14a.
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a)

b)

Figure 14. Normalized absorption in the alkyl-chain region on apatite surface as a function of a) C12GlyNa
concentration and b) C12MalNa2 concentration.

3.1.2 Calcite
Zeta-potential measurements
Zeta-potential of calcite with amide surfactants was measured as a function of pH in the range of 6 –
12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at natural
pH and at pH 10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The measurements were done using NaCl
as background electrolyte at a concentration of 1 × 10-2 M. The data is shown in Figure 15a, b and c
respectively. The difference in the pH range compared to apatite is related to the alkaline nature of
CaCO3, which does not make it possible to accurately go any lower in pH. In the zeta-potential vs pH
graph, Figure 15a, all surfactants lower the zeta-potential of the calcite surface, however the zeta it is
still positive over most of the pH range. The exception is C12MalNa2, which is negative over the
entire region showing the strongest charge reversal. No isoelectric point was found for the pure calcite
surface. The isoelectric point of both C12AspNa2 and C12GluNa2 was found between pH 7 and pH
8, while the isoelectric point for C12GlyNa was found around pH 11.5.
At pH 10.5 vs concentration, Figure 15b, the zeta-potential is only lowered substantially by
C12MalNa2 and to some extent by C12GlyNa.The other two surfactants only change the zetapotential charge at the highest concentration, if at all.
At natural pH, Figure 15c, all surfactants can change the zeta-potential to negative at some
concentration, especially C12MalNa2.
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a)

b)

c)

Figure 15 Zeta-potential measurement of calcite as a function of a) pH, in the presence of 2 × 10-4 M
collector, b) concentration at pH 10.5., c) concentration at natural pH.

Hallimond tube flotation
The flotation recovery of calcite with amide surfactants was measured as a function of pH in the range
of 6 – 12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at
natural pH and at pH 10.5 and the data is presented in Figure 16a, b and c respectively. With a constant
collector concentration of 2 × 10-4 M, Figure 16a, all surfactant except C12MalNa2 can recover calcite
at some pH, however at higher pH only the monocarboxylic surfactant C12GlyNa showed any
flotation recovery. This is not in good agreement with the zeta-potential data as the largest change in
zeta-potential was for C12MalNa2.
With a constant pH of 10.5 and varying the concentration from 5 × 10-6 M to 1 × 10-3 M the trend is
the same in that C12MalNa2 had the most negative zeta-potential, despite no flotation recovery, while
C12GlyNa show a much smaller change in zeta at higher concentration, yet still has very good
recovery.
At natural pH, there is slightly more calcite recovery with the dicarboxylate surfactants C12AspNa2
and C12GluNa2, with longer distance between functional groups, as concentrations increase.
However, C12MalNa2 with the shortest distance between groups still show no calcite recovery.
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a)

b)

c)

Figure 16. Flotation recovery of calcite as a function of a) pH, in the presence of 2 × 10-4 M collector, b)
concentration at pH 10.5 and c) concentration at natural pH.

DRIFT
The normalized absorbance in the CH2-chain region for calcite at pH 10.5 after addition of surfactants
C12MalNa2 and C12GlyNa as functions of concentration are shown in Figure 17. C12GlyNa show a
sharp increase in the measured absorption near 8 x 10-4 M indicative of increasing amounts of
surfactant adsorbed on the surface in Figure 17a. A similar behavior with increasing absorbance with
higher surfactant concentration can be seen for C12MalNa2 in Figure 17b. It does however show a
much lower incline compared to what can be seen for C12GlyNa.
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a)

b)

Figure 17. Normalized absorption in the alkyl-chain region on calcite surface as a function of a) C12GlyNa
concentration and b) C12MalNa2 concentration.

3.1.3 Fluorite
Zeta-potential measurements
Zeta-potential of apatite with amide surfactants was measured as a function of pH in the range of 2 –
12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at natural
pH and at pH 10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The measurements were done using NaCl
as background electrolyte at a concentration of 1 × 10-2 M. The data is presented in Figure 18a, b and
c respectively. The isoelectric point of fluorite was found around pH 7 as seen in Figure 18a. All
surfactants change the zeta-potential at some pH, with C12GlyNa having the smallest change, and
C12MalNa2 having the largest change. At higher pH, the zeta-potential with all surfactants
approaches that of fluorite, but are not really reaching it.
With zeta-potential as a function of concentration at pH 10.5, there is a noticeable difference between
the two surfactants with the longer distance and the monofunctional C12GluNa and C12MalNa2 with
the shortest distance, where the longer distanced surfactants has a similar zeta-potential over most of
the concentration. At higher concentrations, the zeta-potential drops closer to that which is reached
with the other two surfactants. C12MalNa2 still has the lowest zeta-potential over most of the
concentration span.
At natural pH, Figure 18c, all surfactants drop the zeta-potential relatively sharply with increasing
concentration, except C12MalNa2, which has produces a very negative response over the entire
concentration span.
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a)

b)
c)

Figure 18. Zeta-potential measurement of flurorite as a function of a) pH, in the presence of 2 × 10-4 M
collector, b) concentration at pH 10.5, and c) concentration at natural pH.

Hallimond tube flotation
Flotation recovery of fluorite with amide surfactants was measured as a function of pH in the range
of 2 – 12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at
natural pH and at pH 10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The data is presented in Figure
19a, b and c respectively. With varying pH, Figure 19a, all surfactants show moderate or high
recovery up to pH 10 where recovery of fluorite drops drastically for all surfactants. This is in fair
agreement with the zeta-potential data seen in Figure 18a, where the largest difference in zetapotential compared to the pure fluorite surface is at lower pH, decreasing at higher pH.
When varying the concentration at pH 10.5 as seen in Figure 19b, the trend is similar in that all
surfactant show moderate or better recovery, at least at high concentration, which again is in
agreement with the zeta-potential data. The highest recovery was reached with C12GlyNa and
C12MalNa2, which changed the zeta-potential the most. The monofunctional C12GlyNa can recovery
fluorite at low concentrations, even if the recovery at modest at this pH, while C12AspNa2 and
C12GluNa2 only achieve moderate recovery at the highest concentration in the range.
At natural pH all surfactants show high fluorite recovery, all except the monofunctional C12GlyNa
has high recovery at very low concentrations. However, it should be noted that fluorite has a naturally
increased floatability in Hallimond tube cells compared to other laboratory setups.
No DRIFT measurement was performed for fluorite.
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b)

a)

c)

Figure 19. Flotation recovery of fluorite as a function of a) pH, in the presence of 2 × 10-4 M collector, b)
concentration at pH 10.5,and c) concentration at natural pH

3.1.4 Minor Summary
The surfactants show difference in preferences as C12MalNa2 has a better recovery of apatite
compared to calcite while C12GlyNa show a preference for calcite compared to apatite, which is in
agreement with IR-data. Both surfactant however has a good fluorite recovery. At low pH, all
surfactants can recover all minerals, and this is in the pKa range of the carboxyl groups (pH 2 and pH
4 for group one and group two respectively (Bordes et al., 2009)) where surface precipitation is a
possibility. This might affect the selectivity of the surfactants. Zeta-potential show good agreement
with micro-flotation and IR-data for most surfactants with minerals. It should be noted that zeta only
provides information about changes at the surface layer, not if the layer is favorable for flotation.
Surface adsorption and the subsequent zeta-potential change is not the only factor important for
flotation. A creation of a hydrophobic layer or island is still required, which might be especially
difficult for surfactants with multiple functional groups where orientation of the hydrophobic tail can
be a major problem.
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3.2 Collectors 2 (Amine group)
The amine collectors (C12sp01, C12sp11, C12sp12 and C12sp22) were produced at Luleå University
of Technology. The difference between said molecules are the difference between the functional
groups, which can be seen in Figure 6. Due to the difficulty of synthesizing large amounts of the
amine surfactants, it was not possible to perform flotation experiments using neither C12sp01 nor
C12sp22.

3.2.1 Apatite
Zeta-potential measurements
Zeta-potential of apatite with amine surfactants was measured as a function of pH in the range of 6 –
12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at pH
10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The measurements were done using NaCl as background
electrolyte at a concentration of 1 × 10-2 M. The data is presented in Figure 20a and b respectively.
There was no isoelectric point observed in the pH range measured with the zeta-potentials being
negative in the entire region examined. With varying pH, Figure 20a, there is a difference in the zetapotential compared to the pure apatite mineral, even if small, that becomes larger with increasing pH
for all surfactants except C12sp01. However it is not possible to really distinguish the other three
surfactants from each other as they have similar zeta-potential.
At pH 10.5, Figure 20b, the difference compared to the pure apatite surface (see Figure 20a where
the same pH is measured) is more pronounced, as there is a clear change in zeta-potential for all
surfactants, again except C12sp01. There is an indication that C12sp01 behaves different from the
other surfactant in this series, while C12sp11and C12sp22 show a similar behavior.
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Figure 20. Zeta-potential measurements of apatite mineral surface (a) as a function of pH with a fixed
concentration of 2 × 10-4 M of the two surfactants as well as the pure mineral, and (b) as a function of
surfactant concentration at pH 10.5.

Hallimond tube flotation
Flotation recovery of apatite with amine surfactants was measured as a function of pH in the range of
6 – 12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at pH
10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The data is presented in Figure 21a and b respectively.
In both graphs, it is clear that the two surfactants are capable of good apatite recovery, especially
surfactant Sp12 with the longer distance between the functional groups. This is interesting, especially
as there is very little difference in the zeta-potential, as seen in Figure 20a. With increasing pH, the
recovery decreases slightly, with a larger drop at the highest pH. Still, C12sp12 has the higher
recovery over the entire range, even if the difference is lower at pH 12, as seen in Figure 21a.
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With recovery as a function of concentration, Figure 21b, both surfactants appear to behave quite
similar with C12sp12 having slightly better recovery at lower concentration while C12sp11 has a
slightly higher recovery at maximum concentration. In the zeta-potential measurement, Figure 20b,
C12sp11 induced a more negative potential, despite the slightly better recovery of C12sp12 over
almost the entire concentration range.
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Figure 21. Flotation recovery of apatite (a) as a function of pH with a fixed concentration of 2 × 10-4 M of
the two surfactants, and (b) as a function of surfactant concentration at pH 10.5.

TOC
Analysis of Total Organic Carbon (TOC) was measured in an attempt to evaluate the amount of
surfactant still in the solution. The surfactant concentration in solution with apatite mineral is shown
as a function of pH in Figure 22a and as a function of initial surfactant concentration in Figure 22b.
At a constant concentration of 2 × 10-4 M, the maximum possible surfactant concentration in the
solution was 20 mg/l.
In both figures it is clear that most of the surfactant is still present in the solution, which indicates
very little surface adsorption. Despite this, the flotation recovery was good or very good for both
surfactants over the pH range and at most concentrations.
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Figure 22. Surfactant concentration in solution containing apatite (a) as a function of pH with a fixed
concentration of 2 × 10-4 M of the two surfactants, and (b) as a function of surfactant concentration at pH
10.5.
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3.2.2 Calcite
Zeta-potential measurements
Zeta-potential of calcite with amine surfactants was measured as a function of pH in the range of 6 –
12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at pH
10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The measurements were done using NaCl as background
electrolyte at a concentration of 1 × 10-2 M. The data is presented in Figure 23a and b respectively.
There is a difference between the pure calcite surface and the surface with surfactants that can be seen
in Figure 23a. C12sp01 and C12sp11 show similar behavior over the pH region, while C12sp12 and
C12sp22 also behave similarly to each other, with the second group with larger spacing between the
functional groups having a noticeably lower zeta-potential over the entire pH region.
At pH 10.5 with varying concentration, there is very little difference between the surfactants, except
the monofunctional C12sp01, which only appear to have similar zeta at the highest concentration.
The other surfactants all change the zeta potential to a much lower value compared to the pure calcite
surface.
5

10

ζ potential (mV)

-5
-10
-15

a)

-20

sp11 on Calcite
sp12 on Calcite
sp22 on Calcite
sp01 on Calcite

5
0
-5

ζ potential (mV)

sp11 on Calcite
sp12 on Calcite
Calcite
sp22 on Calcite
sp01 on Calcite

0

-10
-15
-20
-25
-30

b)

-35

-25

-40
-30

6

7

8

9

10

pH

11

12

13

14

-45

0.0

2.0x10-4

4.0x10-4

6.0x10-4

8.0x10-4

1.0x10-3

Surfactant conc (M)

Figure 23. Zeta-potential measurements of calcite mineral surface (a) as a function of pH with a fixed
concentration of 2 × 10-4 M of the two surfactants as well as the pure mineral, and (b) as a function of
surfactant concentration at pH 10.5.

Hallimond tube flotation
Flotation recovery of calcite with amine surfactants was measured as a function of pH in the range of
6 – 12 with a constant surfactant concentration of 2 × 10-4 M and as a function of concentration at pH
10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The data is presented in Figure 24a and b respectively.
As with apatite, there is no great selectivity as both surfactants can recover calcite over the entire pH
region and the recoveries appear to be fairly stable over the pH range, as seen in Figure 24a. C12sp12
does, however, show a higher recovery over the entire region. This is in agreement with the larger
change in zeta-potential seen in Figure 23a.
In the recovery vs concentration graph at pH 10.5, Figure 24b, the calcite recovery shows the same
trend as the apatite recovery except that the recovery of calcite is slightly higher and reaches higher
recovery at a lower concentration compared with apatite. As the zeta-potential (Figure 23b) is very
similar over almost the whole concentration span this difference at low concentrations is interesting.
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Figure 24. Flotation recovery of calcite (a) as a function of pH with a fixed concentration of 2 × 10-4 M of
the two surfactants, and (b) as a function of surfactant concentration at pH 10.5.

TOC
Analysis of Total Organic Carbon (TOC) was measured in an attempt to evaluate the amount of
surfactant still in the solution. The surfactant concentration in solution with calcite mineral is shown
as a function of pH in Figure 25a and as a function of initial surfactant concentration in Figure 25b.
At a constant concentration of 2 × 10-4 M, the maximum possible surfactant concentration in the
solution was 20 mg/l. Unlike in the apatite figures, the calcite figures show a clear difference between
the surfactants. In both figures, it is noticeable that there is much less of C12sp11, with the shorter
distance between the functional groups in the solution, which is indicative of surface adsorption. This
despite the very similar flotation response.
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Figure 25. Surfactant concentration in solution containing calcite (a) as a function of pH with a fixed
concentration of 2 × 10-4 M of the two surfactants, and (b) as a function of surfactant concentration at pH
10.5.

3.2.3 Fluorite
Zeta-potential measurements
The zeta-potential graph of fluorite a function of pH in the range of 6 – 12 with a constant surfactant
concentration of 2 × 10-4 M and as a function of concentration at pH 10.5 in the span of 5 × 10-6 M to
1 × 10-3 M. The measurements were done using NaCl as background electrolyte at a concentration of
1 × 10-2 M. The data is presented in Figure 26a and b respectively. As with the two previous minerals,
there is no isoelectric point in the range examined. Versus pH in Figure 26a, the zeta-potential is
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negative during the entire span; decreasing in zeta-potential as pH increases while still being firmly
negative.
With zeta-potential as a function of collector concentration, Figure 26b, both surfactant decrease the
zeta-potential as the concentration increases, behaving similarly over the concentration span.
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Figure 26. Zeta-potential measurements of fluorite mineral surface (a) as a function of pH with a fixed
concentration of 2 × 10-4 M of the two surfactants as well as the pure mineral, and (b) as a function of
surfactant concentration at pH 10.5

Hallimond tube flotation
The recovery of fluorite in Hallimond flotation using amine surfactants C12sp11 and C12sp12 was
measured as a function of pH in the range of 6 – 12 with a constant surfactant concentration of 2 ×
10-4 M and as a function of concentration at pH 10.5 in the span of 5 × 10-6 M to 1 × 10-3 M. The data
is presented in Figure 27a and Figure 27b respectively. Both surfactants show good recovery over the
entire pH range in Figure 27a; except at the highest pH where there is a slight dip in recovery for
C12sp11. This is in fair agreement with the zeta-potential measurements seen in Figure 26a and the
natural recovery of fluorite in Hallimond flotation.
Similarly, the recovery is high vs concentration for most of the range, except at the lowest
concentration where there is only ~40% recovery. Surfactant 12 appear to have slightly higher
recovery at lower concentrations, though the recovery for both collectors are good. Again, the
agreement with zeta-potential data is fair. No significant difference in zeta-potential or flotation
response was seen for either surfactant.
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Figure 27. Flotation recovery of fluorite (a) as a function of pH with a fixed concentration of 2 × 10-4 M of
the two surfactants, and (b) as a function of surfactant concentration at pH 10.5.
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TOC
Analysis of Total Organic Carbon (TOC) was measured in an attempt to evaluate the amount of
surfactant still in the solution. The surfactant concentration in solution with fluorite mineral is shown
as a function of pH in Figure 28a and as a function of initial surfactant concentration in Figure 28b.
At a constant concentration of 2 × 10-4 M, the maximum possible surfactant concentration in the
solution was 20 mg/l. Both graphs of TOC show large amount of surfactant still in solution. This
agrees with the high recovery even at low concentrations, as the concentration needed for flotation is
very low and would results in large amounts of surfactant still in solution. However, it should also be
noted that fluorite has shown a natural flotability in Hallimond flotation in some cases which could
in part facilitate the flotation at lower concentrations. At the highest pH in Figure 28a, there is a drop
in the surfactant concentration with the simultaneous drop in recovery; possibly due to a change in
the interaction at the surface or different species forming in solution. Further investigation of the
surfactant behavior is needed to draw more conclusions even if the data agrees.
The TOC vs initial concentration show similar behavior with large amount of surfactant still in
solution. The concentration of C12sp11 is slightly lower. This in conjunction with the slightly lower
recovery at the same concentration could indicate that more of C12sp11 is needed for recovery
compared to C12sp12.
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Figure 28. Surfactant concentration in solution containing fluorite (a) as a function of pH with a fixed
concentration of 2 × 10-4 M of the two surfactants, and (b) as a function of surfactant concentration at pH
10.5.

3.2.4 Minor summary
Both surfactants can recover apatite and calcite with C12sp12 showing a slightly higher selectivity
for calcite. This is in agreement with the zeta-potential measurements where C12sp12 also showed
the largest change. Interestingly TOC-data show that more of C12sp11 is adsorbed on both mineral
surfaces; possibly due to less favorable orientation or surface complexation.

3.3 Conventional collectors
3.3.1 Bench-scale flotation
Bench scale flotation of material from LKAB underflow thickener was performed at pH 9 using either
tap water or process water. The parameters and responses that are used and evaluated are shown in
Table 3, with the results themselves in tap water shown in Table 4 and with process water in Table 5.
While the experiments also examined Rare Earth Elements (REE) recovery it will be disregarded in
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this thesis as it focuses on phosphate recovery. The parameters were evaluated using the statistics
program MODDE (Umetrics, 2016). More information can be found in paper V.
Table 3. Parameters used and responses measured/calculated in bench scale flotation.
Parameters used in experiment
Responses measured or calculated for experiments
Atr
Atrac 1563, addition rate in g/tonne
mRo1
mass pull Rougher 1 in mass-% of feed
Aero 845
addition rate in g/tonne
mRoTot
mass pull Roughers in mass-% of feed
Nagrade (%) of P2O5 after 1 minute of
addition rate in g/tonne
1P2O5
Oleate
flotation
recovery (%) of P2O5 after 1 minute of
A6494
addition rate in g/tonne
1rP2O5
flotation
S9489
addition rate in g/tonne
rP2O5
total recovery of P2O5
A6493
addition rate in g/tonne
DISiO2
difference index P2O5-SiO2
addition order: (F)irst, (Last) or (N)ot
Ool
DIFe2O3
difference index P2O5-Fe2O3
added
DIMgO
difference index P2O5-MgO

The flotation results in Table 4 clearly show that the sulfosuccinamate collector Aero 845 and the NaOleate yield the best phosphate recovery alone. The recovery using only the hydroxamate collectors
was low, where the highest recovery was 32.8 using A6494. In combination with Na-Olate added
after the collector improved the recoveries noticeably, except for Aero 845 where the phosphor
recovery was already high.
The coefficient plots in Figure 29 show the linear effects on the recovery in regard to the different
parameters where positive columns show an effect that is more than the average for all tests and a
negative column shows that something has less effect. The importance of the order in which NaOleate is added is also clearly shown, where addition last gives a higher recovery.
Table 4. Experimental results from bench scale flotation using tap water.
Exp name Run order Aero 845 Na-oleate

A6494

S9849 A6493

Ool

mRo1 mRoT ot 1P2O5 1rP2O5 rP2O5 DISiO2 DIFe2O3 DIMgO

N1201

1

200

0

0

0

0

N

21.2

32.6

24.8

71.9

87.5

63.9

59.5

60.4

N1202

2

0

200

0

0

0

F

26.7

38.2

17.0

66.0

84.6

52.9

45.4

46.9

N1203

3

100

100

0

0

0

L

30.3

39.8

20.1

81.4

89.1

66.2

54.7

61.8

N1204

4

100

100

0

0

0

F

17.6

25.2

21.3

52.8

71.6

46.2

41.0

42.5

N1205

5

0

0

200

0

0

N

8.9

18.3

17.5

22.5

32.8

17.9

11.8

15.2

N1206

6

0

100

100

0

0

L

24.2

39.8

18.7

67.0

86.8

57.0

45.1

52.2

N1207

7

0

100

100

0

0

F

24.0

45.7

19.0

66.9

88.2

57.1

39.8

51.9

N1208

8

0

0

0

200

0

N

4.6

13.8

7.87

5.0

13.4

1.2

-0.9

-1.3

N1211

9

0

100

0

100

0

L

25.6

39.2

22.0

76.1

90.0

66.2

54.5

61.5

N1212

10

0

100

0

100

0

F

18.1

33.1

21.0

53.0

76.3

45.2

38.7

40.5

N1213

11

0

0

0

0

200

N

2.0

6.2

7.7

2.3

6.0

0.6

-0.5

-0.6

N1214

12

0

100

0

0

100

L

25.7

40.0

20.4

72.4

90.0

61.9

49.8

56.8

N1215

13

0

100

0

0

100

F

21.0

33.3

23.0

69.3

86.3

62.8

54.0

57.8
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Figure 29. Coefficient plots for mass pulls after 1 minute and total, concentrate grade after 1 minute, and
total recovery of P2O5 using tap water. mRo1 (N=13; DF=5; R2=0.89); mRoTot (N=13; DF=5; R2=0.75);
1P2O5 (N=13; DF=5; R2=0.55); rP2O5 (N=13; DF=5; R2=0.79); Confidence=0.95

The experiment was repeated to further investigate the behavior of Na-Oleate – collector interaction
using process water from LKAB. The ions present in the water is shown in Table 5. In addition to the
previous collectors, the standard collector used at LKAB (Atrac 1563) was also used for comparison.
.
Table 5. Analyses of process water used in bench scale flotation
Element Assay (mg/l)
Ca
414
K
65
Mg
33
Na
154
Si
4

In the presence of process water the recovery using A845 is higher than the Na-Oleate, while the
hydroxamate collector A6494 has better recovery than in tap water, as seen in Table 6. The two other
hydroxamate collectors show only limited phosphor recovery. However, the standard collector used
at LKAB show on average higher recovery than both A845 and Na-Olate. The addition of Na-Oleate
after the other collector does noticeably improve the recovery.
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Table 6. Experimental results from bench scale flotation using process water.
Exp name Run order

Atrac

Na-oleate Aero 845 A6494 S9849 A6493

Ool

mRo1 mRoT ot 1P2O5 1rP2O5 rP2O5

DISiO2 DIFe2O3 DIMgO

N1301

17

200

0

0

0

0

0

N

22.3

30.5

24.9

74.3

88.4

67.5

66.4

63.5

N1302

1

0

0

200

0

0

0

N

18.6

24.3

30.9

77.4

86.3

73.8

71.2

70.3

N1303

2

0

200

0

0

0

0

F

18.0

28.5

19.5

36.3

55.9

29.5

28.9

25.8

N1304

3

0

100

100

0

0

0

L

14.8

19.3

25.8

56.1

68.7

52.4

50.2

49.1

N1305

4

0

100

100

0

0

0

F

7.3

12.9

25.2

25.7

44.0

23.7

23.6

22.2

N1306

7

200

0

0

0

0

0

N

21.0

31.4

24.7

71.3

88.9

64.7

63.5

60.7

N1307

5

0

0

0

200

0

0

N

4.9

10.9

14.7

11.1

70.9

8.0

7.7

5.9

N1308

6

0

100

0

100

0

0

L

17.8

29.7

18.4

49.4

77.3

41.4

38.1

37.4

N1309

8

0

100

0

100

0

0

F

16.6

30.4

17.5

41.6

71.0

33.4

30.2

29.5

N1310

9

0

0

0

0

200

0

N

3.9

9.1

14.2

8.3

19.2

5.7

5.4

3.8

N1311

10

0

100

0

0

100

0

L

22.2

32.9

22.1

72.6

88.7

64.8

61.8

59.9

N1312

11

0

100

0

0

100

0

F

14.9

23.3

19.7

43.3

62.4

36.7

35.6

33.0

N1313

12

200

0

0

0

0

0

N

19.6

27.7

22.4

63.1

81.0

57.0

56.1

53.6

N1314

13

0

0

0

0

0

200

N

3.5

9.1

14.8

7.5

19.6

5.2

4.7

3.3

N1315

14

0

100

0

0

0

100

L

23.5

34.0

22.0

75.9

88.9

67.3

64.5

62.6

N1316

15

0

100

0

0

0

100

F

9.2

21.2

21.6

30.1

58.0

26.5

25.8

24.4

N1317b

16

0

200

0

0

0

0

F

14.4

20.5

16.2

35.3

51.7

28.1

27.4

24.6

The coefficient plot in Figure 30 more clearly show clearly show the difference in phosphor recovery
in process water where combinations of Na-Oleate and other collector can get similarly high recovery
as Atrac if the oleate is added last.

Figure 30. Coefficient plots for mass pulls after 1 minute and total, concentrate grade after 1 minute, and
total recovery of P2O5 using process water. mRo1 (N=17; DF=8; R2=0.66); mRoTot (N=17; DF=8;
R2=0.55); 1P2O5 (N=17; DF=8; R2=0.83); rP2O5 (N=17; DF=8; R2=0.57); Confidence=0.95

3.3.2 Zeta-potential
Zeta-potential of pure apatite and calcite was performed using deionized water at an approximate
collector concentration of 2 × 10-4 M (oleate was measured at both 1 × 10-4 M and 2 × 10-4 M) to
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investigate the hydroxamate collector behavior compared to the other collectors used in the bench
scale flotation and is shown in Figure 31a and b. The measurements were done using NaCl as
background electrolyte at a concentration of 1 × 10-2 M. Relative to the pure apatite surface, Figure
31a shows the highest charge decrease with oleate, which also has the better recovery. Two of the
hydroxamates even increases the zeta-potential making it positive, which fits with the low recovery.
A similar behavior is seen on calcite, where the oleate lower the zeta-potential noticeably, while the
hydroxamates either increases zeta-potential or show little deviation from the pure calcite surface.
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Figure 31. Zeta-potential for a) apatite and b) calcite in contact with different collectors in a concentration
of 2 × 10-4 M unless stated otherwise in the legend.
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4 Discussion
4.1 Monofunctional surfactants
The only truly monofunctional surfactant examined in this thesis is Na-Oleate. However, we may
speculate that the amine in C12GlyNa and C12sp01Na does not interact sufficiently with the mineral
surface to be multifunctional and will behave similarly to oleate, hence their use as references. In
addition, the tertiary amines does not undergo activation (i.e change to a charged form which is more
likely to interact with surfaces) in this pH range, and no third pKa has been found for the amide
reagents (Bordes et al., 2009). There is a possibility that C12sp01Na can undergo activation above
pH 10 as it is very similar to sarcosine. As this range of surfactants has not yet been tested for their
properties, the exact pKa is not known. Due to the lack of flotation and TOC-data, any conclusions
for this surfactant will still be speculative and its use as a reference is not entirely consequential. In
regard to assumed unselectivity at low pH, the discussion will revolve mostly around the results
achieved at pH 10.5 to be able to focus as much as possible on the selective adsorption of surfactants.
The traditional collectors were only tested in bench scale flotation and not Hallimond flotation.
Therefore, the discussion around flotation with traditional collectors will have its own section and the
comparison in the general discussion will only be in relation to zeta-potential.
The difference in calcium density for apatite, calcite and fluorite (>5, >8 and >11 μmol/m2
respectively) is indicative of the difference in distance between the calcium ions. Lower calcium
density relates to longer distance between the calcium surface sites. As such, the difference in distance
between apatite and fluorite is approximately the double, while the difference in distance for apatitecalcite is one and a half. The spacing between calcium ions will affect the surfactant load at the
surface. Especially for surfactants with multiple functional groups, as the load is effectively halved
compared to monofunctional surfactants like sodium oleate, based on the assumption that at least two
groups are involved in the surfactant-mineral interaction.

4.2 Apatite
The assumption made in the previous section (4.1) suggest that the groups with a longer distance
between the functional groups (C12AspNa2, C12GluNa2, C12sp11, C12sp12 and C12sp22) was
assumed to have more favorable surface interaction relative to the other surfactants on apatite, which
has a larger spacing between the calcium ions. Unfortunately, this does not agree with either the zetapotential measurements or the flotation recovery for C12AspNa2 or C12GluNa2 where surface
adsorption only occur at lower pH, and flotation recovery does not occur at all. C12MalNa2, C12sp11,
C12sp12 and C12sp22 on the other hand, show signs of surface interaction in the zeta-potential, as
well as good flotation recovery (except for C12sp22 as no flotation data exist). This is good in general,
but surprising as both the surfactant with the shortest space between the functional groups as well as
the surfactants with the longest space between the groups (C12sp11 and C12sp12) show recovery,
while the surfactants with similar spacing, like C12GluNa2, show neither surface interaction nor
recovery.
C12GlyNa lower the zeta-potential of apatite at higher pH, agreeing well with the flotation data
showing recovery at similar concentration. The conventional collectors show a change in zetapotential with sodium oleate, while the hydroxamate A6493 results in an almost neutral zeta-potential.
This is interesting as the hydroxamate is considered monofunctional in its interaction with calcium
minerals (Pradip et al., 2002b) and as such could be expected to have an apatite interaction that is
similar to oleate or C12GlyNa. A tentative explanation for the difference in interaction can be the
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difference in electronegativity between the functional groups hydroxamate and carboxylic acid, with
the electronegativity in the latter group being more concentrated, thereby making it stronger. Another
thing to note is the difference between C12GlyNa and oleate in the zeta-potential, since the change
in zeta-potential occur at much lower concentrations with oleate compared to C12GlyNa. This
difference might be due to the slightly bulkier structure of the amide.

4.3 Calcite
With a Ca-distance spanning in between apatite and fluorite, it was speculated before the experiments
that the longer distanced surfactants would have lower affinity for calcite, compared to apatite.
However, this was shown to be too much of a simplification. The zeta-potential measurements
indicate that C12MalNa2, C12GlyNa, C12sp11 and C12sp12 have good interaction with calcite, while
the long chained C12AspNa2 and C12GluNa2 does not. Despite the large zeta-potential change
induced by C12MalNa2 and its success with apatite flotation, it did not recover calcite to any
noticeable extent. This is of special interest as its recovery of both apatite and fluorite is high. The
most likely reason to the difference in flotation response is the geometrical distance, as both a longer
and shorter Ca-distance at the surface result in a flotation response. The only surfactant with good
calcite recovery in the amide series was the monofunctional C12GlyNa. The recovery of calcite is
almost twice that of apatite and might possibly be explained in part by the higher Ca-density in itself.
None of the other multifunctional amides had any noticeable recovery, despite the change in zetapotential seen at higher concentrations. The amine surfactants C12sp11 and C12sp12 both had good
calcite recovery, similarly to the apatite recovery. This despite the spacing in the functional groups
of C12sp11 being relatively close to that of C12GluNa2 which had no recovery. C12sp12 show
recovery at lower concentrations compared to C12sp11 possibly indicating slightly better interaction
with the mineral surface; however, at higher surfactant concentration the recoveries are comparable.
The other surfactants in the amine series were unfortunately not tested for flotation. Comparing the
zeta-potential responses of the surfactants with the same assumptions as earlier in the discussion
indicate that C12sp22 would have similar recovery as C12sp12 while the monofunctional C12sp01,
surprisingly, appear not to change the surface very much and is thereby unlikely to produce a flotation
response. This despite the not so different structure of C12sp01 and C12AspNa with the only
difference being an amine instead of an amide.
The zeta-potential measurements for the commercial flotation collectors indicate that the only good
recovery of calcite would be with the oleate and A845 collectors, both showing a clear negative shift
in zeta-potential.

4.4 Fluorite
The shortest distance between the calcium ions at the surface can be found in fluorite with ~11
μmol/m2. This distance is approximately half of that of apatite, putting the calcite distance in the
middle of the three minerals. The zeta-potential measurements indicate that all surfactants adsorb at
the fluorite mineral surface. C12GlyNa, C12MalNa2 C12sp11 and C12sp12 all change the zetapotential at low concentration, while C12AspNa2 and C12GluNa2 only show a zeta-potential change
at higher concentration. This is interesting as fluorite was the only mineral with a large change in
zeta-potential for all surfactants. As it has the shortest distance between the Ca-ions on the surface, it
is possible that the medium spaced surfactants (C12AspNa2 and C12GluNa2) can template easier with
the shorter distance on the fluorite surface by binding to every other Ca-ion instead to optimize its fit
at the surface. Interestingly, both the monofunctional C12GlyNa and C12MalNa2 with the shortest
distance can recover fluorite. At the higher concentrations examined, the other two surfactants in the
amide series begin to show a tendency of recovery. It is the only mineral in this thesis where these
surfactants showed any recovery over 25% at pH 10.5. Still, it should be noted that fluorite has shown
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a natural tendency for flotation in Hallimond flotation. Nevertheless, the increase in recovery with
concentration and the overlap with the zeta-potential change at the same concentration does indicate
that this could be more than the natural recovery. The amine surfactants C12sp11 and C12sp12, show
high recovery. C12sp12 had similar recovery on apatite and calcite, while sp11 has similar recovery
at high concentrations only. Still, the recovery starts at lower concentrations compared to on apatite
and calcite, which could be indicative of easier possibility of surface attachment. This data fit with
the zeta-potential measurement, where the change in zeta can be seen at very low concentrations.
While the high recovery might be due to easier surface attachment, it could also be related to the
higher calcium density of fluorite compared to the other minerals. Another explanation for the
relatively higher recovery could be the natural floatability of fluorite, especially seen in Hallimond
flotation (Zawala, 2007).

4.5 Combined discussion/Comparison
This was touched upon in the previous sections; correlating the number of atoms between the
functional groups to the actual distance utilized in surface attachment disregards the importance of
the flexibility that might be needed for the hydrophobic tails to orient themselves for optimal
interaction with each other when forming a stable layer. However, the initial assumption that the
number of atoms between the functional groups relates directly to the distance between the sites on
the surface is needed due to the lack of modelling (molecular dynamics) data. The amine surfactants
have recovery of all minerals while the amide C12GluNa2 only show recovery at lower pH, where
surface precipitation might be the reason. Even more interesting is that the zeta-potential shows very
little change of potential for C12GluNa2 which might be indicative of very little surface attachment,
or it might just be adsorbed in such a way that it does not change the potential and facilitate flotation.
As the distances between the functional groups are almost the same in C12GluNa2 and C12sp11 it is
possible that the amide group does hinder further surfactant attachment, or at least block the
hydrophobic tails from creating a stable hydrophobic layer in this surfactant. As both C12sp11 and
C12sp12 show good recovery of all minerals, it is unlikely that it is related only to the spacing of the
functional groups.
The surfactant with the shortest distance of only one atom between the functional groups is
C12MalNa2. It has good recovery of apatite, which has the longest distance between the surface
calcium ions, and fluorite, which has the shortest distance between them. On calcite, however, which
has a calcium spacing laying approximately in the middle of the other two distances, there is no
flotation recovery. Considering this, it is possible to hypothesize that the spacing in C12MalNa2 fits
perfectly with the longer distance on apatite, while the shorter distance on calcite is too close. As the
distance on the fluorite surface is even shorter, it is possible that by the surfactant attaching to the
second closest calcium ion at the surface instead of the closest one, it would put the distance close to
the distance on the apatite surface. This would put in the same distance as on apatite (where flotation
recovery was also possible), while the distance between calcium ions on calcite could still be too far
apart or too close. It is also possible that the calcite surface distance is just close enough to allow for
the hindrance effect of the amides that was assumed earlier to take place. This might indicate that the
surfactants with a larger distance between them like C12sp11 and C12sp12 can jump more calcium
ions at the mineral surface, which might be why they have good recovery of all minerals tested here.
This support the idea that good geometrical match might be able to selectively separate minerals with
the same target ion. While these results are drawn mostly from the high pH experiments where the
separation factors are higher, the adsorption and subsequent flotation at lower pH appear to be very
unselective. This behavior can likely be attributed to surface precipitation as seen with other
carboxylic acids (Finkelstein, 1989; Hanna and Somasundaran, 1976; Horta et al., 2016; Lu et al.,
1998; Rao et al., 1991; Young and Miller, 2000).
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The traditional collectors were only tested in bench scale flotation, which has a much more complex
environment than in Hallimond flotation. To compare the different surfactants and collectors with
each other, the assumption that the relative recoveries would have been similar in Hallimond flotation
has to be made. Good flotation in a Hallimond tube cell does not necessarily mean that a reagent
would be successful in bench scale flotation. However, it is reasonable to assume that the reverse is
true. Assuming this, the recoveries using oleate or the sulfosuccinamate would have been good in
Hallimond flotation. Discussing the A845 collector in regards to its ability fit with the distance
between calcium sites at the surface is problematic. It has more than three functional groups, with
distances equivalent to or larger than C12sp22 which can be utilized. While it is problematic to
evaluate and discuss any of the surfactants without modelling. The hydroxamate, A6493, with the
shortest distances of all reagents tested show very low recovery, despite having a similar structure to
the other monofunctional surfactants. The less electronegative alcohol group of the hydroxamate
collector might be too weak for optimal surface interaction by itself, as the other mono-functional
collectors in this study have carboxylate groups with higher electronegativity. Another possibility is
that the short distance makes it too stiff to orient the hydrophobic tail part after adsorption in a way
that is good for optimal bubble-particle interaction.
Oleate is one of the most commonly used flotation collectors and its high recovery makes it a good
reference or benchmark collector. However, the high reactivity of the collector makes separation
between apatite/calcite/fluorite less than satisfactory, at least judging by the zeta-potential
measurements. For more selective separation between these minerals, the new surfactants C12GlyNa
and C12MalNa2 seem good to use for selective flotation of apatite and calcite. Even if they both are
able to recover fluorite it is a step in the right direction, C12GlyNa can separate the calcite from
apatite, while C12MalNa2 show a much larger preference towards apatite compared to calcite. The
other surfactants in the same series show little recovery outside surface precipitation, despite the
distance between the functional groups being similar or even shorter than C12sp12. This shorter
distance may be too short and result in steric hindrance when adsorbed. Without doing any modelling
this is speculative.

4.6 Zeta-potential, adsorption and flotation
Zeta-potential measurement is a traditional way to evaluate the likelihood of surfactant success in
mineral flotation. This despite the fact that the zeta-potential does not actually give any information
about the stability of a hydrophobic layer. Instead, the information is deduced from the change in
potential, where a change in potential is interpreted as surface adsorption of the investigated
surfactant. While this is generally the case (at least, using traditional surfactants and not polymers or
larger molecules), it is not the same as a stable hydrophobic layer suitable for flotation. In the
investigations done in this thesis, there are no cases (at higher pH) where there is flotation without a
change in zeta-potential. i.e., there is fair agreement between zeta-potential and flotation recovery.
However, there are also cases where there is a noticeable change in zeta-potential, while there is no
flotation recovery. An excellent example of this is C12MalNa2 on calcite at pH 10.5, where the zetapotential show a charge reversal at low concentrations, getting more negative as the concentration
increase while still not showing any recovery. This indicate that zeta-potential is a good way to
evaluate surfactant adsorption at the mineral surface, while still not making it possible to evaluate its
success as a collector.

4.7 Combination of collectors – addition orders
The initial idea and most of the previous discussion has centered on physical templating of collectors
to mineral surfaces. Although this idea coming from bio-mineralization has merits, it does probably
not give the whole picture. In addition, hydrophobization of mineral surfaces, as measured by
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Hallimond Tube flotation, does not always correlate with change in zeta-potential. On the other hand,
zeta-potential reversal correlates well with bench-scale flotation results. A possible explanation for
this behavior is that true flotation, i.e. bench-scale, requires both a selective adsorption of an entity
on the mineral surface, and the formation of a hydrophobic multi-layer island on the mineral surface.
This interpretation would tentatively explain why certain combinations of collectors have been found
useful in practice. It would also explain the results from the experiments with changed addition orders.
In the latter case, the presumably more selective collector (hydroxamate) adsorbs first, and then serves
as the contact point for the hydrophobic multi-layer created by the stronger collector (oleate). It could
also be that the stronger collector co-adsorbs into the first layer. Such a co-adsorption could also
explain the beneficial effect of adding non-ionic surfactants to flotation systems.
Interestingly, similar ideas of a two-stage process for sulphide mineral flotation have been forwarded
by other authors (Forsling and Sun, 1997; Pålsson, 1988; Woods, 1987).
It is here suggested, that “true” flotation for combination of collectors shall be considered a two-stage
process:
1. Adsorption of a selective entity to specific points in the mineral surface lattice. This entity
may adsorb mono-dentate, bi-dentate or multi-dentate, but does not necessarily render the
mineral surface sufficiently hydrophobic in itself.
2. Addition at the same time, or in a later stage, of a substance that creates a hydrophobic multilayer. This multi-layer can be anchored to the firstly adsorbed entity by hydrophobic
interaction or being co-adsorbed into the first layer.
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5 Conclusion
•

•

•

•
•

•

The amide surfactants show a higher trend of selective behavior on the minerals in this thesis
compared to the amine surfactants. The reason for this difference needs to be investigated
further
C12MalNa2 is apatite and fluorite selective while C12GlyNa show a higher preference for
calcite and fluorite over apatite. While not tested here, these results indicate that by carefully
controlling concentration and pH there is a possibility to utilize these surfactants to separate
apatite, calcite and fluorite from each other.
Fluorite shows the highest recovery, followed by calcite and apatite when considering all
surfactants, which is in agreement with the Ca-density. However, for C12MalNa2 specifically,
the trend is different, where the recovery of apatite is higher than that of fluorite (there was
only little recovery of calcite)
Zeta-potential measurements, while important as supporting information, does not provide
information on the surfactants success as collectors, only on their presence at the surface.
When using multiple collectors, optimal flotation is a two-stage process where the first layer
with the more selective surfactant attaches to the surface, and the second layer, which
promotes hydrophobicity adsorbs into/on top of the first layer.
Designing collectors by only matching the distance between the functional groups of the
surfactants and the geometrical distance at the mineral surface is an oversimplification even
if it promising. Other things has to be taken into account, or at least be investigated for higher
success, e.g. how the surfactants interact to form a hydrophobic layer, their bulkiness and
steric limitations
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6 Future work
The general idea and concepts of molecular recognition mechanisms simultaneously satisfying the
geometrical, stereo-chemical and electrostatic requirements at inorganic/organic interface was used
for developing and testing of new reagents with two functional groups with varying spacing between
them.
There are several interesting areas to study to bring the work from this thesis further:
•

•

•
•

•

The solution chemistry of the amine surfactants would be interesting to study. For example,
solubility, critical micelle concentration (CMC) and pKa-values will all help to further
understand how the surfactants behave in solution.
Modelling all the surfactants and mineral surfaces using molecular modeling and molecular
dynamics simulations to better understand how they can interact with the surface as well as
their orientation. This might also be a step towards creating other surfactants having even
more selectivity.
Study the surface using Atomic Force Microscopy (AFM) to get a better view of the structure
and extent of the surface layer in solution.
Study the combination of different mineral systems with mixtures of pure minerals to see how
the amine and amide groups work in more complex environments. To further expand it would
also be of interest to scale up the process further using bench scale flotation with real ore.
More investigation on the addition order of surfactants and to examine the adsorption step vs
the hydrobization/flotation step in more depth.
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ABSTRACTȱ
Almostȱ allȱ ofȱ theȱ flotationȱ reagentsȱ usedȱ todayȱ wereȱ discoveredȱ byȱ continuedȱ applicationȱ ofȱ
empiricalȱ methodsȱ and/orȱ trialȱ andȱ errorȱ experimentation.ȱ Moreover,ȱ withȱ theȱ metalȬionȱ specificȱ
approachȱusedȱsoȱfar,ȱitȱisȱdifficultȱtoȱseparateȱtheȱmineralsȱcontainingȱtheȱsameȱconstituentȱmetalȱ
ion.ȱ Aȱ criticalȱ assessmentȱ ofȱ molecularȱ recognitionȱ processesȱ involvedȱ inȱ biomineralizationȱ
suggestedȱ theȱ possibilityȱ ofȱ usingȱ reagentsȱ whichȱ areȱ surfaceȱ specific.ȱ Theȱ conceptȱ thatȱ theȱ
moleculesȱconsistingȱofȱtwoȱorȱmoreȱfunctionalȱgroupsȱhavingȱappropriateȱspacingȱbetweenȱthoseȱ
soȱasȱtoȱachieveȱstructural/stereochemicalȱcompatibilityȱduringȱinteractionȱwithȱtheȱmineralȱsurfaceȱ
exhibitȱstructureȬspecificity,ȱisȱthoughtȱtoȱbeȱextendedȱtoȱtheȱdesignȱofȱspecificȱcollectorsȱinȱflotationȱ
processes.ȱInȱtheȱpresentȱstudy,ȱforȱtheȱfirstȱtime,ȱaȱrationalȱdesignȱofȱsurfaceȱactiveȱmolecules,ȱandȱ
therebyȱ theȱ recognitionȱ ofȱ crystalȱ facesȱ (ofȱ minerals)ȱ byȱ theseȱ moleculesȱ throughȱ structuralȱ andȱ
stereochemicalȱmatchingȱisȱbeingȱutilizedȱsuccessfullyȱtoȱselectivelyȱfloatȱvariousȱminerals.ȱForȱthisȱ
purpose,ȱ carboxylateȬȱ andȱ hydroxamateȬbasedȱ collectorsȱ (forȱ mineralȱ specificȱ flotationȱ ofȱ calciumȱ
minerals)ȱ asȱ wellȱ asȱ xanthateȬbasedȱ collectorsȱ (forȱ mineralȱ specificȱ flotationȱ ofȱ sulphideȱ minerals)ȱ
withȱ aȱ fixedȱ alkylȱ chainȱ lengthȱ butȱ havingȱ twoȱ functionalȱ groupsȱ withȱ varyingȱ geometricalȱ
distancesȱ (separatedȱ byȱ aȱ spacerȱ ofȱ one,ȱ twoȱ andȱ threeȱ carbonȱ atoms)ȱ betweenȱ themȱ haveȱ beenȱ
synthesized.ȱ Inȱ thisȱ article,ȱ weȱ haveȱ discussedȱ theȱ design,ȱ synthesis,ȱ purificationȱ ofȱ theseȱ novelȱ
mineralȱ specificȱ collectorsȱ asȱ wellȱ asȱ theirȱ importantȱ solutionȱ parametersȱ inȱ relationȱ toȱ flotationȱ
processes.ȱȱ

ȱ

INTRODUCTIONȱ
Theȱsuccessȱofȱmineralȱflotationȱprocessesȱdependsȱonȱtheȱhydrophobizationȱofȱtheȱsurfaceȱforȱtheȱdesiredȱ
mineralȱ particlesȱ whilstȱ keeping,ȱ orȱ making,ȱ allȱ otherȱ mineralsȱ hydrophilic.ȱ Thisȱ isȱ achievedȱ byȱ addingȱ
severalȱ reagentsȱ toȱ theȱ flotationȱ pulpȱ toȱ adsorbȱ selectivelyȱ atȱ theȱ mineral/waterȱ interface.ȱ Theȱ reagentsȱ
(surfaceȱ activeȱ agents)ȱ whichȱ haveȱ selectivityȱ forȱ mineralsȱ toȱ beȱ floatedȱ areȱ calledȱ collectors.ȱ Severalȱ
knownȱ chelatingȱ agentsȱ haveȱ beenȱ appropriatelyȱ modifiedȱ toȱ makeȱ thoseȱ behaveȱ asȱ selectiveȱ flotationȱ
collectorsȱ withȱ someȱ degreeȱ ofȱ success.ȱ Theȱ problemȱ isȱ thatȱ almostȱ allȱ ofȱ theȱ chelatingȱ groupsȱ formȱ
complexesȱwithȱalmostȱ allȱofȱtheȱtransitionȱandȱmanyȱnonȬtransitionȱmetals.ȱAsȱaȱconsequence,ȱabsoluteȱ
selectivityȱ doesȱ notȱ exist,ȱ (becauseȱ thisȱ approachȱ suffersȱ fromȱ aȱ majorȱ drawback).ȱ Besidesȱ beingȱ
unsatisfactoryȱ fromȱ aȱ scientificȱ viewpoint,ȱ itȱ assumesȱ thatȱ theȱ metalȱ ionȱ specificityȱ observedȱ forȱ aȱ
functionalȱ groupȱ inȱ bulkȱ aqueousȱ systemȱ wouldȱ remainȱ validȱ duringȱ surfaceȱ chelationȱ atȱ theȱ interface,ȱ
whileȱ inȱ actualȱ practice,ȱ theȱ specificityȱ basedȱ onȱ metalȱ ionȱ isȱ neitherȱ validȱ norȱ usefulȱ whereȱ theȱ cationsȱ
participatingȱinȱtheȱcomplexationȱreactionsȱareȱtheȱsame.ȱ
Itȱisȱclearȱthatȱaȱselectiveȱreagentȱshouldȱbeȱbasedȱonȱtheȱreagentȱinteractionsȱnotȱmerelyȱwithȱtheȱmetalȱ
ionȱonȱ theȱsurface,ȱbutȱwithȱtheȱwholeȱsurface.ȱIsȱitȱpossibleȱtoȱdesignȱreagentsȱwhichȱcanȱrecognizeȱtheȱ
surfaceȱstructureȱofȱtheȱsubstrate?ȱShouldȱtheȱreagentȱdesignȱnotȱtakeȱintoȱaccountȱtheȱdifferencesȱinȱtheȱ
crystalȱ structureȱ ofȱ theȱ mineralȱ surfaces?ȱ Ifȱ possible,ȱ itȱ wouldȱ beȱ moreȱ appropriateȱ toȱ designȱ reagentsȱ
havingȱfunctionalȱgroupsȱsoȱspacedȱthatȱthoseȱareȱcompatibleȱwithȱtheȱrelativeȱpositionsȱofȱtheȱmetalȱionȱ
sitesȱavailableȱonȱtheȱsurface,ȱthatȱis,ȱtoȱdesignȱnotȱjustȱmetalȬspecificȱbutȱstructureȬspecificȱreagentsȱ(Raoȱ
andȱForssbergȱ1995).ȱȱ
Aȱscientificȱ approachȱ ofȱ designingȱmineralȱ separationȱ reagentsȱinvolvesȱtwoȱimportantȱsurfaceȬchemicalȱ
aspects,ȱ i)ȱ selectionȱ ofȱ theȱ appropriateȱ functionalȱ group,ȱ andȱ ii)ȱ designȱ ofȱ theȱ correspondingȱ molecularȱ
architectureȱdependingȱonȱitsȱendȱuse.ȱȱ
Theȱunderstandingsȱofȱmolecularȱinteractionsȱinvolvedȱinȱtheȱrecognitionȱofȱsurfacesȱbyȱorganicȱmoleculesȱ
inȱ biomineralizationȱ processȱ (Mannȱ 1988;ȱ Mannȱ 1993)ȱ suggestȱ theȱ possibilityȱ ofȱ reagentsȱ specificȱ toȱ theȱ
crystalȱ structure.ȱ Theȱ influenceȱ ofȱ organicȱ additivesȱ onȱ crystalȱ growthȱ processesȱ suggestȱ thatȱ moleculesȱ
havingȱ atȱ leastȱ twoȱ groupsȱ canȱ influenceȱ eitherȱ theȱ morphologyȱ ofȱ surfacesȱ orȱ inhibitȱ crystalȱ growthȱ
whereasȱ noȱ markedȱ changesȱ haveȱ beenȱ observedȱ withȱ moleculesȱ containingȱ oneȱ functionalȱ groupȱ
(Heywoodȱ andȱ Mannȱ 1992;ȱ Grasesȱ etȱ al.ȱ 1991;ȱ Mannȱ etȱ al.ȱ 1990).ȱ Theȱ spacingȱ betweenȱ theȱ functionalȱ
groupsȱisȱfoundȱtoȱbeȱanȱimportantȱfactorȱinȱtheȱefficacyȱofȱcrystalȱgrowthȱinhibition.ȱTheseȱconceptsȱhaveȱ
beenȱsuccessfullyȱappliedȱtoȱtheȱrationalȱdesignȱandȱsynthesisȱofȱmoleculesȱeitherȱforȱtheȱcontrolȱofȱcrystalȱ
morphologyȱ orȱ toȱ inhibitȱ crystalȱ growthȱ processesȱ throughȱ theȱ recognitionȱ ofȱ specificȱ crystalȱ surfacesȱ
(Daveyȱ etȱ al.ȱ 1991).ȱ Theȱ conceptȱ ofȱ moleculesȱ consistingȱ ofȱ twoȱ groupsȱ havingȱ appropriateȱ spacingȱ
betweenȱthoseȱsoȱasȱtoȱachieveȱstructuralȱcompatibilityȱduringȱinteractionȱwithȱsurfaceȱexhibitȱstructureȬ
specificityȱisȱofȱdirectȱrelevanceȱtoȱtheȱreagentsȱselectivityȱinȱflotationȱprocesses.ȱȱ
Inȱ theȱ presentȱ study,ȱ forȱ theȱ firstȱ time,ȱ aȱ rationalȱ designȱ ofȱ surfaceȱ activeȱ molecules,ȱ andȱ therebyȱ theȱ
recognitionȱ ofȱ crystalȱ facesȱ (ofȱ minerals)ȱ byȱ theseȱ moleculesȱ throughȱ structuralȱ andȱ stereochemicalȱ
matchingȱ isȱ beingȱ utilizedȱ successfullyȱ toȱ selectivelyȱ floatȱ variousȱ minerals.ȱ Asȱ mentionedȱ earlier,ȱ
carboxylateȬterminatedȱ collectorsȱ (forȱ mineralȱ specificȱ flotationȱ ofȱ calciumȱ minerals,ȱ Fig.ȱ 1)ȱ asȱ wellȱ asȱ
ȱ

ȱ

xanthateȬbasedȱcollectorsȱ(forȱmineralȱspecificȱflotationȱofȱsulfideȱminerals,ȱFig.ȱ2)ȱwithȱaȱfixedȱalkylȱchainȱ
lengthȱ butȱ havingȱ twoȱ functionalȱ groupsȱ withȱ varyingȱ geometricalȱ distancesȱ (separatedȱ byȱ aȱ spacerȱ ofȱ
one,ȱtwoȱandȱthreeȱcarbonȱatoms)ȱbetweenȱthoseȱhaveȱbeenȱsynthesized.ȱInȱthisȱarticle,ȱweȱhaveȱdiscussedȱ
theȱdesign,ȱsynthesis,ȱpurificationȱofȱtheseȱnovelȱmineralȱspecificȱcollectors.ȱMostȱofȱtheseȱnovelȱreagentsȱ
wereȱpreparedȱinȱourȱownȱsynthesisȱlaboratoryȱatȱLuleåȱUniversityȱofȱTechnologyȱ(LTU),ȱhoweverȱsomeȱ
aminoȬacidȱ basedȱ carboxyȬteminatedȱ surfactantsȱ (Bordesȱ andȱ Holmbergȱ 2011)ȱ (Fig.ȱ 1,ȱ leftȱ column)ȱ wereȱ
kindlyȱ providedȱ byȱ Prof.ȱ Kristerȱ Holmberg,ȱ Chalmersȱ University,ȱ Sweden.ȱ Synthesisȱ methodsȱ ofȱ theseȱ
moleculesȱ wereȱ alsoȱ providedȱ inȱ thisȱ article.ȱ Inȱ orderȱ toȱ evaluateȱ theȱ mineralȬspecificȱ interactionȱ ofȱ theȱ
collectors,ȱweȱhaveȱtrialedȱtheseȱnovelȱcollectorsȱwithȱdifferentȱcalciumȱminerals,ȱviz.,ȱapatite,ȱcalciteȱandȱ
fluorite.ȱ Inȱ thisȱ article,ȱ theȱ differentialȱ flotationȱ behaviorȱ ofȱ theseȱ calciumȱ mineralsȱ withȱ theseȱ novelȱ
mineralȬspecificȱ collectorsȱ (surfactantȱ homologues)ȱ areȱ describedȱ asȱ anȱ exampleȱ ofȱ mineralȱ specificȱ
interactionȱofȱtwoȱfunctionalȱgroupȱcollectors.ȱ
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Fig.ȱ1.ȱCollectorȱmoleculesȱ(forȱcalciumȱmineralȱflotation)ȱinȱtheȱleftȱcolumnȱareȱsynthesized(BordesȱandȱHolmbergȱ
2011)ȱatȱtheȱChalmersȱUniversityȱwhileȱtheȱmoleclesȱinȱrightȱcolumnȱareȱsynthesizedȱatȱLTUȱ

ȱ

ȱ

EXPERIMENTALȱ
Materialsȱ
Theȱ solubilityȱ measurementsȱ byȱ NMRȱ wereȱ madeȱ usingȱ acetonitrileȱ asȱ aȱ referenceȱ (5ΐLȱ forȱ 1ȱ mlȱ ofȱ
surfactantȱ solution).ȱ Theȱ samplesȱ ofȱ surfactantȱ wereȱ preparedȱ inȱ D2O,ȱ andȱ theȱ requiredȱ amountȱ ofȱ aȱ
concentratedȱCaCl2ȱsolutionȱorȱHClȱwasȱadded.ȱTheȱsamplesȱwereȱthenȱstirredȱforȱ6ȱhours.ȱ
Quartzȱ Crystalȱ Microbalanceȱ withȱ monitoringȱ ofȱ theȱ dissipationȱ (QCMȬD)ȱ wasȱ usedȱ toȱ evaluateȱ theȱ
specificityȱofȱ adsorptionȱ ofȱsomeȱofȱtheȱ collectorsȱ onȱ apatiteȱlikeȱsurfaces.ȱAȱQCMȬDȱinstrumentȱ(modelȱ
D300)ȱfromȱQȬSenseȱ(Göteborg,ȱSweden)ȱwasȱemployed.ȱInȱorderȱtoȱavoidȱcrystalȱperturbationsȱduringȱtheȱ
shearȱ oscillationȱ ofȱ theȱ crystals,ȱ theȱ measurementsȱ wereȱ carriedȱ outȱ underȱ nonȬflowingȱ conditions.ȱ QȬ
Senseȱ suppliedȱ hydroxyapatiteȱ coatedȱ crystals.ȱ Theȱ surfacesȱ wereȱ cleanedȱ priorȱ toȱ useȱ byȱ aȱ simpleȱ UVȬ
ozoneȱtreatment.ȱTheȱmassȱadsorbedȱwereȱdeterminedȱbyȱapplyingȱtheȱSauerbreyȱrelationshipȱincludingȱaȱ
correctionȱ forȱ theȱ bulkȱ contribution.ȱ Moreȱ informationȱ canȱ beȱ foundȱ elsewhereȱ (Bordes,ȱ Tropsch,ȱ andȱ
Holmbergȱ2010).ȱȱ

Reagentsȱ
Lauroylȱchloride,ȱlȬasparticȱacid,ȱlȬglutamicȱacid,ȱaminomalonicȱacidȱdiethylȱesterȱhydrochloride,ȱlȬglycineȱ
ethylȱester,ȱlithiumȱaluminumȱhydride,ȱcalciumȱchlorideȱanhydrousȱwereȱpurchasedȱfromȱSigma–Aldrich,ȱ
USA.ȱ Dodecylamine,ȱ bromoaceticȱ acid.ȱ bromoprpanoicȱ acid,ȱ bromoaceticȱ acidȱ methylȱ ester,ȱ
bromoprpanoicȱ acidȱ methylȱ ester,ȱ carbonȱ disulfideȱ wereȱ purchasedȱ fromȱ AlfaȬAesar,ȱ UK.ȱ Sodiumȱ
hydroxide,ȱhydrochloricȱacidȱ37%,ȱethanol,ȱtetrahydrofuranȱ(THF)ȱanhydrousȱwereȱpurchasedȱfromȱVWR,ȱ
Sweden.ȱAllȱtheseȱchemicalsȱwereȱusedȱasȱpurchased.ȱPyridineȱ(Aldrich,ȱ99%)ȱwasȱusedȱfreshlyȱdistilledȱinȱ
vacuoȱandȱstoredȱoverȱpotassiumȱhydroxideȱ(KOH).ȱ
ȱ
S
Rȱ O C S - Nȱ a+ȱ

ȱ

ȱ

(1ȱ)

Rȱ

(2)

S
O Cȱ Sȱ- Nȱ a+ȱ
O Cȱ Sȱ-Nȱ a+ȱ
S

(CH2)m
R
(CH2)n
(3)

S
O C S - N a+

ȱ

m=1, 2
n= 1

O C S- N a+
S

ȱ
Fig.ȱ2.ȱCollectorȱmoleculesȱsynthesizedȱandȱusedȱforȱsulfideȱmineralȱflotation.ȱMoleculesȱshownȱareȱatȱpresentȱbeingȱ
synthesizedȱatȱLTUȱ(projectȱsponsoredȱbyȱBolidenȱAB)ȱ

SynthesisȱofȱCollectorsȱ
Aȱ
Theȱ structuresȱ ofȱ theȱ moleculesȱ synthesizedȱ areȱ shownȱ inȱ Fig.ȱ 1,ȱ leftȱ columnȱ (Bordesȱ andȱ
Holmbergȱ2011).ȱTheȱsynthesisȱschemeȱisȱoutlinedȱinȱFig.ȱ3.ȱTheȱmalonateȱandȱglycineȱbasedȱsurfactantsȱ
haveȱbeenȱpreparedȱviaȱanȱesterȱprotectedȱrouteȱwhileȱtheȱaspartateȱandȱtheȱglutamateȱwereȱpreparedȱbyȱ
ȱ

ȱ

theȱSchottenȬBaumannȱreaction.ȱȱȱ
C12MalNa2:ȱTheȱdiethylȱesterȱofȱtheȱaminoȱacidȱ(47ȱmmol)ȱwasȱdissolvedȱinȱpyridineȱ(100ȱmL)ȱinȱaȱroundȬ
bottomedȱ Ěask.ȱ Lauroylȱ chlorideȱ (47ȱ mmol)ȱ inȱ THFȱ (100ȱ mL)ȱ wasȱ addedȱ underȱ stirringȱ atȱ roomȱ
temperature.ȱ Aȱ precipitateȱ appearsȱ andȱ theȱ suspensionȱ wasȱ stirredȱ forȱ 18ȱ hours.ȱ Theȱ mixtureȱ wasȱ thenȱ
pouredȱintoȱaqueousȱhydrochloricȱacidȱ(1.5ȱL,ȱ1ȱM).ȱȱAfterȱ2ȱhoursȱstirringȱtheȱsuspensionȱwasȱęltered.ȱTheȱ
solidȱ diethylȱ esterȱ ofȱ theȱ dicarboxylateȱ surfactantȱ wasȱ ęltered,ȱ washedȱ withȱ waterȱ andȱ dissolvedȱ inȱ
ethanolȱ(150ȱmL)ȱinȱaȱroundȬbottomedȱĚask.ȱSodiumȱhydroxideȱ(2ȱM,ȱ2ȱeqv.)ȱinȱethanolȱ(30ȱmL)ȱwasȱthenȱ
added,ȱleadingȱtoȱaȱwhiteȱprecipitate,ȱwhichȱisȱisolatedȱbyȱęltration.ȱYields:ȱ95%.ȱ1HȱNMRȱ(D2O,ȱΈȱ0.85ȱ(t,ȱ3ȱ
protons),ȱΈȱ1.26ȱ(m,ȱ16ȱprotons),ȱΈȱ1.58ȱ(m,ȱ2ȱprotons),ȱΈȱ2.30ȱ(t,ȱ2ȱprotons),ȱΈȱ3.33ȱ(s,ȱ1ȱproton)),ȱ 13CȱNMRȱ
(D2O,ȱΈȱ13.96,ȱ17.07,ȱ22.68,ȱ29.35,ȱ29.86,ȱ36.07,ȱ49.11,ȱ57.62,ȱ62.19,ȱ174.39,ȱ175.62).ȱ
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Fig.ȱ3.ȱSchematicȱdiagramȱofȱsynthesisȱofȱcalciumȬmineralȱspecificȱ(carboxylicȱacidȱterminated)ȱcollectorsȱcarriedȱoutȱatȱ
theȱChalmersȱUniversityȱ

C12AspNa2ȱ andȱ C12GluNa2:ȱ Aȱ suspensionȱ ofȱ aminoȱ acidȱ (310ȱ mmol)ȱ wasȱ preparedȱ inȱ aȱ mixtureȱ ofȱ
water/acetoneȱ(210ȱmL/150ȱmL)ȱinȱaȱroundȬbottomedȱĚask.ȱpHȱisȱsetȱtoȱ12ȱwithȱanȱautomaticȱtitratorȱęlledȱ
withȱ aȱ solutionȱ ofȱ sodiumȱ hydroxideȱ atȱ 2.5ȱ M.ȱ Lauroylȱ chlorideȱ wasȱ addedȱ dropȬwiseȱ underȱ stirringȱ atȱ
5°Cȱandȱstirringȱwasȱcontinuedȱforȱ90ȱminutes.ȱTheȱmixtureȱwasȱthenȱcooledȱtoȱ0°Cȱandȱstirredȱforȱ2ȱhoursȱ
whileȱtheȱpHȱisȱkeptȱatȱ12.ȱTheȱsolutionȱwasȱwarmedȱtoȱroomȱtemperatureȱandȱthenȱacidięedȱtoȱpHȱ2.ȱAȱ
whiteȱ precipitateȱ appearedȱ whichȱ wasȱ collectedȱ byȱ ęltrationȱ andȱ washedȱ withȱ water.ȱ Theȱ productȱ wasȱ
recrystallizedȱthreeȱtimesȱfromȱtoluene.ȱTheȱproductȱwasȱdissolvedȱinȱethanol,ȱandȱaȱsolutionȱofȱsodiumȱ
hydroxideȱ isȱ addedȱ (2ȱ M,ȱ 2ȱ eq.)ȱ leadingȱ toȱ aȱ precipitate,ȱ whichȱ wasȱ isolatedȱ byȱ ęltration.ȱ Yield:ȱ ȱ 74%.ȱ
C12AspNa2:ȱ 1HȱNMRȱ(D2O,ȱΈȱ0.85ȱ(t,ȱ3ȱprotons),ȱΈȱ1.26ȱ(m,ȱ16ȱprotons),ȱΈȱ1.56ȱ(m,ȱ2ȱprotons),ȱΈȱ2.24ȱ(t,ȱ2ȱ
protons),ȱΈȱ2.56ȱ(d,ȱ2ȱprotons),ȱΈȱ4.38ȱ(t,ȱ1ȱproton)),ȱ 13CȱNMRȱ(D2O,ȱΈȱ14.02,ȱ22.71,ȱ25.67,29.28,ȱ29.36,ȱ29.42,ȱ
29.61,ȱ29.71,ȱ31.99,ȱ36.25,ȱ40.16,ȱ52.97,ȱ176.08,ȱ178.98,ȱ179.10).ȱ
C12GluNa2:ȱ 1HȱNMRȱ(D2O,ȱΈȱ0.83ȱ(t,ȱ3ȱprotons),ȱΈȱ1.24ȱ(m,ȱ16ȱprotons),ȱΈȱ1.56ȱ(m,ȱ2ȱprotons),ȱΈȱ1.85ȱ(m,ȱ1ȱ
ȱ

ȱ

proton),ȱ Έȱ 2.02ȱ (m,ȱ 1ȱ proton),ȱ Έȱ 2.23ȱ (m,ȱ 4ȱ protons),ȱ Έȱ 4.12ȱ (m,ȱ 1ȱ proton)),ȱ 13Cȱ NMRȱ (D2O,ȱ Έȱ 13.98,ȱ 22.65,ȱ
25.72,ȱ29.15,ȱ31.90,ȱ34.40,ȱ36.16,ȱ55.42,ȱ176.39,ȱ179.16,ȱ182.36).ȱ
C12GlyNa:ȱlȬglycineȱethylȱesterȱ(10ȱg)ȱwasȱdissolvedȱinȱpyridineȱ(20ȱmL)ȱinȱaȱroundȬbottomedȱĚaskȱunderȱ
reĚux.ȱDodecylȱchlorideȱ(15.7ȱg)ȱwasȱaddedȱdropȬwiseȱunderȱstirring,ȱleadingȱtoȱaȱwhiteȱprecipitate.ȱTheȱ
solventȱwasȱevaporated.ȱTheȱproductȱwasȱdispersedȱinȱwater,ȱstirredȱandȱthenȱęlteredȱandȱrecrystallizedȱ
fromȱ ethanol.ȱ Theȱ NȬdodecylȱ esterȱ formedȱ wasȱ dissolvedȱ inȱ ethanolȱ (100ȱ mL)ȱ andȱ aqueousȱ sodiumȱ
hydroxideȱ(2ȱM,ȱ35ȱmL)ȱwasȱaddedȱdropȬwiseȱunderȱstirring,ȱleadingȱtoȱaȱwhiteȱprecipitateȱofȱtheȱsodiumȱ
saltȱofȱtheȱsurfactant.ȱYield:ȱȱ46%.ȱ 1HȱNMRȱ(D2O,ȱΈȱ0.83ȱ(t,ȱ3ȱprotons),ȱΈȱ1.25ȱ(m,ȱ16ȱprotons),ȱΈȱ1.57ȱ(m,ȱ2ȱ
protons),ȱΈȱ2.26ȱ(t,ȱ2ȱprotons),ȱΈȱ3.70ȱ(s,ȱ2ȱprotons)),ȱ13CȱNMRȱ(D2O,ȱΈȱ13.84,ȱ22.58,ȱ25.67,ȱ29.07,ȱ29.24,ȱ29.46,ȱ
29.56,ȱ31.84,ȱ36.09,ȱ43.44,ȱ176.49,ȱ176.91).ȱ
ȱ
Bȱ
Theȱ structuresȱ ofȱ theȱ moleculesȱ synthesizedȱ areȱ shownȱ inȱ Fig.ȱ 1,ȱ rightȱ column.ȱ Theȱ synthesisȱ
schemeȱisȱoutlinedȱinȱFig.ȱ4ȱ
C12sp1Na:ȱ Dodecylamineȱ (10ȱ g,ȱ54ȱmmol,ȱ 2ȱ eq.)ȱ wasȱdissolvedȱinȱethanolȱ (50ȱ mL)ȱ inȱaȱroundȬbottomedȱ
Ěask.ȱ Bromoaceticȱ acidȱ (3.75ȱ g,ȱ 27ȱ mmol,ȱ 1ȱ eq.)ȱ wasȱ addedȱ dropȬwiseȱ underȱ stirring,ȱ leadingȱ toȱ aȱ whiteȱ
precipitate.ȱTheȱmixtureȱwasȱsetȱforȱreflux,ȱatȱwhichȱpointȱtheȱprecipitateȱdissolved.ȱTheȱrefluxȱconditionȱ
wasȱ maintainedȱ forȱ 24ȱ hours.ȱ Theȱ solventȱ wasȱ evaporated.ȱ Theȱ productȱ wasȱ purifiedȱ byȱ repeatedȱ
crystallizationȱfromȱethanolȱ(Haldarȱetȱal.ȱ2004).ȱYield:ȱȱ76%.ȱ1HȱNMRȱ(D2O,ȱ360ȱMHz):ȱΈȱ3.2ȱ(s,ȱ2H),ȱ2.6ȱ(t,ȱ
2H),ȱ1.5ȱ(brȱt,ȱ2H),ȱ1.3ȱ(brȱm,ȱ18H),ȱ0.9ȱ(t,ȱ3H).ȱȱ 13CȱNMRȱ(D2O,ȱ90ȱMHz):ȱΈȱ182.2,ȱ56.2,ȱ52.3,ȱ36.7Ȭ28.5,ȱ26.0,ȱ
17.3.ȱ
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Fig.ȱ4.ȱSchematicȱdiagramȱofȱsynthesisȱofȱcalciumȬmineralȱspecificȱ(carboxylicȱacidȱterminated)ȱcollectorsȱcarriedȱoutȱatȱ
LTUȱ(projectȱsponsoredȱbyȱLKAB)ȱ

C12sp11Na2:ȱ C12sp1Naȱ (1.33ȱ g,ȱ 5ȱ mmol,ȱ 1ȱ eq.)ȱ wasȱ dissolvedȱ inȱ ethanolȱ (20ȱ mL)ȱ inȱ aȱ roundȬbottomedȱ
Ěask.ȱ Bromoaceticȱ acidȱ (0.70ȱ g,ȱ 5ȱ mmol,ȱ 1ȱ eq.))ȱ wasȱ addedȱ dropȬwiseȱ underȱ stirring,ȱ leadingȱ toȱ aȱ whiteȱ
precipitate.ȱ Theȱ mixtureȱ wasȱ setȱ forȱ reflux,ȱ whenȱ theȱ precipitateȱ dissolved.ȱ Theȱ refluxȱ conditionȱ wasȱ
maintainedȱ forȱ 24ȱ hours.ȱ Theȱ solventȱ wasȱ evaporated.ȱ Theȱ productȱ wasȱ purifiedȱ byȱ repeatedȱ
crystallizationȱfromȱethanol.ȱYield:ȱȱ62%.ȱ 1HȱNMRȱ(D2O,ȱ360ȱMHz):ȱΈȱ3.2ȱ(s,ȱ4H),ȱ2.6ȱ(t,ȱ2H),ȱ1.5ȱ(brȱt,ȱ2H),ȱ
1.3ȱ(brȱm,ȱ18H),ȱ0.9ȱ(t,ȱ3H).ȱȱ13CȱNMRȱ(D2O,ȱ90ȱMHz):ȱΈȱ182.3,ȱ62.6,ȱ59.3,ȱ36.7Ȭ28.5,ȱ26.0,ȱ17.3.ȱ
C12sp12Na2:ȱ C12sp1Naȱ (1.33ȱ g,ȱ 5ȱ mmol,ȱ 1ȱ eq.)ȱ wasȱ dissolvedȱ inȱ ethanolȱ (20ȱ mL)ȱ inȱ aȱ roundȬbottomedȱ
Ěask.ȱBromopropanoicȱacidȱ(0.77ȱg,ȱ5ȱmmol,ȱ1ȱeq.)ȱwasȱaddedȱdropȬwiseȱunderȱstirring,ȱleadingȱtoȱaȱwhiteȱ
precipitate.ȱ Theȱ mixtureȱ wasȱ setȱ forȱ reflux,ȱ whenȱ theȱ precipitateȱ dissolved.ȱ Theȱ refluxȱ conditionȱ wasȱ
maintainedȱ forȱ 24ȱ hours.ȱ Theȱ solventȱ wasȱ evaporated.ȱ Theȱ productȱ wasȱ purifiedȱ byȱ repeatedȱ
crystallizationȱfromȱethanol.ȱYield:ȱȱ41%.ȱ 1HȱNMRȱ(D2O,ȱ360ȱMHz):ȱΈȱ3.2ȱ(s,ȱ2H),ȱ2.9ȱ(t,ȱ2H),ȱ2.6ȱ(t,ȱ2H),ȱ2.4ȱ
ȱ

ȱ

(t,ȱ2H),ȱ1.5ȱ(brȱt,ȱ2H),ȱ1.3ȱ(brȱm,ȱ18H),ȱ0.9ȱ(t,ȱ3H).ȱ 13CȱNMRȱ(CDCl3,ȱ90ȱMHz):ȱΈȱ184.2,ȱ181.3,ȱ60.7,ȱ57.5,ȱ54.0,ȱ
37.4,ȱ36.3Ȭ27.6,ȱ25.7,ȱ17.0.ȱ
C12sp22Na2:ȱ Itȱ wasȱ doneȱ usingȱ aȱ similarȱ schemeȱ forȱ preparationȱ ofȱ C12sp11Na2,ȱ butȱ usingȱ
bromopropanoicȱacidȱinsteadȱofȱbromoaceticȱacidȱforȱbothȱtheȱsteps.ȱStoechiometryȱremainedȱunchanged.ȱ
Yield:ȱȱ28%.ȱ1HȱNMRȱ(D2O,ȱ360ȱMHz):ȱΈȱ2.9ȱ(t,ȱ4H),ȱ2.6ȱ(t,ȱ2H),ȱ2.4ȱ(t,ȱ4H),ȱ1.5ȱ(brȱt,ȱ2H),ȱ1.3ȱ(brȱm,ȱ18H),ȱ0.9ȱ
(t,ȱ3H).ȱȱ13CȱNMRȱ(CDCl3,ȱ90ȱMHz):ȱΈȱ184.0,ȱ56.6,ȱ53.0,ȱ37.1,ȱ36.7Ȭ28.5,ȱ26.0,ȱ17.3.ȱ
ȱ
Cȱ
TheȱstructuresȱofȱtheȱmoleculesȱsynthesizedȱareȱshownȱinȱFig.ȱ2.ȱTheȱsynthesisȱschemeȱisȱoutlinedȱ
inȱFig.ȱ5ȱ
StepȱIȱandȱStepȱII:ȱItȱwasȱdoneȱusingȱaȱsimilarȱschemeȱforȱpreparationȱasȱmentionedȱaboveȱ(sectionȱB),ȱbutȱ
usingȱ bromoaceticȱ acidȱ methylȱ esterȱ andȱ bromopropanoicȱ acidȱ methylȱ esterȱ andȱ insteadȱ ofȱ freeȱ acidȱ
derivativesȱusedȱearlier.ȱ
StepȱIII:ȱToȱaȱstirredȱsuspensionȱofȱ2ȱgȱofȱlithiumȱaluminumȱhydrideȱinȱ50ȱmLȱofȱtetrahydrofuranȱ(distilledȱ
overȱ lithiumȱ aluminumȱ hydride)ȱ wasȱ addedȱ slowlyȱ aȱ solutionȱ ofȱ 4ȱ gȱ ofȱ stepȱ IIȱ productȱ inȱ 50ȱ mLȱ ofȱ
tetrahydrofuranȱ andȱ theȱ mixtureȱ wasȱ refluxedȱ forȱ 2ȱ hoursȱ (Shapiro,ȱ Flowers,ȱ andȱ Hechtȱ 1957).ȱ Afterȱ
coolingȱinȱanȱiceȱbath,ȱ3ȱmLȱofȱwaterȱwasȱaddedȱfollowedȱbyȱ3ȱmLȱofȱ20%ȱsodiumȱhydroxideȱandȱ6ȱmLȱofȱ
water.ȱ Theȱ precipitatedȱ inorganicȱ saltsȱ wereȱ filteredȱ offȱ andȱ washedȱ withȱ ether.ȱ Theȱ combinedȱ filtratesȱ
wereȱwashedȱwithȱsaturatedȱsodiumȱchlorideȱsolutionȱandȱdriedȱoverȱsodiumȱsulfate.ȱ
StepȱIV:ȱSodiumȱwireȱwasȱaddedȱtoȱstepȱIIIȱproductȱ(1ȱeq.)ȱandȱwhenȱtheȱinitialȱreactionȱmoderated,ȱtheȱ
mixtureȱwasȱgentlyȱboiledȱuntilȱallȱtheȱsodiumȱhadȱreacted.ȱTheȱsolutionȱwasȱchilled,ȱandȱcarbonȱdisulfideȱ
(1ȱeq.)ȱaddedȱprecisely;ȱyieldingȱofȱtheȱpaleȱyellow,ȱodourlessȱxanthateȱcrystalsȱ(BulmerȱandȱMannȱ1945).ȱ
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Fig.ȱ5.ȱSchematicȱdiagramȱofȱsynthesisȱofȱsulfideȬmineralȱspecificȱ(xanthateȬterminated)ȱcollectorsȱcarriedȱoutȱatȱLTU.ȱ
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RESULTSȱ
Calciumȱinteractionȱstudyȱ
NMRȱwasȱusedȱtoȱdetermineȱquantitativelyȱtheȱamountȱofȱsurfactantȱremainingȱinȱsolutionȱasȱtheȱCaCl2ȱ
concentrationȱwasȱincreased.ȱTheȱresult,ȱshownȱinȱFigureȱ6,ȱconfirmsȱthatȱtheȱglutamateȱsurfactantȱisȱmoreȱ
calciumȱtolerantȱthanȱtheȱtwoȱotherȱsurfactants.ȱTheȱsurfactantsȱinvestigatedȱwereȱtheȱdisodiumȱsaltsȱofȱNȬ
dodecylaminomalonicȱ acidȱ (C12MalNa2),ȱ NȬdodecylasparticȱ acidȱ (C12AspNa2)ȱ andȱ NȬdodecylglutamicȱ
acidȱ (C12GluNa2).ȱ Measurementsȱ wereȱ madeȱ atȱ 25°Cȱ andȱ atȱ concentrationȱ ofȱ 100ȱmM,ȱ 146ȱmMȱ andȱ
148ȱmMȱrespectively.ȱ

ȱ
Figureȱ6.ȱȱRelativeȱamountȱofȱdissolvedȱsurfactantȱasȱaȱfunctionȱofȱmolarȱratioȱofȱaddedȱCaCl2ȱtoȱsurfactant.ȱȱ

Aȱ tentativeȱ explanationȱ forȱ theȱ differenceȱ isȱ theȱ following.ȱ Theȱ aminomalonateȱ andȱ theȱ aspartateȱ
surfactantsȱ haveȱ oneȱ andȱ twoȱ carbonȱ atoms,ȱ respectively,ȱ separatingȱ theȱ carboxylȱ groups.ȱ Theseȱ
surfactantsȱshouldȱbeȱcapableȱofȱformingȱintramolecularȱchelatesȱwithȱtheȱdivalentȱcalciumȱion,ȱleadingȱtoȱ
sixȬȱandȱsevenȬmemberedȱrings.ȱTheȱglutamateȱsurfactantȱhasȱaȱthreeȱcarbonȱspacerȱandȱwouldȱformȱanȱ
eightȬmemberedȱringȱwithȱtheȱcalciumȱion,ȱwhichȱisȱlessȱfavourable.ȱTheȱconceptȱisȱshownȱinȱFigureȱ7ȱforȱ
calciumȱionȱbindingȱtoȱC12MalNa2ȱandȱtoȱC12GluNa2.ȱȱ
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Figureȱ7.ȱIntramolecularȱcomplexesȱbetweenȱcalciumȱionȱandȱ(left)ȱanȱaminomalonateȱsurfactantȱandȱ(right)ȱaȱ
glutamateȱsurfactant.ȱ
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ȱ

Precipitationȱseemsȱtoȱbeȱfavouredȱbyȱtheȱintramolecularȱbindingȱofȱcalciumȱions,ȱwhichȱisȱnotȱsurprisingȱ
sinceȱ calciumȱ soapsȱ ofȱ divalentȱ acidsȱ areȱ knownȱ toȱ precipitateȱ readily.ȱ Theȱ intramolecularȱ chelatingȱ ofȱ
calciumȱ ionsȱ mayȱ beȱ assistedȱ byȱ interactionȱ betweenȱ theȱ carbonylȱ oxygenȱ ofȱ theȱ amideȱ bondȱ andȱ theȱ
cation.ȱ Suchȱ interactionsȱ haveȱ beenȱ observedȱ beforeȱ forȱ similarȱ chelatingȱ agentsȱ andȱ divalentȱ cationsȱ
(Chanȱetȱal.ȱ1997)ȱȱ
Inȱ parallelȱ toȱ theȱ bulkȱ behaviorȱ study,ȱ theȱ adsorptionȱ ofȱ theȱ threeȱ dicarboxylateȱ surfactantsȱ C12MalNa2,ȱ
C12AspNa2ȱ andȱ C12GluNa2ȱ wasȱ studiedȱ byȱ quartzȱ crystalȱ microbalanceȱ withȱ dissipationȱ monitoringȱ
(QCMȬD).ȱ QCMȱ isȱ aȱ versatileȱ techniqueȱ thatȱ allowsȱ theȱ useȱ ofȱ manyȱ differentȱ surfacesȱ suchȱ asȱ mineralȱ
surfaces.ȱ Figureȱ 8ȱ showsȱ QCMȬDȱ curvesȱ forȱ adsorptionȱ ofȱ theȱ threeȱ dicarboxylicȱ surfactantsȱ onȱ aȱ thinȱ
layerȱofȱhydroxyapatiteȱappliedȱonȱaȱgoldȱcoatedȱquartzȱcrystal,ȱnormalizedȱtoȱtheȱCMCȱofȱtheȱsurfactants.ȱ
CMCsȱareȱ50ȱmM,ȱ73ȱmMȱandȱ74ȱmMȱforȱC12MalNa2,ȱC12AspNa2ȱandȱC12GluNa2,ȱrespectively.ȱ

ȱ
Figureȱ8.ȱȱChangesȱinȱmassȱ('m)ȱdeterminedȱwithȱQCMȬDȱvs.ȱsurfactantȱconcentrationȱnormalizedȱbyȱtheȱCMCȱforȱ
adsorptionȱofȱC12MalNa2ȱ(Ƞ),ȱC12AspNa2ȱ(ᇞ)ȱandȱC12GluNa2ȱ(ż)ȱonȱhydroxyapatiteȱatȱ20°C.ȱ

Theȱ adsorptionȱ ofȱ theȱ dicarboxylicȱ surfactantsȱ atȱ hydroxyapatiteȱ isȱ asȱ followsȱ
C12AspNa2ȱ>ȱC12MalNa2ȱ>ȱC12GluNa2.ȱ Asȱ discussedȱ above,ȱ theȱ distanceȱ betweenȱ theȱ twoȱ carboxylȱ
groupsȱinȱtheȱseriesȱofȱdicarboxylicȱaminoȱacidȬbasedȱsurfactants,ȱi.e.,ȱtheȱlengthȱofȱtheȱspacerȱunit,ȱplaysȱaȱ
crucialȱroleȱforȱtheȱinteractionȱofȱtheȱheadgroupȱwithȱdivalentȱcationsȱinȱsolution,ȱandȱshouldȱmatchȱtheȱ
topologyȱ ofȱ theȱ hydroxyapatiteȱ surface.ȱ Theȱ weakȱ adsorptionȱ ofȱ theȱ glutamateȱ surfactantȱ onȱ theȱ
hydroxyapatiteȱsurfaceȱcanȱmostȱlikelyȱbeȱexplainedȱbyȱtheȱsameȱargumentȱasȱusedȱaboveȱtoȱexplainȱtheȱ
goodȱ toleranceȱ toȱ calciumȱ ionsȱ forȱ thisȱ surfactantȱ comparedȱ toȱ theȱ aminomalonateȱ andȱ theȱ aspartateȱ
surfactants:ȱ itsȱ inabilityȱ toȱ formȱ strongȱ intramolecularȱ complexesȱ dueȱ toȱ aȱ tooȱ longȱ spacerȱ betweenȱ theȱ
carboxylȱgroups.ȱItȱisȱthenȱreasonableȱthatȱC12GluNa2ȱisȱnotȱefficientȱinȱchelatingȱcalciumȱfromȱtheȱcrystalȱ
lattice.ȱFollowingȱthisȱwayȱofȱreasoning,ȱtheȱstrongerȱadsorptionȱofȱC12AspNa2ȱcomparedȱtoȱC12MalNa2ȱ
canȱ beȱ assumedȱ toȱ beȱ dueȱ toȱ betterȱ complexingȱ ofȱ theȱ aspartateȱ surfactantȱ withȱ latticeȱ calcium.ȱ Theseȱ
resultsȱcanȱserveȱasȱaȱbasisȱforȱtheȱrationalizationȱofȱtheȱflotationȱwork.ȱ
ȱ
ȱ
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a b s t r a c t
The investigation aims to demonstrate the conceptual thoughts behind developing mineral speciﬁc
reagents for use in ﬂotation of calcium containing ores. For this purpose, a series of dicarboxylate-based
surfactants with varying distance between the carboxylate groups (one, two or three methylene groups)
was synthesized. A surfactant with the same alkyl chain length but with only one carboxylate group was
also synthesized and evaluated. The adsorption behavior of these new reagents on pure apatite and pure
calcite surfaces was studied using Hallimond tube ﬂotation, FTIR and f potential measurements. The relation between the adsorption behavior of a given surfactant at a speciﬁc mineral surface and its molecular
structure over a range of concentrations and pH values, as well as the region of maximum recovery, was
established. It was found that one of the reagents, with a speciﬁc distance between the carboxylate
groups, was much more selective for a particular mineral surface than the other homologues. For example, out of the four compounds synthesized, only the one where the carboxylate groups were separated
by a single methylene group ﬂoated apatite but not calcite, whereas calcite was efﬁciently ﬂoated with
the monocarboxylic reagent, but not with the other reagents synthesized. This selective adsorption of
a given surfactant to a particular mineral surface relative to other mineral surfaces as evidenced in the
ﬂotation studies was substantiated by f potential and infra-red spectroscopy data.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
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Design, development and selection of reagents, or industrial
performance chemicals such as surfactants, dispersants, and ﬂocculants, are important in many industrial ﬁelds, including mineral

T. Karlkvist et al. / Journal of Colloid and Interface Science 445 (2015) 40–47

processing [1,2]. Most of the commercial reagents currently used in
mineral ﬂotation have been discovered through trial and error
based on rules of thumb and past experience. This way of discovery
is time and resource consuming; the design of an acceptable
reagent for a particular application can therefore be prohibitively
expensive. Furthermore, using past experience as a basis for discovery limits the selection of new reagents to already known families of surfactants and polymers [1–4].
Much research efforts have been devoted to the physico-chemical aspects of ﬂotation of sparingly soluble calcium minerals
using a variety of ﬂotation collectors [5]. Some of these minerals
have very similar surface properties (such as scheelite–ﬂuorite,
ﬂuorite–calcite, apatite–calcite and ﬂuorite–barite) and separation of these is therefore a very challenging task. Fatty acids have
been fairly standard collectors for separation of calcium minerals
and their mode of adsorption has been widely studied [6]. Due to
the high reactivity and low selectivity of the collectors employed,
this separation is not always satisfactory on an industrial level,
however. In order to improve the situation, different depressants
are used together with the collector but there is deﬁnitely room
for improvements in both recovery and selectivity in the ﬂotation
of many complex ores [2]. The problems encountered become
more pronounced as the available ores become of increasingly
lower grade. The separation methods have to be even more
efﬁcient to enable the recovery of low grade, complex and disseminated type of ore deposits, as well as of old tailing dumps.
The development of new highly selective reagents is therefore
vital [1].
Collector reagents for non-sulﬁde ores are normally amphiphilic molecules with a hydrophobic aliphatic chain, referred to
as the ‘tail’, connected to a hydrophilic polar head group. Almost
all such collectors employed to date consist of only one polar functional group. When choosing the functional group the primary
need is its complexation/chelation ability with the metal ions present at the mineral surface [7]. This way of choosing groups cannot
be used in a system where the minerals to be separated have the
same surface metal ion, such as Ca2+ at the surfaces of calcium
minerals. In such cases it is evident that to ﬁnd a collector with
speciﬁcity for a given surface one cannot look only on its complexation chemistry with the surface metal ion [8]; its interaction with
the whole surface needs to be taken into account [9,10]. Understanding the molecular interactions involved in biomineralization
processes indicates at the possibility of designing reagents speciﬁc
to a given crystal structure [11–13]. For instance, by looking at the
inﬂuences of organic acids on crystal growth processes it can be
predicted that using more than one functional group can be a
way to affect the morphology of the surface or inhibit the crystal
growth [14–16]. The use of reagents with more than one functional
group also makes it possible to have different spacing between the
groups, and this spacing has been found to be an important factor
in the efﬁcacy of crystal growth inhibition. The concept itself has
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been successfully applied for controlling crystal morphology or
inhibiting crystal growth processes and based on these experiences
collector molecules with two functional groups to be used for
achieving mineral speciﬁcity in ﬂotation separation of calcium
minerals have been synthesized [17].
The inﬂuence of the surface structure in mineral–reagent interactions can be noticed in the ﬂotation of calcium minerals, even if
it is not fully understood. When looking at ﬂuorite ﬂotation with
fatty acid collectors, the higher collector afﬁnity is thought to be
due to better templating effects at the ﬂuorite surface [18].
With fatty acids as reagents for different chloroapatite (and/or
ﬂuoroapatite) ﬂotation, the variance in ﬂotation response has been
attributed to differences in crystal structures. The use of aminosubstituted fatty acids to separate ﬂuorite appears to be effective
while diphosphonic acid collectors with different spacer lengths
between the phosphonic groups have resulted in different ﬂotation
responses for apatite and calcite [19,20]. The selectivity obtained
with these reagents, which have more than one polar functional
group, can probably be attributed to their geometrical match and
compatibility with the mineral surface, even if this is not clearly
stated in the literature.
In the present study, novel anionic surfactants having an amide
bond connecting the hydrophobic tail with the polar part, which
consists of two carboxyl groups with varying spacing between
them have been studied (Fig. 1). As can be seen from the ﬁgure,
the polar part of the molecule is connected to a dodecyl chain by
an amide bond. It is known that this amide bond assists the selfassembly of the surfactants [21] and it is also likely that the amide
bond can participate in the chelating of divalent cations [22]. A
previous study [23] of these surfactants has revealed that the distance between the carboxyl groups is important for the interaction
with calcium ions. A monocarboxylic analogue was also synthesized and evaluated. The aim of the work reported here is to design
‘smart’ collectors capable of identifying and adsorbing to a speciﬁc
mineral surface in a mixture of calcium minerals in order to
achieve preferential ﬂoatation.

2. Materials and methods
2.1. Materials
Pure apatite and calcite minerals used in this paper were
purchased from Gregory, Bottley & Lloyd Ltd., United Kingdom.
The minerals were received as large 500 g blocks and were crushed
in a jaw crusher. The minerals were further reduced in size using a
stainless-steel rod mill and screened to collect the 38–150 lm size
fraction (150 lm > size fraction > 38 lm). To produce the 65 lm
size fraction (for f potential measurements and FTIR experiments)
a Fritch Pulverisette mortar grinder was used and screened with a
5 lm ﬁlter cloth screen in an ultrasonic bath.

Fig. 1. (top-left) Sodium N-dodecanoylglycinate; (top-right) disodium N-dodecanoylaminomalonate; (bottom-left) disodium N-dodecanoylaspartate and (bottom-right)
disodium N-dodecanoylglutamate [21,23,24].
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2.2. Reagents

was used as reference and its structure is also shown in Fig. 1.
The syntheses of the collectors were described in a previous
paper [23].

All pH adjustments were done using hydrochloric acid (HCl)
and sodium hydroxide (NaOH). For the f potential measurements sodium chloride (NaCl) was used as the background
electrolyte.
Dodecanoylchloride (Aldrich, 98%), L-aspartic acid (Aldrich,
P98%) L-glutamic acid (Aldrich, 99%), aminomalonic acid diethyl
ester hydrochloride (Fluka, P99%), glycine ethyl ester (Aldrich,
99%), sodium hydroxide (Fluka, P98%), tetrahydrofuran (THF)
anhydrous (Aldrich, 99.9%), hydrochloric acid (Riedel de Haën,
37%) were used as purchased. Pyridine (Aldrich, 99%) was used
freshly distilled in vacuum and stored over potassium hydroxide
(KOH).

f potential measurements were performed using a ZetaCompact
(CAD instruments) instrument. 1  10 2 M NaCl was used as
background electrolyte and the solid concentration of the samples
was 0.50 g/L. Each sample was equilibrated for 10 min on a shaking
table. The results were calculated using Zeta4 softwareÒ with the
Smoluchowski equation and are an average of three repeated
measurements (each time with different aliquots) on the same
sample.

2.3. Novel collectors

2.5. Hallimond ﬂotation tests

Flotation tests were performed with three dicarboxylate surfactants, disodium N-dodecanoylaminomalonate (C12MalNa 2),
disodium N-dodecanoylaspartate (C12AspNa2) and disodium
N-dodecanoylglutamate (C12GluNa 2) having one, two or three
methylene groups between the two anionic groups, respectively. The structures are given in Fig. 1. A monocarboxylate surfactant, sodium N-dodecanoylglycine (C12GlyNa), which also
has the polar head group connected to the tail via an amide bond,

The ﬂotation of the mineral samples was performed in a 100 ml
Hallimond tube ﬂotation cell using 1 g of pure mineral in the size
fraction 38–150 lm size fraction at the desired pH. The suspension
of mineral in deionized water and collector was conditioned for
10 min, transferred to the Hallimond cell and ﬂoated for 1 min at
ambient temperature. The ﬂotation recovery was calculated as
the mass-ratio between the recovered ﬂoated particles and the
total amount of mineral particles.

2.4. f potential measurements

Fig. 2. Flotation recovery and f potential measurement as a function of pH, in the presence of 2  10
calcite; (c) f potential of apatite; (d) f potential of calcite.

4

M collector. (a) Flotation recovery of apatite; (b) ﬂotation recovery of
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2.6. Diffuse reﬂectance FTIR spectroscopy measurements
Diffuse Reﬂectance Infrared Fourier-Transformed Spectroscopy
(DRIFTS) measurements were performed using a Bruker IFS 66 v/S
instrument with a deuterated triglycine sulfate (DTGS) detector.
The 65 lm fractions were conditioned for 10 min, at the different
pH and concentrations reported. The samples were then washed
three times with deionized water and ﬁltered to remove any molecules not chemically adhered to the surface. The samples were then
dried overnight at room temperature. The dried samples were
mixed with potassium bromide to a 13 wt% concentration and the
spectra were recorded with 128 scans at a resolution of 4 cm 1.
The spectra were then normalized by dividing all the collector
peaks to the height of highest collector peak obtained in the series.
3. Results
3.1. Hallimond ﬂotation test and f potential measurement of apatite
and calcite – effect of pH
3.1.1. Flotation study
Flotation recovery was studied in the pH range of 2–12 for apatite, and 6–12 for calcite (due to the alkaline nature of CaCO3 it was
not feasible to measure at a pH lower than 6) for a collector concentration of 2  10 4 M with the data obtained presented in Fig. 2a
and b respectively. Even though the structures of the collectors

are relatively similar there are obviously considerable differences
in ﬂotation efﬁcacy between them. At low pH, all of the collectors
except the monocarboxylic glycine yielded a good recovery at some
point, while with calcite the only collector without signiﬁcant
recovery at low pH was C12MalNa2. At higher pH, C12MalNa2,
shows slightly higher recovery of apatite than the other collectors,
while for calcite, the only collector with signiﬁcant recovery is
C12GlyNa.
3.1.2. f potential study
Fig. 2c shows f potential studies of apatite at different pH for a
collector concentration of 2  10 4 M, as well as in the absence of
a collector while Fig. 2d shows the f potential for calcite at the
same conditions. In the absence of collector apatite shows an isoelectric point slightly below pH 4, whereas the isoelectric point
for calcite was not found in the range studied. In the presence
of either C12GluNa2 or C12GlyNa the isoelectric point of apatite
was shifted to below pH 3. In the presence of either C12MalNa2
or C12AspNa2 no isoelectric point was observed in the pH range
examined.
At low pH, the apatite surface in the presence of any collector
deviates from the apatite surface with no of collector, while as
pH increases, the f potential shifts closer to the pure apatite surface. This is true for any collector except C12MalNa2, where the
surface show a signiﬁcant change over the entire pH range. With
calcite, the surface in the presence of the aspartate or glutamate

Fig. 3. Flotation recovery and f potential measurement of apatite using collector concentrations ranging from 5  10
ﬂotation recovery at natural pH; (c) f potential measurement at pH 10.5; (d) f potential measurement natural pH.

6

M to 1  10

3

M. (a) Flotation recovery at pH 10.5; (b)
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derivative shows a slight change in f potential; however it still
follows the same general trend. In the presence of C12GlyNa there
is a fair agreement with the f potential of the pure surface at low
pH, whereas with increased pH there is a noticeable deviation. In
the presence of C12MalNa2 there is a signiﬁcant change in the f
potential over the entire pH range examined.
The curves for C12GluNa2, C12AspNa2 and C12GlyNa at higher
pH almost follow the curve for apatite without any ﬂotation collector, indicating little or no collector adsorption under these conditions. At low pH both C12GluNa2 and C12AspNa2 exhibited
strongly negative f potential values, which indicate signiﬁcant
adsorption of the anionic collectors. The collector C12MalNa2
stands out in the studies. It gave pronounced negative values over
a broad pH range, indicating a massive, and pH insensitive, adsorption of this dicarboxylate surfactant.
Calcite without added collector has a f potential in the range 10–
20 mV over the entire pH range studied. Addition of C12AspNa2,
C12GluNa2 or the monocarboxylate C12GlyNa did not lead to dramatic changes in the f potential, although the values did go below
0 for C12GlyNa at very high pH values. With C12MalNa2 there was a
steady decrease in f potential with increasing pH, reaching very low
values at high pH
Both C12AspNa2 and C12GluNa2 coated calcite surfaces
change from negative to positive potential between pH 7 and

pH 8, while C12GlyNa coated calcite changes sign around pH
11.7. For calcite without any ﬂotation collector, as well as when
C12MalNa2 was used as collector, there was no speciﬁc iso-electric point; the former remained positive at all pH values while
the C12MalNa2 coated surface was negatively charged in the
entire pH range studied. This is a strong indication of a progressively higher adsorbed amount of collector on this mineral
surface.
3.2. Hallimond ﬂotation test and f potential measurement of apatite –
effect of collector concentration
3.2.1. Flotation study
Results from ﬂotation experiments using apatite at pH 10.5
and at the natural pH, for a collector concentration ranging from
5  10 6 M to 1  10 3 M can be seen in Fig. 3a and b. At pH
10.5 apatite was ﬂoated efﬁciently (90%) with C12MalNa2 and
moderately well (50%) with C12GlyNa while the two remaining
collectors showed virtually no recovery. The results at a collector
concentration of 2  10 4 M were in good agreement with the
recovery shown in Fig. 2a at a pH of 10.5. Fig. 3b shows that
at the natural pH all the collectors were useful for apatite ﬂotation, with C12GlyNa being the most and C12GluNa2 the least
efﬁcient.

Fig. 4. Flotation recovery and f potential measurement of calcite using collector concentrations ranging from 5  10
ﬂotation recovery at natural pH; (c) f potential measurement at pH 10.5; (d) f potential measurement natural pH.

6

M to 1  10

3

M. (a) Flotation recovery at pH 10.5; (b)
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Fig. 5. Plots for absorbance vs. collector concentration at pH 10.5 based on DRIFTS spectra; (a) C12GlyNa on apatite; (b) C12MalNa2 on apatite; (c) C12GlyNa on calcite; (d)
C12MalNa2 on calcite. Lines are guide for the eye.

3.2.2. f potential study
Fig. 3c shows f potential curves at pH 10.5 where C12MalNa2
produced a sharp decrease in f potential with increasing collector
concentration, indicating strong adsorption at the mineral surface
C12GlyNa, which gave the second best recovery in the ﬂotation
experiments, gave the second lowest f potential at high collector
concentration. The other two collectors, C12AspNa2 and C12GluNa2, which gave almost no ﬂotation recovery, caused a minimal
change in the f potential values, indicating little or no adsorption
of these collectors at the apatite surface. At the natural pH the correlation was not as good as previously between the ﬂotation results
(Fig. 3b) and the f potential values (Fig. 3d) although the general
trend of improved recovery with a decrease in f potential is clear.
Comparing the f potential and the ﬂotation recovery data at
high pH there is a clear correlation with increasing concentration.
Both collectors which can successfully recover apatite to some
extent show adsorption at the mineral surface, as indicated by
the change in f potential.
3.3. Hallimond ﬂotation test and f potential measurement of calcite –
effect of collector concentration
3.3.1. Flotation study
Fig. 4a and b show ﬂotation recovery of calcite at pH 10.5 and at
the natural pH, respectively, for a collector concentration varying
from 5  10 6 M to 1  10 3 M. As can be seen, at pH 10.5 only
the single head group collector C12GlyNa gave good recovery of
calcite at high collector concentrations (above 4  10 4 M). Also

at the natural pH this collector was the most efﬁcient and the ﬂotation started at one order of magnitude lower concentration than
at pH 10.5. At natural pH, but not at pH 10.5, there was moderate
ﬂotation recovery with C12AspNa2 and C12GluNa2 using relatively
high collector concentrations. C12MalNa2 however, did not assist
ﬂotation of calcite at any pH or concentration.
3.3.2. f potential study
The f potential curves for calcite at pH 10.5 and at the natural
pH for a collector concentration varying from 5  10 6 M to
1  10 3 M, Fig. 4c and d respectively, all show decreasing f potential with increasing collector concentration. At the higher pH
C12MalNa2 and C12GlyNa are the collectors that most affect the
f potential, while at natural pH C12MalNa2 and C12GluNa2 show
the largest change in f potential.
3.3.3. Diffuse reﬂectance FTIR spectroscopy study
The alkyl chain absorbance band regions for apatite and calcite
after addition of C12MalNa2 or C12GlyNa at concentrations
between 5  10 6 M and 1  10 3 M and at pH 10.5 are shown in
Fig. 5. From the absorbance spectra on calcite, it is difﬁcult to see
the collector absorbance, as calcite itself has two bands overlapping with the CH2-band absorption region. A spectrum of pure
(freshly ground) calcite is subtracted from the spectrum of collector-coated calcite to ﬁnd the spectrum for the adsorbed collector
only.
The experiments were not repeated, hence no error bars,
however from experience using this method the error is
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about ±0.05 AU. The trend curves have been added to emphasize
the general development of the adsorption, and do not represent
any adsorption isotherms.
A few major conclusions might be drawn from Fig. 5a–d. The
C12GlyNa shows a steep increase in the measured absorption on
both minerals from around 8  10 4 M indicating formation of an
ordered surface aggregation. This is not so clear for the C12MalNa2.
In the latter case the adsorptions appear to be more gradual. For
C12GlyNa on calcite and C12MalNa2 on apatite, the measured
absorptions indicated more reagents adsorbed, which correlate
with the preferential ﬂotation shown earlier.
4. Discussion
During a ﬂotation experiment, the surfactant is involved in several events that occur simultaneously, and several equilibria take
place. The surfactant will adsorb at the mineral surface and at
the air/water interface of the gas bubble. Several factors can affect
the adsorption at the various interfaces, and understanding the
afﬁnity for a given mineral surface is therefore not straightforward.
In addition, in the case of semi-soluble, the bulk behavior of the
surfactants in presence of leeched ions has to be taken into account
to rationalize the results.
It is also important to emphasize that this study was carried out
with pure minerals where there is no possibility of competition
between different solid surfaces, indicating the possibility of ﬂotation separation. It is likely that there would be a competition and it
would adsorb to both surfaces, while still mainly ﬂoating one mineral speciﬁcally. With calcite there is also the added complexity of
its more dissolving nature, where release of calcium ions from the
surface can occur much easier than with apatite. This in turn will
result in a much more complex bulk phase and the possibility of
collectors interacting with the free calcium ions in the bulk instead
of the calcium in the mineral, or possibly even to some small
extent leech calcium ions from the surface. Both these phenomenon might result in different ﬂotation recovery performances.
The monocarboxylic collector C12GlyNa behaves as a traditional collector by adsorbing on both calcium minerals, albeit with
a slight preference for calcite over apatite. This is true especially at
higher pH where there is a good agreement between both the f
potential as well as the DRIFT data showing some sort of surface
coverage starting from 2  10 4 M on both apatite and calcite. At
lower pH, there is not much ﬂotation response on apatite. Despite
this there is still a decrease in the f potential indicating some surface adsorption on apatite, while there is very little change in the f
potential on calcite despite the successful ﬂotation at the same pH.
That there is adsorption of collector on the surface at lower pH
seems reasonable, given that it is close to the pKa of the carboxylic
groups of the corresponding amino acids (pH 2–4) where unselective surface precipitation of the collectors is possible. A decrease of
the pH will naturally induce a reduction of the surfactant solubility. This trend is the same for mono- and dicarboxylic surfactants.
At pH 10.5 however, there is a much better agreement between f
potential and ﬂotation on both apatite and calcite where the
expected trend of traditional monofunctional collectors with
increased concentration will eventually yield a ﬂotation response.
There is also a slight preference for calcite as the ﬂotation recovery
is much higher than for apatite. This might be seen in the DRIFTs
data where the absorbance is larger even at smaller bulk concentrations indicating some sort of collector adsorption on the surface.
It is noteworthy that this surfactant was used at concentration
relatively closed to its CMC, on the contrary of the other dicarboxylate that have relatively high CMC. It is also known that it is more
surface active.
The dicarboxylic collector C12MalNa2 on the other hand shows
some recovery of apatite at all pH using a collector concentration of

2  10 4 M or larger, however, there is no noticeable recovery of
calcite at any pH or concentration used in this study. The apatite
ﬂotation is supported by the decreased f potential indicating surface adsorption, especially in the study at pH 10.5, where there is
a good agreement between the ﬂotation and the f potential studies.
On calcite there is also a large decrease in f potential. However, the
f potential indicating adsorption of C12MalNa2 on the calcite surface, the adsorption itself is not enough for successful ﬂotation.
For ﬂotation recovery there is a need for formation of hydrophobic
islands on the surface where the collector is adsorbed in such a
way that a hydrophobic layer is created. It is possible that this
might not happen on the calcite surface, if only one functional
group is adsorbed, or if both functional groups are adsorbed in such
a way that the collector cannot arrange itself to form a stable
hydrophobic island. The adsorption of C12MalNa2 on both apatite
and calcite is supported by the DRIFT spectra, where absorbance
increases with increased collector concentration in which apatite
seems to be the slightly favored surface with higher absorbance
at lower solution concentrations. The other two collectors,
C12AspNa2 and C12GluNa2, show little collector adsorption except
at low pH where the surfactant are known to have limited solubility [24]. The recovery for calcite was also surprisingly low, despite
they are known to interact with calcium surfaces and calcium ions
very speciﬁcally [21,24,25]. For instance it has been demonstrated
that glutamate based surfactant are very calcium tolerant while
malonate readily precipitate in the form of calcium salt. This in
turn provides interesting features when it comes to the adsorption
at calcium containing surface such as hydroxyapatite where the
adsorption at the CMC follow the order C12AspNa2 > C12MalNa2 > C12GluNa2. This is in agreement with the strong reversion
of f-potential observed when the surfactant concentration was
increased. One tentative explanation could be that the strong
adsorption enables the formation of a well packed bilayer preserving the mineral particle their hydrophilic character.

5. Conclusion
Several important remarks can be made from the results
obtained. At high pH the dicarboxylate collector C12MalNa2 (with
the carboxylate groups separated by one methylene group) seems
to be an apatite speciﬁc reagent while the single carboxylate collector C12GlyNa is a calcite speciﬁc collector. By proper choice of
collector and by carefully controlling both the concentration of
the collector and the pH of the solution, it should be possible to
separate the two minerals from each other. To the best of our
knowledge, in the absence of any additional activator/modiﬁer/
depressant for ﬂotation, this is the ﬁrst report that one collector
(C12MalNa2) can ﬂoat one calcium mineral (apatite) very
efﬁciently while totally ineffective for another calcium mineral
(calcite), though both of them have similar type of adsorption site
of their surfaces. This speciﬁcity remains under a large range of
concentration. The dicarboxylic collectors with two or three methylene groups as spacer (C12AspNa2 and C12GluNa2, respectively)
do not assist ﬂotation much neither at pH 10.5 nor at the natural
pH unless the concentration of the collector is very high.
However, signiﬁcant ﬂotation was observed when the collectors
were used at lower pH (2.0–4.5 with apatite and 6.0–8.5 with
calcite), where the collectors have poor solubility in water. It is
possible that at this low pH the insoluble collector, or aggregates
of the collector, adsorbs at the mineral surface, rendering it hydrophobic, which will promote ﬂotation. This is in line previous results
showing that the surfactant behavior is highly pH sensitive [24].
To summarize, this work shows the potential of having a toolbox consisting of mono- and dicarboxylic collectors for speciﬁc
mineral recovery in complex systems. This opens for the very
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interesting possibility of using tailor-made collectors for speciﬁc
mineral separation processes.
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Flotation Selectivity of Novel Alkyl
Dicarboxylate Reagents for CalciteFluorite Separation
A series of amino acid-based surfactants with a fixed alkyl chain
length and with two carboxyl groups separated by a spacer of
one, two or three carbon atoms have been synthesized and
evaluated as potential collectors for flotation of calcite and fluorite. A monocarboxylate amino acid-based surfactant having the
same length of the hydrocarbon tail was also included for comparison in the study. Experiments using a Hallimond flotation
tube showed that although the flotation reagents solely differ
in terms of spacer, their efficacy in terms of flotation recovery
varied very much. Whereas on calcite at pH 10.5 only the monocarboxylate collector gave a high yield, on fluorite at the same
pH both the monocarboxylate and the dicarboxylate collectors
with one carbon between the carboxyl groups gave good results. On calcite at the natural pH the monocarboxylate collector
was most efficient but the dicarboxylate collectors with a twoand a three-carbon spacer also gave a reasonable recovery. On
fluorite at the natural pH the dicarboxylate collectors with a
two- and a three-carbon spacer were most efficient. The f-potential and the flotation recovery of the mineral particles as a
function of added collector were assessed and the adsorption
was also monitored by diffuse reflectance infra-red spectroscopy. Taken together, the results showed that small changes in
the head group region of the collector can radically affect flotation recovery. This type of knowledge is important to understand
flotation selectivity in a mixture of similar minerals.
Key words: Froth flotation, mineral processing, adsorption,
mineral specific reagents, surfactant

Selektivität der Flotation bei der Trennung von Calcit und
Fluorit mit neuen Alkyldicarboxilaten. Es wurde eine Reihe
Aminosäurenbasierter Tenside synthetisiert und als potenzielle
Kollektoren für die Flotation von Calcit und Fluorit bewertet. Die
Tenside besitzen eine konstante Alkylkettenlänge und zwei
Carboxylgruppen, die durch einen Spacer, der ein, zwei oder drei
Kohlenstoffatome enthalten kann, getrennt sind. Ein Monocarboxilataminosäuretensid mit der gleichen Kohlenstoffkettenlänge
wurde als Vergleichssubstanz in die Untersuchung einbezogen.
Experimente in der Hallimond-Flotationsröhre ergaben, dass, obwohl die Flotationsreagenzien sich ausschließlich in Bezug auf die
Spacer voneinander unterschieden, deren Wirksamkeit im Hinblick auf die Flotationsanreicherung sich sehr stark veränderte.
Während auf Calcit bei pH 10,5 nur der Monocarboxilatsammler
eine hohe Ausbeute lieferte, zeigten auf Fluorit beim gleichen pH
sowohl der Monocarboxilat- als auch der Dicarboxilatsammler,
dessen Spacer zwischen den Carboxylgruppen nur ein Kohlen1
2
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stoffatom hatte, gute Ergebnisse. Auf Calcit beim natürlichen pHWert war der Monocarboxilatkollektor der effizienteste, aber die
Dicarboxilatkollektoren mit einem Spacer, der zwei- bzw. drei
Kohlenstoffatome enthielt, gab auch eine annehmbare Anreicherung. Dicarboxilatkollektoren mit einem zwei- oder einem drei
Kohlenstoffatome enthaltenen Spacer waren auf Fluorit beim natürlichen pH die effizientesten. Das f-Potential und die Flotationsanreicherung der Mineralpartikel als Funktion des zugegebenen
Kollektors wurden bewertet. Die Adsorption wurde durch diffuse
Reflexionsspektroskopie (DRIFTS) überwacht. Zusammengefasst
zeigten die Ergebnisse, dass kleine Änderungen in dem Kopfgruppenbereich des Kollektors die Flotationsanreicherung drastisch
beeinflussen können. Diese Erkenntnis ist für das Verständnis der
Flotationsselektivität in einer Mischung ähnlicher Mineralien von
Bedeutung.
Stichwörter: Schaumflotation, Erzaufbereitung, Adsorption, Erzspezifisches Reagenz, Tensid

1 Introduction

The success of mineral flotation processes depends on the
hydrophobization of the desired mineral particle’s surface
whilst keeping, or making, all other mineral surfaces hydrophilic [1]. This is achieved by adding to the flotation pulp
reagents intended to adsorb selectively at the different
mineral/water interfaces [2 – 4]. The reagents (surface active
agents) which have selectivity for the minerals to be floated
are called collectors if they hydrophobize the desired mineral surface. Several known chelating agents [5 – 7] have been
appropriately modified to behave as selective flotation collectors with some degree of success [8]. The problem is that
most chelating groups form complexes with almost all transition and many non-transition metals. As a consequence,
absolute selectivity rarely exists. Chelating agents made surface active assumes that the metal ion specificity observed
for a functional group in a bulk aqueous system would be
retained at the interface. This is seldom the case, however.
The situation in terms of coordination limitations, steric
constraints, etc. for a lattice metal atom or surface metal
ion is very different from the situation when the corresponding metal ion is free in solution.
It is clear that in order to design a reagent with a high degree of selectivity, one must take into account not only the
interaction with the metal ion in the surface, but the whole
surface [9, 10]. Is it then possible to find and/or design reagents which can recognize the surface structure of the substrate? How should the reagent design take into account the
differences in the crystal structures of the surfaces of similar
minerals? If possible, the reagents should have functional
groups so spaced that they are compatible with the relative
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positions of the metal ion sites available on the surface, that
is, the reagents should not be just metal-specific but structure-specific [11].
The claimed understandings of the molecular interactions
involved in the recognition of surfaces by organic molecules
in biomineralization processes hints at the possibility of reagents specific to the crystal structure [12, 13]. The influence
of organic additives on crystal growth processes suggests
that molecules having at least two functional groups can
either influence the morphology of surfaces or inhibit crystal growth whereas molecules containing only one functional group lack this ability [14 – 16]. The spacing between
the functional groups has been found to be an important
factor in the efficacy of crystal growth inhibition. These concepts have been successfully applied either for the control of
crystal morphology [17, 18] or for inhibiting crystal growth
processes through the recognition of specific crystal surfaces
[15, 19]. The concept of molecules having two functional
groups with appropriate spacing between them so as to
achieve structural compatibility with surface sites, i. e. maximum interaction with the surface, is of direct relevance to
reagent selectivity in flotation processes.
During the last several decades a considerable amount of
research has been devoted to the physico-chemical aspects of
flotation of sparingly soluble calcium minerals using a variety of flotation collectors [20 – 23]. These minerals have a
higher aqueous solubility than most other minerals. The
semi-soluble character of the minerals increases the complexity of the mineral-reagent interactions: The minerals
themselves contribute towards the nature of the aqueous environment [24] which, in turn, controls the nature of the interfacial reactions. Separation of mixtures of these minerals
with highly similar surface properties (such as scheelitefluorite, fluorite-calcite [25], apatite-calcite and fluorite-barite) thus becomes a challenging task. Fatty acids are the
most common collectors used for these systems but other
types of collectors are also employed [3, 4]. However, the collectors generally give low selectivity and separation of the
minerals has seldom been solved satisfactorily on an industrial level [2]. The complexity of selective flotation of these
minerals is at least partly due to the high reactivity of the
collectors employed for this purpose, whether of the anionic
or the cationic type. Consequently, general research attention turned to differential depression of minerals instead
and this methodology is today practiced in selective flotation
of many complex ores, such as calcite-fluorite-scheelite,
calcite-fluorite, barite-fluorite, calcite-apatite; however, with
limited success [2, 4].
In the present study we have examined four anionic amino acid-based surfactants as specific reagents for flotation of
calcium minerals. Three of the surfactants have two carboxyl
groups separated by a spacer of varying length and these reagents can be regarded as chelating surfactants [26]. The
fourth surfactant has only one carboxyl as headgroup. All
four reagents have the same 12-carbon hydrophobic tail, as
a single tail. In order to evaluate the mineral-specific interactions with a \model" system, we have investigated these surfactants as collectors for two calcium minerals, calcite
(CaCO3) and fluorite (CaF2), both in the pure state. In this
article the flotation behavior of these calcium minerals, as
well as the build-up of adsorbate and the change in surface
charge of the particles on addition of the flotation reagent, is
described. One of the main ideas behind this study is to exploit this \model-mineral system" to establish the concept
of \mineral specific flotation" when the minerals have the
same counter-ions.
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2 Experimental
2.1

Materials

The pure calcite and fluorite minerals used in this paper
were purchased from Gregory, Bottley & Lloyd Ltd., United
Kingdom. The minerals were received as large 500 g blocks
and were crushed in a jaw crusher. The minerals were
further reduced in size using a dry stainless-steel rod mill
and wet-screened to collect the 38 – 150 lm size fraction. To
produce the £ 5 lm size fraction (for f-potential measurements and FTIR experiments) a FRITCH PULVERISETTE
2 mortar grinder was used and screened with a 5 lm polymer sieve (Nybolt PA-5/1) cloth screen in an ultrasonic
water bath.
2.2

Reagents

All pH adjustments were done using hydrochloric acid
(HCl) and sodium hydroxide (NaOH). For the f-potential
measurements sodium chloride (NaCl) was used as the
background electrolyte. All reagents, purchased from
Merck, were of analytical grade and were used as received.
Surfactants used throughout the study were prepared according to a protocol described in previous work [26, 27].
2.3

Hallimond flotation test

The flotation of the mineral samples was performed in a
100 ml Hallimond tube flotation cell using 1 g of pure
mineral in the size fraction 38 – 150 lm at the desired pH.
The suspension of mineral in deionized water and collector
was conditioned for 10 min, transferred to the Hallimond
cell and floated for 1 minute at ambient temperature. The
flotation recovery was calculated as the mass-ratio between
the recovered floated particles and the total amount of
mineral particles. While there is no error bar in the Hallimond flotation figures, it is known from other tests that
the uncertainty is in the order of € 10 % relative.
2.4

f-potential measurements

f-potential measurements were done using a ZetaCompact
(CAD instruments) instrument. 1 · 10–2 M NaCl was used
as background electrolyte and the solid concentration of the
samples was 500 mg/dm3. The background electrolyte concentration was chosen one order of magnitude higher than
the maximum collector concentration used, so that the ionic
strength of all the solutions remains nearly the same during
the measurements. Each sample was equilibrated for
10 min on a laboratory shaker. The results were calculated
using Zeta4 software with the Smoluchowski equation
and are an average of three repeated measurements, each
time with different aliquots.
2.5

Diffuse reflectance FTIR spectroscopy

Diffuse Reflectance Infrared Fourier-Transformed Spectroscopy (DRIFTS) measurements were performed using a
Bruker IFS 66 v/S instrument with a deuterated triglycine
sulfate (DTGS) detector. The £ 5 lm fractions were conditioned for 10 min, at the different pH and concentrations
reported. The samples were washed three times with deionized water and filtered to remove any molecules not chemically adhered to the surface. The samples were then dried
overnight at room temperature. The dried samples were
mixed with potassium bromide to a 13 wt% concentration
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and the spectra were recorded with 128 scans at a resolution
of 4 cm–1. The spectra were then normalized by dividing all
the collector peaks to the height of highest collector peak obtained in the series.
3 Results and Discussions

Flotation tests were done with three dicarboxylate surfactants: disodium N-dodecanoylaminomalonate (C12MalNa2),
disodium N-dodecanoylaspartate (C12AspNa2) and disodium
N-dodecanoylglutamate (C12GluNa2) having one, two or
three methylene groups between the two anionic groups, respectively. The structures are given in Fig. 1. As can be seen
from the figure, the polar part of the molecule is connected
to a dodecyl chain by an amide bond. It is known that this
amide bond assists the self-assembly of the surfactants [28]
and it is also likely that the amide bond can participate in
the chelating of divalent cations. A monocarboxylate surfactant, sodium N-dodecanoylglycine (C12GlyNa), which also
has the polar head group connected to the tail via an amide
bond, was included in the study as a reference and its structure is shown in Fig. 1.
3.1

Hallimond flotation test and f-potential measurement –
Effect of pH

3.1.1 Flotation recovery of calcite and fluorite

Flotation recovery of calcite was measured in the pH range
6 – 12. Due to the alkaline nature of CaCO3, it was not possible to measure at a pH lower than 6. The collector concentration was 2 · 10–4 M and the data obtained are presented
in Fig. 2a. From the figure it can be seen that C12AspNa2
and C12GluNa2 can float calcite at low pH, while at high
pH the flotation recovery with these reagents is extremely
poor. C12MalNa2 did not float calcite at any pH. On the other
hand, the monocarboxylate C12GlyNa was found to be a
good collector for calcite across the entire pH range, yielding
particularly good recovery above a pH of 9.5.
Flotation recovery of fluorite in the entire pH range 2 – 12
was measured with a constant collector concentration of
2 · 10–4 M and the data obtained are presented in Fig. 2b.
It can be seen that there is moderate or high flotation recovery with all the collectors. Especially within the pH range 4 –
10 the flotation recovery is high for C12GlyNa, C12AspNa2
and C12GluNa2. C12MalNa2 can recover the mineral with
moderate success at this intermediate pH range. This is in
the pKa range of the carboxyl groups (pH 2 for the first
group and pH 4 for the second one as described in a previous paper [29]), where surface precipitation is a possibility
and might affect the selectivity of the collectors. This might
be one possible explanation to the good recovery of fluorite
at low pH using C12AspNa2 and C12GluNa2, where the collectors have poor solubility in water. It is reasonable to assume that at this pH, collector aggregates adsorb on the

mineral, hence making the surface hydrophobic, which promotes flotation. However above pH 10, none of the collectors is able to give a significant flotation recovery. At
very low pH (*2) the dicarboxylate collectors C12MalNa2,
C12AspNa2 and C12GluNa2 give high recovery while the flotation is only moderate with C12GlyNa.
The higher recovery of fluorite over calcite is not clear. It
has however been established by Fa et al. [30] that the interactions observed between the salt form of monocarboxylic
fatty acid such as oleate and calcite are weaker than in the
case of fluorite. The lower calcium density of calcite was
suggested as a possible reason. In the present case, similar
causes can be considered; nevertheless, a deeper study at the
molecular level, outside the scope of this present investigation, would be necessary to tune the selectivity.
3.1.2

f-potential of calcite

The results from f-potential measurements on calcite using
a collector concentration of 2 · 10–4 M, as well as in the absence of a collector, as a function of pH are shown in Fig. 2c.
As can be seen, calcite without added collector gave a f-potential in the range 10 – 20 mV over the entire pH range
studied. Addition of C12AspNa2, C12GluNa2 or the monocarboxylate C12GlyNa did not lead to dramatic changes in the fpotential, although the values became negative for C12GlyNa
at very high pH values. The situation was different for the
collector C12MalNa2, however. With this dicarboxylate surfactant there was a steady decrease in f-potential with increasing pH, reaching very low values at high pH. This is possibly an indication of progressively higher adsorbed amount
of this collector on the calcite surface, even if it is generally
admitted that there is no linear correlation between adsorbed amount and change in f-potential.
It is interesting to compare the f-potential values with the
results from the flotation recovery experiments. As could be
expected, there was no clear correlation between the f-potential values and the flotation recovery, e. g. C12MalNa2,
though there is a large change in f-potential, gave very poor
recovery and C12GlyNa, which gave the best recovery, show a
little change in f-potential. A tentative explanation is that
C12MalNa2 forms a highly charged layer on the mineral surface which does not favor attachment of the particle at the
air/water interface of the bubbles. On the contrary, surfactant adsorbed less tightly such as C12GlyNa allow a more hydrophobic surface thus promoting bubble-particle attachment. The possibility that the collectors are not able to
orient their hydrophobic tails correctly outwards, possibly
even lying flat on the mineral surface blocking further collector adsorption.
Both C12AspNa2 and C12GluNa2 coated calcite surfaces
changed from slightly negative to positive potential between
pH 7 and pH 8, while C12GlyNa coated calcite changed sign
in the opposite direction around pH 11.7. For calcite without
any flotation collector, as well as when C12MalNa2 was used

Figure 1 Top-left: sodium N-dodecanoylglycinate; top-right: disodium N-dodecanoylaminomalonate; bottom-left: disodium N-dodecanoylaspartate; and bottom-right: disodium Ndodecanoylglutamate [26]
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as collector, there was no specific iso-electric point; the former remained positive at all pH values while the C12MalNa2
coated surface was negatively charged in the entire pH
range studied.
3.1.3

f-potential of fluorite

The f-potential of fluorite at different pH with a constant
collector concentration of 2 · 104 M is plotted in Fig. 2d. In
the absence of any flotation collector the fluorite showed an
iso-electric point slightly below pH 6.6. The curve for
C12GlyNa almost followed the trend for the curve for fluorite
without any flotation collector. The change in f-potential
using C12MalNa2 was more negative compared to the other
collectors used, while flotation recovery of fluorite using this
collector was only moderate. In fact, C12MalNa2 gave lower
flotation recovery of fluorite than the other three collectors,
see Fig. 2b. It is interesting to note that the f-potential vs.
pH curves for this mineral, both in the presence and in absence of a collector, pass through a minimum around pH 4,
and then a local maximum at pH 5 – 6. In the presence
of the dicarboxylic collectors C12MalNa2, C12AspNa2 and
C12GluNa2 no specific iso-electric point was observed in the
pH range examined. The monocarboxylic reagent C12GlyNa,
on the other hand, gave an almost neutral fluorite surface in
the pH range 3 – 6.

In a previous publication, we have reported that the collector C12MalNa2 gave a very pronounced effect on the f-potential of the calcium mineral apatite [27]. The same correlation between effect of the collector on f-potential and on
flotation yield was obviously not obtained for the two calcium minerals studied in the present work.
3.2

3.2.1

Hallimond flotation test and f-potential measurement
of calcite – Effect of concentration
Flotation recovery

Figure 3a and 3b show flotation recovery of calcite at pH
10.5 and at natural pH, respectively, for a collector concentration varying from 5 · 10–6 M to 1 · 10–3 M. As can be
seen, at pH 10.5 only the monocarboxylic collector C12GlyNa
gave good recovery of calcite at high collector concentrations
(above 4 · 10–4 M). This is a high concentration in comparison of the critical micelle concentration (CMC) of
the monocarboxylic collector, even though it remains more
than one order of magnitude below the CMC. It is important to note that the other collectors have a much higher CMC, as reported in a previous paper [26]. Also at the
natural pH this collector was more efficient and the flotation
started at one order of magnitude lower concentration than
at pH 10.5. At the natural pH, but not at pH 10.5, there was

Figure 2 Flotation recovery of calcite and fluorite as a function of pH as well as fpotential measurement of fluorite, in the presence of 2 · 10-4 M collector
concentration. (a) flotation recovery of calcite[27]; (b) flotation recovery of fluorite; (c) f-potential measurement of calcite[27]; (d) f-potential measurement of
fluorite. In (c) and (d), the lines are guides for the eyes
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moderate flotation recovery with C12AspNa2 and C12GluNa2
but only when a relatively high collector concentration was
used. C12MalNa2 did not float calcite at any pH or concentration.

tants, thus rendering the mineral particles less prone to attach at the air-water interface.
3.3

Hallimond flotation test and f-potential measurement
of fluorite – Effect of concentration

3.2.2 f-potential

There was no clear correlation between the f-potential
curves and the flotation recovery curves for calcite at pH
10.5. C12GlyNa, which gave high recovery in the flotation
experiments (Fig. 3a) gave only a moderate decrease in f-potential with increasing reagent concentration (Fig. 3c). At
pH 10.5, applying C12AspNa2 or C12GluNa2 did not render
the calcite surface negative within the collector concentration range used in this work and hardly any flotation was
seen. Also at the natural pH there was no clear correlation
between the f-potential curves and the curves for flotation
recovery. C12GlyNa, which gave good recovery already at
low reagent concentration, did not yield strongly negative fpotential values at lower concentrations and C12GluNa2,
which gave a pronounced drop in f-potential with increasing
concentration, was quite ineffective in the flotation experiments. C12MalNa2, which was the only surfactant that gave
strongly negative f-potential values, indicating high adsorbed amount at the calcite surface, did not float calcite.
One can easily hypothesize, again, that the nature of the adsorbed layer is hydrophilic for all the dicarboxylate surfac-

3.3.1

Flotation recovery

The flotation behavior of fluorite at pH 10.5 and at the natural pH, with a collector concentration varying from 5 ·
10–6 M to 1 · 10–3 M, is shown in Figs. 4a and 4b, respectively. It can be seen that at pH 10.5 both C12GlyNa and
C12MalNa2 recovered fluorite at collector concentrations
higher than 2 · 10–4 M. C12AspNa2 and C12GluNa2 gave very
poor recovery of the mineral at this pH; however, at very
high collector concentrations there were slight improvement
in recovery. The results obtained at the natural pH are very
different and quite interesting. All the collectors assisted the
fluorite flotation although the concentration needed to
achieve a high recovery differed among the reagents. The dicarboxylate collector C12GluNa2 gave very good flotation results over the entire concentration range.
3.3.2 f-potential

Figure 4c and 4d show the f-potential vs. collector concentration curves at pH 10.5 and at the natural pH, respectively. As

Figure 3 Flotation recovery and f-potential measurement of calcite using different collector concentrations ranging from 5 · 10–6 M to 1 · 10–3 M. (a) flotation
recovery at pH 10.5; (b) flotation recovery at natural pH; (c) f-potential measurement at pH 10.5; (d) f-potential measurement at natural pH. In (c) and (d), the
lines are guides for the eyes [27]
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can be seen there is a reasonable agreement between these
curves and the flotation results given in Fig. 4a and 4b. At
pH 10.5 the fluorite surface became strongly negatively
charged already at very low concentrations of the collectors
C12GlyNa and C12MalNa2, and these reagents were also the
ones that gave the highest flotation recovery of fluorite.
Again at pH 10.5, with C12AspNa2 or C12GluNa2 as collector
a high concentration was needed in order to achieve a
very low f-potential. The collector concentration at which
the sharp decline in f potential starts for C12AspNa2 or
C12GluNa2, is around 6 · 10–4 M and corresponds well with
the reagent concentration where the flotation recovery starts
to increase. (Although the recovery remained relatively low
with these collectors also at high concentration.) One may
note that the f-potential was negative for all the collectors
at all concentrations and no iso-electric point was observed.
At the natural pH, there was a sharp decrease in f-potential with increasing concentration for all the collectors. All
the dicarboxylate reagents reached a plateau at a concentration of around 2 · 10–5 M. This is approximately the concentration where the flotation recovery reached its maximum
for C12AspNa2 and C12MalNa2. C12GluNa2 gave high
recovery at even lower concentration. The monofunctional
reagent C12GlyNa behaved differently. The f-potential
dropped continuously as the reagent concentration was
increased and the flotation recovery curve matched the f-potential curve reasonably well. A high concentration of
C12GlyNa was needed in order to reach a high flotation efficacy.
The pronounced plateaus (Fig. 4d) obtained with all three
dicarboxylate collectors at the natural pH may indicate a complete surface coverage of the reagent. The remarkably low value of f-potential obtained with C12MalNa2 already at very low
concentrations stands out. This collector has evidently a very
strong affinity for the fluorite surface at natural pH.

4 Conclusions

Several important conclusions can be drawn from the results obtained. At pH 10.5 the monocarboxylate collector
C12GlyNa was the only reagent that gave high flotation recovery of calcite. For fluorite, no good recovery was observed
at pH above 10.5, both the monocarboxylate and the dicarboxylate species.
Furthermore, there was a large difference in flotation behavior between the three dicarboxylate collectors used in the
study. C12MalNa2, which has one carbon between the carboxyl groups, was a relatively efficient collector for fluorite,
but not for calcite, until around pH 9. At the natural pH,
C12AspNa2 and C12GluNa2, the dicarboxylate reagents with
a two- or three-carbon spacer, were efficient collectors for
fluorite down to very low reagent concentrations. On calcite
they were less efficient but they still gave higher flotation recovery than C12MalNa2.
With both minerals the flotation recovery was good for the
two collectors with a two- or three-carbon spacer (C12Asp

Diffuse Reflectance FTIR Spectroscopy (DRIFTS)
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The alkyl chain absorbance band region from the DRIFTS
experiments performed for calcite and fluorite with a collector concentration of 6 · 10–4 M and at pH 10.5 are shown in
Fig. 5.
The CH2-band region for the DRIFTS experiments on calcite at 6 · 10–4 M collector concentration and pH 10.5 is
shown in Fig. 5a. It is difficult to see the collector absorbance, given that calcite itself has two bands in this region
overlapping the CH2-band absorption. A spectrum obtained
for pure (freshly ground) calcite is subtracted from the spectrum of collector-coated calcite to find the spectrum for the
adsorbed collector only. The figure indicates that all four reagents adsorbed at the mineral surface at this collector concentration and pH; however, the amount of adsorbate differs. It is interesting to compare the data from Fig. 5a with
the f-potential data obtained at the same pH, which are
shown in Fig. 3c. C12MalNa2, which adsorbed the most according to the DRIFTS data also gave the most pronounced
drop in f-potential. However, this reagent was not at all efficient in the flotation experiments. As can be seen from
Fig. 3a, C12GlyNa was the only collector that gave high recovery in the flotation of calcite but this reagent adsorbed
the least according to Fig. 5a. It is obviously not easy to predict the flotation recovery from measurements of collector
adsorption even if parameters such as pH, temperature and
reagent concentration are kept the same [31].
Figure 5b, which gives the adsorption of collector on
fluorite, indicates that C12MalNa2 adsorbed the most followed by C12GlyNa. There seemed to be very little adsorp-
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Na2 and C12GluNa2 respectively) at low pH (2.0 – 4.5 for
fluorite and 6.0 – 8.5 for calcite), where the collectors have
poor solubility in water. It is reasonable to assume that at
this pH, collector aggregates adsorb on the mineral, hence
making the surface hydrophobic, which promotes flotation.

To summarize, the results from this work illustrate that
small changes in the headgroup region of the collector can
influence the flotation recovery very much, and how important it is to tune the surfactant structure for a specific mineral rather than for a given ion present in the mineral lattice.

Figure 4 Flotation recovery and f-potential measurement of fluorite using different collector concentrations ranging from 5 · 10–6 M to 1 · 10–3 M. (a) flotation
recovery at pH 10.5; (b) flotation recovery at natural pH; (c) f-potential measurement at pH 10.5; (d) f-potential measurement natural pH. In (c) and (d), the
lines are guides for the eyes

Figure 5
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DRIFTS spectra at 6 · 10–4 M collector concentration and pH 10.5. (a) calcite; (b) fluorite
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DRIFT and f-potential measurements, even though sometime difficult to interpret, have proven to provide valuable
information to understand the change in nature of the
mineral surface upon adsorption of the collector, at various
concentration and pH.
This opens the possibility to tailor-made collectors to selectively float one mineral from a mixture of similar minerals.
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surface. Unfortunately, since fatty acids are highly reactive they are
also not very selective. As both apatite and calcite has calcium as the
positive calcium counter ion, separating these minerals using fatty
acids is difficult. Commonly this is addressed by using depressant to
increase the selectivity of the collector, however, this is not always
entirely satisfactory for industrial use 2,3,6.

ABSTRACT
Separation of different calcium minerals have long been an
interesting and challenging problem. In this investigation calcium
mineral separation is examined by: microflotation, zeta potential
measurement and adsorption, using novel collectors having two
functional groups instead of one. In theory, by varying the distance
between the functional groups, it could be possible to preferentially
target one calcium mineral by matching the spatial distance between
the sites on the mineral surface. In this investigation two new
surfactants have been tested to estimate their ability to float apatite
and/or calcite.

Apatite
Calcite
Fluorite

50
40

Preliminary findings show that an increase in distance between
the functional groups favors one mineral over the other, and this might
be due to differences in the mineral surface structure.

] potential (mV)

30

INTRODUCTION
Apatite is a strategically important mineral which has both great
value for industrial use as a precursor to phosphoric acid; and in the
agricultural industry as an important source of phosphorous in
fertilizers. This has led both the European Union and the United States
to recognize it as an important resource for the future. Currently there
is no lack of apatite in the world, but it is important to develop the
beneficiation to ensure future supply. A common problem in apatite
flotation is the selectivity towards calcite, which it is commonly
associated with. Although calcite is an important industrial mineral its
abundance makes it not usually worth to extract from apatite ores
unless it is easy to separate1,2.
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Figure 1. Zeta potential of pure apatite, calcite and fluorite with an
electrolyte concentration of 0.01 M NaCl.
One way to attempt to move forward, would be to abandon the
traditional collectors with only one functional group. If, instead of one, a
collector had two functional groups, it might fit one mineral surface
better than the other. By also changing the distance between these
functional groups it could be possible to match the collector to a
preferential geometrical distance in the mineral surface7,8.

Both apatite and calcite are semi soluble minerals with calcium as
one of their constituents. The most common way to separate apatite
and calcite is to use flotation. A process that involves making the
mineral particles to extract from the system hydrophobic by adsorbing
a collector on the mineral surface. One way to study collector
adsorption on a mineral surface is by zeta potential measurements.
The zeta potential is the charge at a slip plane a short distance from
the surface. By measuring the zeta potential with and without the
presence of collector it is possible to investigate if the collector is
present at the surface or not, a change is indicative of collector
adsorption. The zeta potential of fluorite, apatite and calcite without
collector can be seen in Figure 1.

MATERIALS AND METHODS
Materials
The apatite and calcite were procured as crystal blocks from
Gregory, Bottley & Lloyd Ltd., United Kingdom. The blocks were
crushed in a jaw crusher and subsequently milled in a dry stainless
steel rod mill after which the product was screened to collect the 38150 ȝm size fraction used for microflotation. The smallest size fraction
( 5 ȝm) used in the zeta potential measurements was produced using
a Fritch Pulverisette 2 mortar grinder and screened on a 5 ȝm polymer
cloth sieve (Nybolt PA-5/1) in an ultrasonic water bath.

The small difference in zeta potential between apatite and calcite
shows the similarity in their surface properties and gives an indication
of their separation difficulty. One additional problem with semi soluble
minerals is their tendency to slightly dissolve in the pulp and thereby
change the ionic composition of the solution. This makes separation
and research problematic as the freed ions may readsorb on the
mineral surface and interfere with the collector adsorption on the
mineral surfaces3–5.

Reagents
All pH adjustments were done using hydrochloric acid (HCl) and
sodium hydroxide (NaOH). For the zeta-potential measurements 0.01
M sodium chloride (NaCl) was used as the background electrolyte. All
reagents, purchased from Merck®, were of analytical grade.
Dodecylamine, bromoacetic acid and bromopropanoic acid were
purchased from Alfa-Aesar and ethanol was purchased from VWR. All
reagents were used as received.

One of the most commonly used collectors to float apatite or
calcite is oleate, which is a fatty acid. It has one polar group, a
carboxylic acid as the functional group, and a hydrocarbon part which
is the non-polar tail2. The highly electronegative carboxylic acid
functional group will adhere to the positive calcium site in the mineral
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RESULTS AND DISCUSSION

Novel collectors
The synthesis process for the collectors, or more correctly
surfactants, shown in Figure 2 has been described earlier 9 and will
only be described here briefly. Dodecylamine was dissolved in ethanol,
and reacted with drop-wise addition of bromoacetic acid under stirring.
The solution was then refluxed for 24 hours after which the solvent was
evaporated, and the intermediate product was purified by
crystallization and received as a white powder (76% yield). This
intermediate product was used as a precursor for both surfactants and
is called C12sp1Na.

11

C12sp11Na2
C16H29NNa2O4
Mol. Wt.: 345.4

In the calcite vs pH graph, Figure 4a, there is a clear change in
zeta potential with the addition of surfactants. While both surfactants
do change the zeta potential, the one with the larger space difference
between the functional groups, surfactant 12, has a noticeably lower
zeta potential over the entire pH region, indicating more surfactant
adsorption. In the calcite versus concentration, Figure 4b, the zeta
potentials seem to be following the same trend, and there is not much
difference between the two surfactants. They are, however, both much
lower than the pure calcite surface without surfactant present,
indicating a strong charge change at the calcite surface.

COO- Na+

C12sp12Na2

N
COO- Na+

12

C17H31NNa2O4
Mol. Wt.: 359.4

Figure 2. Model surfactants synthesized at LTU to test as flotation
collectors9.
To synthesize the surfactant with the shorter distance between
the functional groups, C12sp11Na2, abbreviated (11), C12sp1Na was
dissolved in ethanol and as with the previous step, followed by addition
of bromoacetic acid under stirring. The solution was then refluxed for
24 hours after which the solvent was evaporated. The product was
purified by repeated crystallization (62% yield).

On both minerals there is a notable trend that the 12 surfactant
results in a lower zeta potential and therefore the largest modification
of the natural mineral surface. Assuming there is ideal adsorption with
both functional groups attached to the surface and the hydrophobic tail
oriented outwards it could be an indication of more of 12 adsorbed on
the surface. This however, is not an assumption that can be made with
any confidence, as the orientation of the adsorbed surfactant cannot
be inferred from the zeta potential.

The surfactant with the longer distance between the functional
groups, C12sp12Na2, abbreviated (12), was synthesized in a similar
manner by dissolving C12sp1Na in ethanol and then adding
bromopropanoic acid drop-wise under stirring. The mixture was
refluxed for 24 hours, evaporated and then purified by repeated
crystallization (41%.yield). The purity of all products was checked by
NMR.
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] potential (mV)
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Zeta potential measurements
Zeta potential measurements were done using a ZetaCompact
(CAD instruments) instrument. The background electrolyte was 0.01 M
NaCl and the mineral solid concentration was 50 mg/dm3 in the
samples. Each sample was equilibrated on a laboratory shaking table
for 10 minutes. Due to the high number of particles in the sample it
was necessary to dilute the mineral water suspension four times before
measurement in the ZetaCompact. The results were calculated using
the Schmoluchowski equation and each data point is an average of
three measurements with different aliquots.
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Figure 3. Zeta-potential measurements of apatite mineral surface (a)
as a function of pH with a fixed concentration of 2 × 10-4 M of the two
surfactants as well as the pure mineral, and (b) as a function of
surfactant concentration at pH 10.5.

Micro flotation test
The micro flotation tests were done in a 100 ml Hallimond tube
flotation cell using 1 g of pure mineral in the size fraction 38-150 ȝm.
The mineral-deionized water suspension was conditioned for 10
minutes at the desired pH, transferred to the Hallimond tube and
floated for 1 minute. The flotation recovery was calculated as the
mass-ratio between the floated particles and the total amount of
particles.
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Total Organic Carbon
The Total Organic Carbon (TOC) instrument used was a TOC-V
from Shimadzu Corporation, Kyoto, Japan. TOC was determined
according to the European standard method EN 1484 (CEN, 1997). IC
(inorganic carbon) is analyzed by preparation of the samples with
phosphoric acid. TC (total carbon) in the samples are analyzed by
oxidation of carbon to carbon dioxide through combustion at 680 °C.
Produced carbon dioxide is analyzed with NDIR. TOC is the difference
between TC and IC. The samples were diluted using deionized water
1:4 to get enough of volume for the TOC measurement.
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Zeta potential measurements
The zeta potential of the mineral samples as a function of pH at a
fixed surfactant concentration of 2 × 10-4 M was determined in a 0.01 M
NaCl electrolyte concentration. Figure 3a shows apatite versus pH and
Figure 3b shows apatite versus concentration. From the figures it can
be seen that the presence of surfactant lowers the potential of the
mineral surface compared to clean apatite surfaces, showing a change
at the surface layer. No iso-electric point could be observed in the
range measured. In the apatite vs pH graph, Figure 3a, there is a
difference in the zeta potential, even if small, that increases with
increasing pH. This is indicative of surfactant adhering to the mineral
surface. This does however not mean that the surfactant orientation is
favorable for flotation, or that there will be any flotation recovery. In
Figure 3b, apatite vs concentration, there is a clear change in zeta
potential compared to the pure apatite mineral. However, in both
Figures 3a and 3b, it is not possible to say conclusively that the two
surfactants adsorb differently.
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Figure 4. Zeta-potential measurements of calcite mineral surface (a)
as a function of pH with a fixed concentration of 2 × 10-4 M of the two
surfactants as well as the pure mineral, and (b) as a function of
surfactant concentration at pH 10.5.
Micro flotation test
The flotation recovery of apatite was measured first at pH 10.5 as
a function of surfactant concentration, and subsequently at a fixed
surfactant concentration of 2 × 10-4 M as a function of solution pH. The
recovery as a function of pH/concentration is shown in Figure 5a and
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Figure 5b respectively. The concentration range was from 5 × 10-5 M to
1 × 10-3 M, while the pH range was from 6 to 12. The flotation of apatite
at low pH is quite successful for both surfactants, with increasing pH
the recovery of apatite with the surfactant with the shorter distance, 11,
decreases noticeably over the pH range, while 12 with the longer
distance has high recovery over almost the entire range, only dropping
after pH 10.5. When changing the concentration, while at a constant
pH of 10.5, both surfactants have a low recovery at low concentration,
but it increases with higher concentration. The surfactant with the
larger distance between the groups shows slightly higher recovery at
all concentration, except at the maximum one. The flotation recovery of
calcite was measured in the same way as with apatite. First at pH 10.5
as a function of surfactant concentration, and subsequently at a fixed
surfactant concentration as a function of solution pH, using the same
range and surfactant concentration as well and is shown in Figure 6a
and Figure 6b. As with the apatite, the calcite recovery vs pH was
higher with surfactant 12 in the same range as for apatite, albeit at the
highest pH the calcite recovery was still above 80 % compared to 50%
for apatite. The calcite recovery vs concentration show the same trend
as the apatite recovery except that the recovery of calcite is slightly
higher and reaches higher recovery at a lower concentration compared
with apatite.
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On calcite the trend is clearer. Surfactant 12, with the longer
distance between the functional groups, has a higher recovery than
surfactant 11, with the shorter distance between the groups, over
almost the entire range examined. In the recovery vs pH graph
surfactant 12 has a recovery above 80% while surfactant 11 almost
never goes above 40%. This is the same trend as can be seen in the
zeta potential measurement where the surfactant with the longer
distance is noticeably more different from the clean calcite surface.
Total Organic Carbon
Analysis of Total Organic Carbon (TOC) was used in an attempt
to evaluate the amount of surfactant still in the solution. The surfactant
concentration in solution with apatite mineral is shown as a function of
pH in Figure 7a and as a function of initial surfactant concentration in
Figure 7b. At a constant concentration, the maximum possible
surfactant concentration in the solution was 20 mg/l. This was
determined using pure surfactant solution at 2 × 10-4 M. Although
surfactant 11 has a slightly lower concentration in solution which might
indicate more surfactant adsorbed on the mineral surface compared to
surfactant 12, cf. Figure 7a, the difference is too small to be deemed
significant. The TOC as a function of surfactant concentration indicate
that there seem to be only little additional adsorption of surfactant with
increased addition, as can be seen in Figure 7b.
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be seen in the flotation versus concentration, where surfactant 12 has
the highest recovery over the range, except at the highest
concentration. Surfactant 11 can also recover apatite over the entire
pH range and at all concentrations, even if with noticeably lower
recovery compared to surfactant 12. It is only at the highest
concentration that the recovery is higher.
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Figure 7. Surfactant concentration in solution containing apatite (a) as
a function of pH with a fixed concentration of 2 × 10-4 M of the two
surfactants, and (b) as a function of surfactant concentration at pH
10.5.
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The same measurement was also done with calcite instead of
apatite, which is shown as a function of pH in Figure 8a and as a
function of initial surfactant concentration in Figure 8b. The general
trend in Figure 8a is that there is a noticeably lesser amount of
surfactant 11, with a shorter distance between the functional groups,
while surfactant 12 shows fairly similar high solution concentration over
the entire pH range. In the second graph, Figure 8b, with a constant
pH and instead varying the concentration, surfactant 12 is still largely
present in the solution, while the shorter distanced surfactant 11 has a
much lower concentration compared to its starting value, despite the
lower calcite recovery. Surfactant 12 show a similar trend in the
flotation recovery versus concentration graph, where it can recover
calcite from low concentrations. This is also in agreement with the zeta
potential over most of the concentration range.

Surfactant conc (M)

Figure 6. Flotation recovery of calcite (a) as a function of pH with a
fixed concentration of 2 × 10-4 M of the two surfactants, and (b) as a
function of surfactant concentration at pH 10.5.
When analyzing the flotation it is important to remember that it is
an intricate process with many factors influencing the successful
interaction between surfactant and mineral, especially so when semi
soluble minerals are involved. Firstly there has to be a successful
adsorption of the surfactant to the mineral surface, which also has to
be correctly oriented with its hydrophobic tail oriented outwards,
preferably in close proximity to other hydrophobic tails from other
adsorbed surfactant molecules. This to create a slightly larger
hydrophobic area. Lastly there also has to be successful surfactantgas interaction, to actually float the surfactant. It is therefore interesting
to examine the results of surfactants with two functional groups. The
experiments were performed using pure minerals, in separate
experiments, so there was no competition possible between the
minerals. Due to this it is difficult to estimate the flotation recovery fairly
from a selectivity point of view. Nevertheless, both surfactants appear
to be fairly non-selective at a first glance, with the surfactant having the
longer distance between the functional groups seeming to have the
better recovery overall for both minerals. On apatite, the surfactant with
the longer distance between the functional groups has the highest
recovery over the entire pH range when using a constant
concentration. This is partly in agreement with the zeta potential
measurements which shows that the same surfactant has the most
changed surface potential. The same trend of surfactant selectivity can
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Figure 5. Flotation recovery of apatite (a) as a function of pH with a
fixed concentration of 2 × 10-4 M of the two surfactants, and (b) as a
function of surfactant concentration at pH 10.5.
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Figure 8. Surfactant concentration in solution containing calcite (a) as
a function of pH with a fixed concentration of 2 × 10-4 M of the two
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surfactants, and (b) as a function of surfactant concentration at pH
10.5.
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It is also interesting to see the much lower surfactant
concentration in solution of surfactant 11 with calcite compared to with
apatite, while surfactant 12 show similar values on both apatite and
calcite. Several possibilities for the difference may be at hand. Either
surfactant 11 forms complexes/precipitates in solution that adhere to
other phase borders in the system, or it is adsorbing on the mineral
surface in a way that does not lead to flotation. If surfactant 11 was
precipitating out from the solution, it is likely that it would have been
visible to the naked eye at higher concentrations if this was the cause
of the concentration decease. Therefore, the most probable cause of
the decreased amount of surfactant 11 in solution is aggregation onto
the mineral surface. However, as the recovery still is lower than for
surfactant 12; it is probable that the majority of the adsorbed surfactant
is adsorbed in such a way that it does not increase the hydrophobicity
of the mineral surface. Possibly in some local dual layers or clusters.
How the additional surfactant is adsorbed is speculative as these
experiments yield little information in this regard.

REFERENCES
1. U.S. Geological Survey. Mineral commodity summaries
2014: U.S. Geological Survey. 196 p. (2014).
2. Cao, Q. et al. A mixed collector system for phosphate
flotation. Miner. Eng. 78, 114–121 (2015).
3. Sis, H. & Chander, S. Reagents used in the flotation of
phosphate ores: a critical review. Miner. Eng. 16, 577–585 (2003).
4. Hanumantha Rao, K. & Forssberg, K. S. E. Mechanism of
fatty acid adsorption in salt-type mineral flotation. Miner. Eng. 4, 879–
890 (1991).
5. Fa, K., Jiang, T., Nalaskowski, J. & Miller, J. Interaction
forces between a calcium dioleate sphere and calcite/fluorite surfaces
and their significance in flotation. Langmuir 1, 10523–10530 (2003).

CONCLUSION
Some general conclusions can be drawn from this study. First of
all, both surfactants does change the zeta potential of the mineral
surface. Especially surfactant 12 causing the largest change in zeta
potential on both minerals. Furthermore, the surfactant with the longer
distance between the functional group, surfactant 12, show a slightly
higher selectivity for calcite of the two minerals tested in this study.
This shows that changing the distance between the functional groups
generates a difference in the selectivity of the collectors. To further
strengthen this there was also a difference in the flotation response as
the surfactant with the longer distance, 12, has a noticeably higher
flotation recovery compared to the collector 11, with the shorter
distance between the functional groups. As both surfactants have the
same hydrophobic tail part, it is possible that this lowered recovery with
surfactant 11 is due to constraints with adsorbance on the mineral
surface, which is indicative of the possibility of designing collectors to
match different surfaces. The idea is related to our previous work
where other surfactants have shown selectivity towards different
minerals due to distances between the functional groups7.

6. Abouzeid, A.-Z. M. Physical and thermal treatment of
phosphate ores — An overview. Int. J. Miner. Process. 85, 59–84
(2008).
7. Karlkvist, T., Patra, A., Rao, K. H., Bordes, R. & Holmberg,
K. Flotation selectivity of novel alkyl dicarboxylate reagents for apatite–
calcite separation. J. Colloid Interface Sci. 445, 40–47 (2015).
8. Pradip. Reagents design and development for the mineral
processing industry: Scientific challenges and engineering issues. Met.
Mater. Process. 10, 41–54 (1998).
9. Patra, A. et al. Design and development of novel mineralspecific collectors for flotation. in XXVII Int. Miner. Process. Congr. 1–
10 (2014).
10. Finkelstein, N. P. Review of interactions in flotation of
sparingly soluble calcium minerals with anionic collectors. Trans. Inst.
Min. Metall. Sect. C Miner. Process. Extr. Metall. 98, 157–177 (1989).

By matching the distance between the functional groups with the
geometrical distances on the mineral surfaces, the collector would
preferably adsorb on the most energetically favored mineral. When the
minerals have the same counter-ion as with apatite and calcite both
having calcium ions, the most energetically favored collector-mineral
interaction would be where the collector does not have to stretch too
far or compress too much to adsorb. This is just for the adsorption of
surfactant on the mineral surface. For the actual flotation the
hydrophobization of the mineral surface is also needed, where the
surfactant tails have to interact to produce a stable layer, yet again in
theory related to the distances between the functional groups to allow
for the movement necessary. The higher flotation response of calcite
over apatite is also slightly surprising, as in traditional oleate flotation
apatite is generally found to be easier to float than calcite. This
difference of course depends slightly on the composition of the apatite
and is more of a general trend7,8,10.
The TOC-measurements show that there is a lower concentration
of surfactant 11 free in the solution in the calcite experiment compared
to the apatite experiment. Thus, indicating noticeably more collector
adsorbed on the calcite surface while the flotation response is slightly
lower. This could be an indication that the collector is unable to orient
itself sufficiently well for good flotation, or that some of the adsorbed
collector molecules are hindering the other. With the concentrations of
surfactant 12 still in solution being almost the same with both minerals,
this additional adsorption of surfactant 11 on calcite is very interesting
for further investigation of collectors with two functional groups.
At this time it is not possible to give definite answers as to what is
happening at the mineral surface. There should be more investigations
into how these molecules interact, perhaps by using molecular
modelling as a first step to calculate the optimal interactions.
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Synergism among collectors used for flotation of apatite and REE
minerals.
Pålsson, B. I. Karlkvist, T., To be submitted to Minerals Engineering

Pålsson et al

SYNERGISM

2017-05-15

1(21)

AMONG COLLECTORS USED FOR FLOTATION OF APATITE AND
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ABSTRACT
Two major series of flotation tests are done for a range of collectors, one with tap water
and one with process water. The tests are statistically planned in a way that the influence
of the different collectors can be separated from their addition order. The results show
that the presumably REE mineral selective hydroxamates do not work well with the
apatite-iron ore tested. Instead a sulfosuccinamate on its own, or in combination with
oleate, gives good grade-recovery. The results clearly show that it is beneficial to first
add a weaker/more selective reagent than followed by a stronger collector. Comparing
the runs with tap water vs. the ones with process water, oleate and hydroxamates are much
more affected by the process water than the sulfosuccinamate. The reason is presumably
that calcium and magnesium ions reacts/complexes with these reagents in solution, and
thereby lowers the amount that can adsorb to the mineral surface.
1

INTRODUCTION

Apatite from apatite-iron ores is a possible source for Rare Earth Elements (REE), and
for phosphorous. Recent flotation studies have revealed that the REE does not only follow
the apatite in flotation, but seem also to be present as separate REE minerals (Pålsson and
Fredriksson, 2012). However, the REE recoveries were reported to be only about half of
the phosphorus recovery.

More thorough investigation of the REE mineralogy for this type of ore gives that the
REE occurs in the apatite as inclusions of monazite, and possibly as lattice substituents.
The REE are also present as three major liberated mineral phases: monazite, allanite, and
titanite (Wanhainen et al., 2017).
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Traditionally, calcium minerals like apatite and monazite are floated with carboxylic
acids, or derivatives thereof (Tranvik et al., 2017). In the present case, Mineral Liberation
Analysis (MLA) shows that monazite is liberated to 95 %. At the same time the REE
mineral recoveries are less than the apatite recovery. Therefore, it is interesting to check
whether the monazite recovery might be increased by using a reagent class (hydroxamate)
that is claimed by Pradip (1988a, b) to be better for REE minerals. Another reagent type
often used as a secondary collector for phosphorous minerals is the sulfosuccinamate
(Cytec, 2004).

2
2.1

THEORY
Collectors

There are several types of collectors used for mineral flotation. While the collectors listed
here might not all be conventional for calcium mineral flotation, they are all commercially
available and used in flotation separation.
Table 1. Structure of some collectors used in flotation of calcium minerals

Collector

Molecular structure of the functional group
O

Oleate
R

O

–

O

Hydroxamate

O
R1

N

R2

–
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O

–

O
O

O
O

Sulfosuccinamate

O

–

–

S

N
R

O
O
O

O

–

R
O

O

Atrac 1563

O

O

O

O

–

O

Sarcosinate

N
R

O

–

Oleate, or sodium oleate is one of the most traditional collectors used in flotation. It is an
anionic fatty acid, a relatively weak acid as such with the chemical formula C17H33COOH.
The functional groups is a carboxylic functional group (COOH), shown in Table 1. While
it might not always be the best collector for a mineral system, as it is more reactive then
selective, it is a very well-studied collector, which has been tested in a wide variety of
systems over the years.

Hydroxamates are anionic collectors that have CONO as the functional group (Table 1).
It has a similar behavior as the carboxylic collectors, possibly due to similarities with the
distance between the groups, and both collectors having electronegative functional
groups. Flotation separation with hydroxamates have been used in many different systems
like iron ore, tin, tungsten and rare-earth minerals and have shown themselves to be very
selective (Pradip et al., 2002b). Examples of commercially available collectors in this
family is the AM2 flotation reagent developed by Ausmelt Ltd and AERO 6493
developed by CYTEC.
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Sulfosucinnamate collectors are alkylated succinate acids with a sulphonate group
attached between the groups. The structure can be seen in Table 1. The reagent have
several carboxylic groups with different distances between them and has as such
similarities to the oleates. They were developed to be more selective than the oleates with
its many carboxylic groups and the varying distances between them (Cytec, 2002). A
commercial example of this type of collector is AERO 845 from CYTEC.

Atrac 1563 is a commercially available reagent from Akzo Nobel, Sweden. It is currently
used for apatite flotation by Luossavaara Kiirunavaara AB (LKAB) in their Kiruna and
Svappavaara plants in Sweden. The actual structure is not definitely known as it is
proprietary information, but from the safety data sheet, it is known to contain ethoxylated
tall oil ester of maleic acid and maleic anhydride. Based on this information a tentative
structure is shown in Table 1. It also contains noticeable amounts of the reactant maleic
acid. While the aim is apatite removal it has been shown that the collector also adsorbs
on iron mineral surfaces, which may lower the quality of the green pellets produced in
the balling process. Investigations by Potapova has proposed a structure for the groups
involved in the interactions with iron ore (Potapova, 2011). It is likely that the collector
interaction with apatite will be from the carboxylic groups.

Another group of collectors is based on sarcosine, a carboxylic acid coupled to a
methylated nitrogen via a spacer carbon, seen in Table 1. The methyl group on the
nitrogen will make it adsorb stronger on a suitable surface than similar glycine based
surfactants (same structure as sarcosinate if the methyl group is removed). A drawback
with the methyl group could be that the nitrogen lacks the possibility of hydrogen bonding
that the hydrogenated nitrogen has. The hydrogen bonding possibility is a little more
advantageous for good packing when used as a surfactant (Bordes et al., 2010). A
commercially available reagent of this type is Berol A3 from Akzo Nobel.
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Mixtures of collectors

At times using only one collector might not be sufficient or yield the best result.
Combining several surface active reagents could help by improving selectivity towards
one mineral over another or by further depressing gangue. One collectors in this study
(AERO 845) has a recommendation to combine it with other collectors, while A6494 is
a combination of the hydroxamate collector A6493 and vegetable oil. Historically, several
of the early dithiophosphate collectors offered by present-day CYTEC were mixtures
(Cyanamid, 1976):
•
•

Aerofloat 208 – 50 % diethyldithiophosphate and 50 % disec-butyldithiophosphate,
Aerofloat 242 – 94 % dicresyldithiophosphate and 6 % thiocarbanilide

The strategy for doing such combinations is not entirely clear. Most combinations appear
to have been found without much of scientific basis. One example of the benefit of using
an addition of long-chained alcohol to hydroxamate is published (Miller et al., 2002a,
2002b). However, it is not clear how the authors came to the conclusion to try this
mixture. In searching for background information for this article, no conclusive literature
references regarding how to select combinations of surface-active reagents to get the best
packing of a hydrophobic layer at the mineral surface have been found.

3
3.1

METHODS AND MATERIALS
Feed material

The feed material for the flotation tests came from a sampling of underflow tailings
thickener in LKAB Kiruna concentrator KA2. Its main elements’ and REE analyses are
given in Table 2. Main elements and the REE are from analyses by ALS Scandinavia
using analytical package G-0 (ALS GLOBAL, 2017).
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Table 2. Main elements and REE in underflow thickener.
Main element

Assay (%)

REE

Assay (mg/kg)

SiO2

45.80

Sc

35.6

Al2O3

8.37

Y

178

CaO

14.61

La

339

Fe2O3

10.41

Ce

627

K2O

1.95

Pr

70.9

MgO

6.86

Nd

256

MnO

0.22

Sm

40.9

Na2O

2.82

Eu

5.84

P2O5

6.38

Gd

36.9

TiO2

1.25

Tb

5.03

L.O.I.

≈4

Dy

26.9

Ho

5.85

Er

16.1

Tm

2.14

Yb

13.4

Lu

2.10

TOTAL

1 661

3.2

Pure minerals

For the zeta potential measurements, pure minerals <5 µm were used. Apatite and calcite
were procured as pure crystal blocks from Gregory, Bottley & Lloyd Ltd., United
Kingdom. The crystal blocks were crushed in a jaw crusher and subsequently milled in a
dry stainless steel rod mill after which the product was screened to collect the 38-150 μm
size fraction used for micro-flotation (not reported here). The smallest size fraction (≤5
μm) used in the zeta potential measurements was produced using a Fritch Pulverisette 2
mortar grinder and was screened on a 5 μm polymer cloth sieve (Nybolt PA-5/1) in an
ultrasonic water bath.
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Tests

All flotation tests followed the same recipe: two minutes grinding in a stainless steel rod
mill to freshen mineral surfaces, removal of talc in a 5 minutes pre-float with the frother
MIBC, and then apatite rougher flotation with three pulls, cf. Fig. 1. All apatite flotation
tests were run at pH 9 adjusted by NaOH. Combined collector addition was 200 g/ton
with mixing time 10 minutes for each collector, and flotation times in apatite flotation
1+2+5 minutes.

Figure 1.

Laboratory flowsheet for apatite and REE flotation

It is known that mixtures of collectors often perform better than using just one collector,
therefore, the tests were run in the way that oleate was the reference collector and used
together with the other (weaker) collectors. Since the order of collector addition also
might have an influence, all binary combinations were run twice, one with oleate added
after the other collector, and then with oleate first. All test conditions and key results are
found in Tables 3 and 5, run with tap water and with process water from LKAB Kiruna
respectively.

The tests were set up as partly statistically designed experiments with parameters and
responses given in Tables 3 and 5. They are evaluated with the statistics program
MODDE (Umetrics, 2016).

The following parameters are used:
•

Atr, Atrac 1563, addition rate in g/tonne,

•

Aero 845, addition rate in g/tonne;

•

NaOl, Na-Oleate, addition rate in g/tonne;

•

A6494; addition rate in g/tonne;

•

S9849, addition rate in g/tonne;
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Ool, order of oleate addition (F=first, L=Last, N=neutral/not added)
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Each response is fitted by MODDE to an equation
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑎𝑎0 + 𝑎𝑎1 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑎𝑎2 ∙ 𝐴𝐴845 + 𝑎𝑎3 ∙ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑎𝑎4 ∙ 𝐴𝐴6494 + 𝑎𝑎5 ∙ 𝑆𝑆9849 + 𝑎𝑎6 ∙ 𝐴𝐴6493 + 𝑎𝑎7 ∙ 𝐹𝐹 +
𝑎𝑎8 ∙ 𝐿𝐿 + 𝑎𝑎9 ∙ 𝑁𝑁

The order of oleate addition is caught by the indicator parameter Ool, and thus separates
the addition order from the oleate addition rate. In the way the research plan is structured,
it becomes a screening design without interactions.

The following responses are measured or calculated for each experiment:

3.4

•

mRo1, mass pull Rougher 1 in mass-% of feed;

•

mRoTot, mass pull Roughers in mass-% of feed;

•

1P2O5, grade (%) of P2O5 after 1 minute of flotation;

•

1rP2O5, recovery (%) of P2O5 after 1 minute of flotation;

•

rP2O5, total recovery (%) of P2O5;

•

DISiO2, difference index P2O5-SiO2;

•

DIFe2O3, difference index P2O5-Fe2O3;

•

DIMgO, difference index P2O5-MgO;

•

rREE, total recovery (%) of REE;

•

rHREE, total recovery (%) of Heavy REE.

Zeta-potential

Zeta potential measurements were done using a ZetaCompact (CAD instruments)
instrument. The background electrolyte was 0.01 M NaCl and the mineral solid
concentration was 50 mg/dm³ in the samples. Each sample was equilibrated on a
laboratory shaking table for 10 minutes. Due to the high number of particles in the sample
it was necessary to dilute the mineral water suspension four times before measurement in
the ZetaCompact. The results were calculated using the Schmoluchowski equation and
each data point is an average of three measurements with different aliquots.
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The fixed reagent concentrations used in zeta versus pH measurements was 0.2 mM for
all collectors, with oleate having additional measurements at concentration of 0.1 mM.
The reagent concentration was calculated based on the amount of active collector being
30% for the hydroxamate collectors and 50% for A845.

4

RESULTS

The results are collected in Table 3 for experiments run with tap water, and in Table 5 for
tests with process water.

4.1

Tests with tap water

Table 3.

Experimental results from tap water trials.

Exp
Name

Run
Order

Aero
845

Naoleate

A6494

S9849

A6493

Ool

mRo1

mRoTot

1P2O5

1rP2O5

rP2O5

DISiO2

DIFe2O3

DIMgO

rREE

N1201

1

200

0

0

0

0

N

21.2

32.6

24.8

71.9

87.5

63.9

59.5

60.4

63.3

rHREE
70.5

N1202

2

0

200

0

0

0

F

26.7

38.2

17.0

66.0

84.6

52.9

45.4

46.9

68.8

72.2

N1203

3

100

100

0

0

0

L

30.3

39.8

20.1

81.4

89.1

66.2

54.7

61.8

72.1

75.2

N1204

4

100

100

0

0

0

F

17.6

25.2

21.3

52.8

71.6

46.2

41.0

42.5

52.5

58.2

0

N

N1205

5

0

0

200

0

8.9

18.3

17.5

22.5

32.8

17.9

11.8

15.2

32.5

31.4

N1206

6

0

100

100

0

0

L

24.2

39.8

18.7

67.0

86.8

57.0

45.1

52.2

71.8

75.3

N1207

7

0

100

100

0

0

F

24.0

45.7

19.0

66.9

88.2

57.1

39.8

51.9

76.0

79.3

N1208

8

0

0

0

200

0

N

4.6

13.8

7.87

5.0

13.4

1.2

-0.9

-1.3

17.3

16.0

N1211

9

0

100

0

100

0

L

25.6

39.2

22.0

76.1

90.0

66.2

54.5

61.5

72.4

76.3

0

100

N1212

0

F

N1213

11

0

0

0

0

200

N

2.0

6.2

7.7

2.3

6.0

0.6

-0.5

-0.6

7.5

6.7

N1214

12

10

0

0

100

100

0

0

100

L

25.7

40.0

20.4

72.4

90.0

61.9

49.8

56.8

73.1

76.1

N1215

13

0

100

0

0

100

F

21.0

33.3

23.0

69.3

86.3

62.8

54.0

57.8

68.9

71.6

18.1

33.1

21.0

53.0

76.3

45.2

38.7

40.5

61.2

63.1

In Fig. 2, the linear effects of the parameters on the responses are shown. Due to the
statistical design with many empty cells, the effects are calculated with PLS regression.
They are shown as coefficient plots in Figure 2. A positive column show an effect that is
more than the average for all tests, a negative column show that something has less effect.
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Coefficient plots (scaled and centred, PLS comp. = 3) with tap water.
mRo1 (N=13; DF=5; R2=0.89); mRoTot (N=13; DF=5; R2=0.75);
1P2O5 (N=13; DF=5; R2=0.55); rP2O5 (N=13; DF=5; R2=0.79);
rREE (N=13; DF=5; R2=0.78); rHREE (N=13; DF=5; R2=0.79);
DISiO2 (N=13; DF=5; R2=0.75); DIFe2O3 (N=13; DF=5; R2=0.75);
DIMgO (N=13; DF=5; R2=0.75); Confidence=0.95
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The influence patterns in the sub-graphs are very similar. The best average recoveries are
with oleate, the second-best is the AERO 845. Of the hydroxamates, the one containing
a vegetable oil is performing the best. What is really interesting, however, is that the order
of oleate addition has a huge influence. Whenever the oleate is added last, the recovery
becomes much better. It is only in combination with AERO 845 that the recoveries
matches the ones achieved by oleate alone. This reagent also appears to be more selective
than oleate, since the grade after 1 minute of flotation is generally higher with AERO 845.

To further show the effect of addition order, the graphs in Figs. 3a and 3b were produced.
Here, it becomes clear that A845 is more selective than oleate. In addition, it is beneficial
to add the more selective collector first.
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a) Grade-recovery diagram for P2O5 with tap water,
b) Selectivity diagram MgO vs. P2O5 with tap water.

The results for the hydroxamates were rather disappointing. Therefore, were a series of
zeta potential measurements run to check, whether the hydroxamates were after all
attaching to the surface. If so, this will then be shown as a charge reversal of mineral
surfaces. Measurements were run with the three hydroxamate reagents, with the
sulfosuccinamate, and with oleate at two concentrations as reference. In Fig. 4 is the
original zeta potential curves for pure apatite and calcite particles. There is a clear and
significant difference in potential between the two minerals.
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Figure 4.

Zeta potential for apatite and calcite.

The zeta potentials after the minerals have been contacted with the reagents are shown in
Fig. 5 for apatite, and in Fig. 6 for calcite. With oleate there is a clear change in potential,
the surface becoming much more negative, indicating strong adsorption to the mineral
surfaces, even more so for A845. For the hydroxamates the opposite happens. The A6494
with added vegetable oil is a middle case. It is interesting to note that the order of charge
change is the same as the influence according to the coefficient plots.
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Figure 5.

Zeta potential for apatite in contact with collectors.

Figure 6.

Zeta-potential for calcite in contact with collectors.
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Tests with process water

Although the test results with tap water revealed that the hydroxamates were not better
than the reference collector, oleate, it did show that combinations of oleate and
sulfosuccinamate might have some potential. Therefore, a second test with process water
(Table 4) and including the standard collector Atrac 1563, used by LKAB, was run. The
results are in Table 5.
Table 4. Analyses of process water.
Element

Assay (mg/l)

Ca

414

K

65

Mg

33

Na

154

Si

4

Table 5.

Experimental results from process water trials.

Exp
Name

Run
Order

Atrac

Naoleate

Aero
845

A6494

S9849

A6493

Ool

mRo1

mRoTot

1P2O5

1rP2O5

rP2O5

DISiO2

DIFe2O3

DIMgO

rREE

rHREE

N1301

17

200

0

0

0

0

0

N

22.3

30.5

24.9

74.3

88.4

67.5

66.4

63.5

63.6

68.5

N1302

1

0

0

200

0

0

0

N

18.6

24.3

30.9

77.4

86.3

73.8

71.2

70.3

59.2

65.6

N1303

2

0

200

0

0

0

0

F

18.0

28.5

19.5

36.3

55.9

29.5

28.9

25.8

39.0

43.8

N1304

3

0

100

100

0

0

0

L

14.8

19.3

25.8

56.1

68.7

52.4

50.2

49.1

43.5

50.9

N1305

4

0

100

100

0

0

0

F

7.3

12.9

25.2

25.7

44.0

23.7

23.6

22.2

29.5

34.9

N1306

7

200

0

0

0

0

0

N

21.0

31.4

24.7

71.3

88.9

64.7

63.5

60.7

63.4

68.2

N1307

5

0

0

0

200

0

0

N

4.9

10.9

14.7

11.1

70.9

8.0

7.7

5.9

16.7

18.8

N1308

6

0

100

0

100

0

0

L

17.8

29.7

18.4

49.4

77.3

41.4

38.1

37.4

58.9

62.7

N1309

8

0

100

0

100

0

0

F

16.6

30.4

17.5

41.6

71.0

33.4

30.2

29.5

57.1

61.2

N1310

9

0

0

0

0

200

0

N

3.9

9.1

14.2

8.3

19.2

5.7

5.4

3.8

16.6

16.6

N1311

10

0

100

0

0

100

0

L

22.2

32.9

22.1

72.6

88.7

64.8

61.8

59.9

66.9

71.3

N1312

11

0

100

0

0

100

0

F

14.9

23.3

19.7

43.3

62.4

36.7

35.6

33.0

48.1

49.7

N1313

12

200

0

0

0

0

0

N

19.6

27.7

22.4

63.1

81.0

57.0

56.1

53.6

54.3

61.8

N1314

13

0

0

0

0

0

200

N

3.5

9.1

14.8

7.5

19.6

5.2

4.7

3.3

17.4

16.7

N1315

14

0

100

0

0

0

100

L

23.5

34.0

22.0

75.9

88.9

67.3

64.5

62.6

67.2

71.7

N1316

15

0

100

0

0

0

100

F

9.2

21.2

21.6

30.1

58.0

26.5

25.8

24.4

45.7

46.9

N1317b

16

0

200

0

0

0

0

F

14.4

20.5

16.2

35.3

51.7

28.1

27.4

24.6

36.4

41.5

The same pattern emerged with better results if oleate was added last, cf. Fig. 6. It is also
evident that AERO 845 now performs better, in terms of grade and recovery, than the
oleate, and that the hydroxamates are still worse off. However, these results are partly
over-shadowed by the ones for Atrac 1563. Both the standard collector and A845 work
well with process water.
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Coefficient plots (scaled and centred, PLS comp. = 4) with process water.
mRo1 (N=17; DF=8; R2=0.66); mRoTot (N=17; DF=8; R2=0.55);
1P2O5 (N=17; DF=8; R2=0.83); rP2O5 (N=17; DF=8; R2=0.57);
rREE (N=17; DF=8; R2=0.50); rHREE (N=17; DF=8; R2=0.57);
DISiO2 (N=17; DF=8; R2=0.71); DIFe2O3 (N=17; DF=8; R2=0.72);
DIMgO (N=17; DF=8; R2=0.72); Confidence=0.95
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It is interesting to compare the current industry standard collector, Atrac 1563, with oleate
and the AERO 845 while running flotation with process water. This comparison is shown
in Figs. 8a and 8b as grade-recovery and selectivity diagrams respectively. The best Atrac
and oleate tests were selected for the comparison. It turns out that A845 is more selective,
and can achieve higher grades than Atrac when using process water. Oleate and oleate in
combination with A845 are worse of. The reason may be that oleate reacts/complexes
with Ca and Mg ions in the pulp, meaning that these ions lower the amount of oleate left
for any surface reactions.
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Figure 8.

a) Grade-recovery diagram for P2O5 with process water,
b) Selectivity diagram MgO vs. P2O5 with process water.
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It is also interesting to note that in the combinations between A845 and oleate, it is the
test with A845 added first and then oleate, which gives the best result.

5

DISCUSSION

Two collectors, the A845 and Atrac 1563, are less affected by process water. A possible
explanation can be that both reagents have multiple polar groups/parts that can interact
with mineral surfaces, and that not all are carboxylic groups.

Zeta potential reversal correlates well with bench-scale flotation results. A possible
explanation for this behaviour is that true flotation, i.e. bench-scale, requires both a
selective adsorption of an entity on the mineral surface, and the formation of a
hydrophobic multi-layer island on the mineral surface. This interpretation would
tentatively explain why certain combinations of collectors have been found useful in
practice. It would also explain the results from the experiments with changed addition
orders. In the latter case, the presumably more selective collector (hydroxamate) adsorbs
first, and then serves as the contact point for the hydrophobic multi-layer created by the
stronger collector (oleate). It could also be that the stronger collector co-adsorbs into the
first layer. Such a co-adsorption could also explain the beneficial effect of adding nonionic surfactants to flotation systems.

Interestingly, similar ideas of a two-stage process for sulphide mineral flotation have been
forwarded by other authors (Forsling and Sun, 1997; Pålsson, 1988; Woods, 1987).
It is here suggested, that “true” flotation shall be considered a two-stage process:
1.

Adsorption of a selective entity to specific points in the mineral surface
lattice. This entity may adsorb mono-dentate, bi-dentate or multi-dentate,
but does not necessarily render the mineral surface sufficiently hydrophobic
in itself.

2.

Addition at the same time, or in a later stage, of a substance that creates a
hydrophobic multi-layer. This multi-layer can be anchored to the firstly
adsorbed entity by hydrophobic interaction or being co-adsorbed into the
first layer.
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CONCLUSIONS

When using multiple collectors, optimal flotation is a two-stage process where the first
layer with the more selective surfactant attaches to the surface, and the second layer,
which promotes hydrophobicity adsorbs into/on top of the first layer.
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