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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 non-
transition 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 structure-
specific 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). 



2 

 
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.  
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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.  



4 

 
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).  
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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 (mono-
calcium 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 (PO4

3-). The major deposits for phosphate rocks are sedimentary and igneous, with sedimentary 
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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 physico-
chemical 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 
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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 

Oleate 

O
–

O

R

  
  

Hydroxamate 

R N

O
–

O

 

Sulfosuccinamate 
O

O
–

O
–

O

N

R

O

O
–

O

S

O
–

O

O

  

Atrac 1563 

R

O O

O O

O
–

O

 

Sarcosinate 
N

R O
–

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 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 thesis, 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. 
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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 chloro- 
and 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, l-
glycine 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 Alfa-
Aesar, 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).   
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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 round-
bottomed 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 round-
bottomed 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 round-
bottomed 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 (%) REE Assay (mg/kg) 

SiO2 45.8 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 2.1 

 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 + 𝛾𝛾𝑆𝑆𝐿𝐿 − 𝛾𝛾𝑆𝑆𝐿𝐿 (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). 

𝛾𝛾𝑆𝑆𝐿𝐿 = 𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝑆𝑆𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (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 = 𝛾𝛾𝑆𝑆𝐿𝐿(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 mineral-
deionized 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) 

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝑚𝑚𝑓𝑓

𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡
× 100 (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)  

𝜁𝜁 =
𝜇𝜇𝐸𝐸 × 𝜂𝜂
𝜀𝜀

 (5) 

where µE is the particles electrophoretic mobility, η viscosity of the solution, ε is the permittivity 
(dielectric) and ζ is the zeta-potential. 

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.  



22 

  

 

 

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 zeta-
potential 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). 

a) b) 

c) 
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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.  

a) 

b) 

c) 
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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 zeta-
potential 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. 

  

a) b) 
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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.   

a) b) 

c) 
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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.  

a) b) 

c) 
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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.   

  

a) b) 
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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 zeta-
potential 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.  

a) 

b) 

c) 
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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. 

  

a) b) 

c) 
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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 zeta-
potential 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.  

  
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.  

  
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.  

 
 

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.  

  
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.  

  
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. 

  
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.  

  
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. 

6 7 8 9 10 11 12

-50

-40

-30

-20

-10

0

10

20

30

40
 sp11 on Fluorite
 sp12 on Fluorite
 Fluorite

ζ 
po

te
nt

ia
l (

m
V)

pH
0.0 2.0x10-4 4.0x10-4 6.0x10-4 8.0x10-4 1.0x10-3

-50

-40

-30

-20

-10

0

10

20

30

40  sp11 on Fluorite
 sp12 on Fluorite

ζ 
po

te
nt

ia
l (

m
V)

Surfactant conc (M)

6 7 8 9 10 11 12
0

10

20

30

40

50

60

70

80

90

100

 sp11 on Fluorite
 sp12 on Fluorite

M
icr

o-
flo

ta
tio

n 
re

co
ve

ry
 (%

)

pH

0.0 2.0x10-4 4.0x10-4 6.0x10-4 8.0x10-4 1.0x10-3
0

10

20

30

40

50

60

70

80

90

100

 sp11 on Fluorite
 sp12 on Fluorite

M
icr

o-
flo

ta
tio

n 
re

co
ve

ry
 (%

)

Surfactant conc (M)

a) b) 

a) b) 



35 

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. 

  
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 

Na-
Oleate addition rate in g/tonne 1P2O5 grade (%) of P2O5 after 1 minute of 

flotation 

A6494 addition rate in g/tonne 1rP2O5 recovery (%) of P2O5 after 1 minute of 
flotation 

S9489 addition rate in g/tonne rP2O5 total recovery of P2O5 
A6493 addition rate in g/tonne DISiO2 difference index P2O5-SiO2 

Ool addition order: (F)irst, (Last) or (N)ot 
added DIFe2O3 difference index P2O5-Fe2O3 

  DIMgO difference index P2O5-MgO 
 

The flotation results in Table 4 clearly show that the sulfosuccinamate collector Aero 845 and the Na-
Oleate 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 Na-
Oleate 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 mRoTot 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. 

 
 

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 

Exp name Run order Atrac Na-oleate Aero 845 A6494 S9849 A6493 Ool mRo1 mRoTot 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
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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.  

  
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 apatite-
calcite 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 zeta-
potential 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 zeta-
potential 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 zeta-
potential 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 zeta-
potential 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 zeta-
potential 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 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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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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ABSTRACT

Almost all of the flotation reagents used today were discovered by continued application of
empirical methods and/or trial and error experimentation. Moreover, with the metal ion specific
approach used so far, it is difficult to separate the minerals containing the same constituent metal
ion. A critical assessment of molecular recognition processes involved in biomineralization
suggested the possibility of using reagents which are surface specific. The concept that the
molecules consisting of two or more functional groups having appropriate spacing between those
so as to achieve structural/stereochemical compatibility during interaction with the mineral surface
exhibit structure specificity, is thought to be extended to the design of specific collectors in flotation
processes. In the present study, for the first time, a rational design of surface active molecules, and
thereby the recognition of crystal faces (of minerals) by these molecules through structural and
stereochemical matching is being utilized successfully to selectively float various minerals. For this
purpose, carboxylate and hydroxamate based collectors (for mineral specific flotation of calcium
minerals) as well as xanthate based collectors (for mineral specific flotation of sulphide minerals)
with a fixed alkyl chain length but having two functional groups with varying geometrical
distances (separated by a spacer of one, two and three carbon atoms) between them have been
synthesized. In this article, we have discussed the design, synthesis, purification of these novel
mineral specific collectors as well as their important solution parameters in relation to flotation
processes.



INTRODUCTION

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 have selectivity for minerals to be floated are called collectors. Several
known chelating agents have been appropriately modified to make those 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 non transition metals. As a consequence, absolute
selectivity does not exist, (because this approach suffers from a major drawback). 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.

It is clear that a selective reagent should be based on the reagent interactions not merely with the metal
ion on the surface, but with the whole surface. Is it possible to design reagents which can recognize the
surface structure of the substrate? Should the reagent design not take into account the differences in the
crystal structure of the mineral surfaces? If possible, it would be more appropriate to design reagents
having functional groups so spaced that those are compatible with the relative positions of the metal ion
sites available on the surface, that is, to design not just metal specific but structure specific reagents (Rao
and Forssberg 1995).

A scientific approach of designing mineral separation reagents involves two important surface chemical
aspects, i) selection of the appropriate functional group, and ii) design of the corresponding molecular
architecture depending on its end use.

The understandings of molecular interactions involved in the recognition of surfaces by organic molecules
in biomineralization process (Mann 1988; Mann 1993) suggest the possibility of reagents specific to the
crystal structure. The influence of organic additives on crystal growth processes suggest that molecules
having at least two groups can influence either the morphology of surfaces or inhibit crystal growth
whereas no marked changes have been observed with molecules containing one functional group
(Heywood and Mann 1992; Grases et al. 1991; Mann et al. 1990). The spacing between the functional
groups is found to be an important factor in the efficacy of 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). The concept of molecules consisting of two groups having appropriate spacing
between those so as to achieve structural compatibility during interaction with surface exhibit structure
specificity is of direct relevance to the reagents selectivity in flotation processes.

In the present study, for the first time, a rational design of surface active molecules, and thereby the
recognition of crystal faces (of minerals) by these molecules through structural and stereochemical
matching is being utilized successfully to selectively float various minerals. As mentioned earlier,
carboxylate terminated collectors (for mineral specific flotation of calcium minerals, Fig. 1) as well as



xanthate based collectors (for mineral specific flotation of sulfide minerals, Fig. 2) with a fixed alkyl chain
length but having two functional groups with varying geometrical distances (separated by a spacer of
one, two and three carbon atoms) between those have been synthesized. In this article, we have discussed
the design, synthesis, purification of these novel mineral specific collectors. Most of these novel reagents
were prepared in our own synthesis laboratory at Luleå University of Technology (LTU), however some
amino acid based carboxy teminated surfactants (Bordes and Holmberg 2011) (Fig. 1, left column) were
kindly provided by Prof. Krister Holmberg, Chalmers University, Sweden. Synthesis methods of these
molecules were also provided in this article. In order to evaluate the mineral specific interaction of the
collectors, we have trialed these novel collectors with different calcium minerals, viz., apatite, calcite and
fluorite. In this article, the differential flotation behavior of these calcium minerals with these novel
mineral specific collectors (surfactant homologues) are described as an example of mineral specific
interaction of two functional group collectors.

Fig. 1. Collector molecules (for calcium mineral flotation) in the left column are synthesized(Bordes and Holmberg
2011) at the Chalmers University while the molecles in right column are synthesized at LTU
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EXPERIMENTAL

Materials

The solubility measurements by NMR were made using acetonitrile as a reference (5 L for 1 ml of
surfactant solution). The samples of surfactant were prepared in D2O, and the required amount of a
concentrated CaCl2 solution or HCl was added. The samples were then stirred for 6 hours.

Quartz Crystal Microbalance with monitoring of the dissipation (QCM D) was used to evaluate the
specificity of adsorption of some of the collectors on apatite like surfaces. A QCM D instrument (model
D300) from Q Sense (Göteborg, Sweden) was employed. In order to avoid crystal perturbations during the
shear oscillation of the crystals, the measurements were carried out under non flowing conditions. Q
Sense supplied hydroxyapatite coated crystals. The surfaces were cleaned prior to use by a simple UV
ozone treatment. The mass adsorbed were determined by applying the Sauerbrey relationship including a
correction for the bulk contribution. More information can be found elsewhere (Bordes, Tropsch, and
Holmberg 2010).

Reagents

Lauroyl chloride, l aspartic acid, l glutamic acid, aminomalonic acid diethyl ester hydrochloride, l glycine
ethyl ester, lithium aluminum hydride, calcium chloride anhydrous were purchased from Sigma–Aldrich,
USA. Dodecylamine, bromoacetic acid. bromoprpanoic acid, bromoacetic acid methyl ester,
bromoprpanoic acid methyl ester, carbon disulfide were purchased from Alfa Aesar, UK. Sodium
hydroxide, hydrochloric acid 37%, ethanol, tetrahydrofuran (THF) anhydrous were purchased from VWR,
Sweden. All these chemicals were used as purchased. Pyridine (Aldrich, 99%) was used freshly distilled in
vacuo and stored over potassium hydroxide (KOH).

Fig. 2. Collector molecules synthesized and used for sulfide mineral flotation. Molecules shown are at present being
synthesized at LTU (project sponsored by Boliden AB)

Synthesis of Collectors

A The structures of the molecules synthesized are shown in Fig. 1, left column (Bordes and
Holmberg 2011). The synthesis scheme is outlined in Fig. 3. The malonate and glycine based surfactants
have been prepared via an ester protected route while the aspartate and the glutamate were prepared by
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the Schotten Baumann reaction.

C12MalNa2: The diethyl ester of the amino acid (47 mmol) was dissolved in pyridine (100 mL) in a round
bottomed ask. Lauroyl chloride (47 mmol) in THF (100 mL) was added under stirring at room
temperature. A precipitate appears and the suspension was stirred for 18 hours. The mixture was then
poured into aqueous hydrochloric acid (1.5 L, 1 M). After 2 hours stirring the suspension was ltered. The
solid diethyl ester of the dicarboxylate surfactant was ltered, washed with water and dissolved in
ethanol (150 mL) in a round bottomed ask. Sodium hydroxide (2 M, 2 eqv.) in ethanol (30 mL) was then
added, leading to a white precipitate, which is isolated by ltration. Yields: 95%. 1H NMR (D2O, 0.85 (t, 3
protons), 1.26 (m, 16 protons), 1.58 (m, 2 protons), 2.30 (t, 2 protons), 3.33 (s, 1 proton)), 13C NMR
(D2O, 13.96, 17.07, 22.68, 29.35, 29.86, 36.07, 49.11, 57.62, 62.19, 174.39, 175.62).

Fig. 3. Schematic diagram of synthesis of calcium mineral specific (carboxylic acid terminated) collectors carried out at
the Chalmers University

C12AspNa2 and C12GluNa2: A suspension of amino acid (310 mmol) was prepared in a mixture of
water/acetone (210 mL/150 mL) in a round bottomed ask. pH is set to 12 with an automatic titrator lled
with a solution of sodium hydroxide at 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 is kept at 12. The solution was warmed to room temperature and then acidi ed to pH 2. A
white precipitate appeared which was collected by ltration and washed with water. The product was
recrystallized three times from toluene. The product was dissolved in ethanol, and a solution of sodium
hydroxide is added (2 M, 2 eq.) leading to a precipitate, which was isolated by ltration. Yield: 74%.
C12AspNa2: 1H NMR (D2O, 0.85 (t, 3 protons), 1.26 (m, 16 protons), 1.56 (m, 2 protons), 2.24 (t, 2
protons), 2.56 (d, 2 protons), 4.38 (t, 1 proton)), 13C NMR (D2O, 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, 0.83 (t, 3 protons), 1.24 (m, 16 protons), 1.56 (m, 2 protons), 1.85 (m, 1
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proton), 2.02 (m, 1 proton), 2.23 (m, 4 protons), 4.12 (m, 1 proton)), 13C NMR (D2O, 13.98, 22.65,
25.72, 29.15, 31.90, 34.40, 36.16, 55.42, 176.39, 179.16, 182.36).

C12GlyNa: l glycine ethyl ester (10 g) was dissolved in pyridine (20 mL) in a round bottomed ask under
re ux. Dodecyl chloride (15.7 g) was added drop wise under stirring, leading to a white precipitate. The
solvent was evaporated. The product was dispersed in water, stirred and then ltered 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. Yield: 46%. 1H NMR (D2O, 0.83 (t, 3 protons), 1.25 (m, 16 protons), 1.57 (m, 2
protons), 2.26 (t, 2 protons), 3.70 (s, 2 protons)), 13C NMR (D2O, 13.84, 22.58, 25.67, 29.07, 29.24, 29.46,
29.56, 31.84, 36.09, 43.44, 176.49, 176.91).

B The structures of the molecules synthesized are shown in Fig. 1, right column. The synthesis
scheme is outlined in Fig. 4

C12sp1Na: Dodecylamine (10 g, 54 mmol, 2 eq.) was dissolved in ethanol (50 mL) in a round bottomed
ask. 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, at which point the precipitate dissolved. The reflux condition
was maintained for 24 hours. The solvent was evaporated. The product was purified by repeated
crystallization from ethanol (Haldar et al. 2004). Yield: 76%. 1H NMR (D2O, 360 MHz): 3.2 (s, 2H), 2.6 (t,
2H), 1.5 (br t, 2H), 1.3 (br m, 18H), 0.9 (t, 3H). 13C NMR (D2O, 90 MHz): 182.2, 56.2, 52.3, 36.7 28.5, 26.0,
17.3.

Fig. 4. Schematic diagram of synthesis of calcium mineral specific (carboxylic acid terminated) collectors carried out at
LTU (project sponsored by LKAB)

C12sp11Na2: C12sp1Na (1.33 g, 5 mmol, 1 eq.) was dissolved in ethanol (20 mL) in a round bottomed
ask. 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, when the precipitate dissolved. The reflux condition was
maintained for 24 hours. The solvent was evaporated. The product was purified by repeated
crystallization from ethanol. Yield: 62%. 1H NMR (D2O, 360 MHz): 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): 182.3, 62.6, 59.3, 36.7 28.5, 26.0, 17.3.

C12sp12Na2: C12sp1Na (1.33 g, 5 mmol, 1 eq.) was dissolved in ethanol (20 mL) in a round bottomed
ask. 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, when the precipitate dissolved. The reflux condition was
maintained for 24 hours. The solvent was evaporated. The product was purified by repeated
crystallization from ethanol. Yield: 41%. 1H NMR (D2O, 360 MHz): 3.2 (s, 2H), 2.9 (t, 2H), 2.6 (t, 2H), 2.4
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(t, 2H), 1.5 (br t, 2H), 1.3 (br m, 18H), 0.9 (t, 3H). 13C NMR (CDCl3, 90 MHz): 184.2, 181.3, 60.7, 57.5, 54.0,
37.4, 36.3 27.6, 25.7, 17.0.

C12sp22Na2: It was done using a similar scheme for preparation of C12sp11Na2, but using
bromopropanoic acid instead of bromoacetic acid for both the steps. Stoechiometry remained unchanged.
Yield: 28%. 1H NMR (D2O, 360 MHz): 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): 184.0, 56.6, 53.0, 37.1, 36.7 28.5, 26.0, 17.3.

C The structures of the molecules synthesized are shown in Fig. 2. The synthesis scheme is outlined
in Fig. 5

Step I and Step II: It was done using a similar scheme for preparation as mentioned above (section B), but
using bromoacetic acid methyl ester and bromopropanoic acid methyl ester and instead of free acid
derivatives used earlier.

Step III: To a stirred suspension of 2 g of lithium aluminum hydride in 50 mL of tetrahydrofuran (distilled
over lithium aluminum hydride) was added slowly a solution of 4 g of step II product in 50 mL of
tetrahydrofuran and the mixture was refluxed for 2 hours (Shapiro, Flowers, and Hecht 1957). After
cooling in an ice bath, 3 mL of water was added followed by 3 mL of 20% sodium hydroxide and 6 mL of
water. The precipitated inorganic salts were filtered off and washed with ether. The combined filtrates
were washed with saturated sodium chloride solution and dried over sodium sulfate.

Step IV: Sodium wire was added to step III product (1 eq.) and when the initial reaction moderated, the
mixture was gently boiled until all the sodium had reacted. The solution was chilled, and carbon disulfide
(1 eq.) added precisely; yielding of the pale yellow, odourless xanthate crystals (Bulmer and Mann 1945).

Fig. 5. Schematic diagram of synthesis of sulfide mineral specific (xanthate terminated) collectors carried out at LTU.
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RESULTS

Calcium interaction study

NMR was used to determine quantitatively the amount of surfactant remaining in solution as the CaCl2
concentration was increased. The result, shown in Figure 6, confirms that the glutamate surfactant is more
calcium tolerant than the two other surfactants. The surfactants investigated were the disodium salts of N
dodecylaminomalonic acid (C12MalNa2), N dodecylaspartic acid (C12AspNa2) and N dodecylglutamic
acid (C12GluNa2). Measurements were made at 25°C and at concentration of 100 mM, 146 mM and
148 mM respectively.

Figure 6. Relative amount of dissolved surfactant as a function of molar ratio of added CaCl2 to surfactant.

A tentative explanation for the difference is the following. The aminomalonate and the aspartate
surfactants have one and two carbon atoms, respectively, separating the carboxyl groups. These
surfactants should be capable of forming intramolecular chelates with the divalent calcium ion, leading to
six and seven membered rings. The glutamate surfactant has a three carbon spacer and would form an
eight membered ring with the calcium ion, which is less favourable. The concept is shown in Figure 7 for
calcium ion binding to C12MalNa2 and to C12GluNa2.
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Figure 7. Intramolecular complexes between calcium ion and (left) an aminomalonate surfactant and (right) a
glutamate surfactant.



Precipitation seems to be favoured by the intramolecular binding of calcium ions, which is not surprising
since calcium soaps of divalent acids are known to precipitate readily. The intramolecular chelating of
calcium ions may be assisted by interaction between the carbonyl oxygen of the amide bond and the
cation. Such interactions have been observed before for similar chelating agents and divalent cations
(Chan et al. 1997)

In parallel to the bulk behavior study, the adsorption of the three dicarboxylate surfactants C12MalNa2,
C12AspNa2 and C12GluNa2 was studied by quartz crystal microbalance with dissipation monitoring
(QCM D). QCM is a versatile technique that allows the use of many different surfaces such as mineral
surfaces. Figure 8 shows QCM D curves for adsorption of the three dicarboxylic surfactants on a thin
layer of hydroxyapatite applied on a gold coated quartz crystal, normalized to the CMC of the surfactants.
CMCs are 50 mM, 73 mM and 74 mM for C12MalNa2, C12AspNa2 and C12GluNa2, respectively.

Figure 8. Changes in mass ( m) determined with QCM D vs. surfactant concentration normalized by the CMC for
adsorption of C12MalNa2 ( ), C12AspNa2 ( ) and C12GluNa2 ( ) on hydroxyapatite at 20°C.

The adsorption of the dicarboxylic surfactants at hydroxyapatite is as follows
C12AspNa2 > C12MalNa2 > C12GluNa2. As discussed above, the distance between the two carboxyl
groups in the series of dicarboxylic amino acid based surfactants, i.e., the length of the spacer unit, plays a
crucial role for the interaction of the headgroup with divalent cations in solution, and should match the
topology of the hydroxyapatite surface. The weak adsorption of the glutamate surfactant on the
hydroxyapatite surface can most likely be explained by the same argument as used above to explain the
good tolerance to calcium ions for this surfactant compared to the aminomalonate and the aspartate
surfactants: its inability to form strong intramolecular complexes due to a too long spacer between the
carboxyl groups. It is then reasonable that C12GluNa2 is not efficient in chelating calcium from the crystal
lattice. Following this way of reasoning, the stronger adsorption of C12AspNa2 compared to C12MalNa2
can be assumed to be due to better complexing of the aspartate surfactant with lattice calcium. These
results can serve as a basis for the rationalization of the flotation work.
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h i g h l i g h t s

� Demonstration of concepts behind
developing mineral specific reagents
for flotation.
� Application of novel dicarboxylate-

based surfactants with varying head-
group distance.
� Adsorption study of these new

reagents on pure apatite and pure
calcite surfaces.
� Measurements using Hallimond tube

flotation, f potential and FTIR
spectroscopy.
� Establishment of relation between

molecular structure and flotation
recovery.

g r a p h i c a l a b s t r a c t

C12GlyNa C12MalNa2 C12AspNa2 C12GluNa2
H
N

O

COO- Na+
9

H
N

O

COO- Na+

COO- Na+
9

H
N

O

COO- Na+

COO- Na+
9

H
N

O

COO- Na+

COO- Na+

9

NH
OO

O- O-

O

Ca O CaO O CaCa

a r t i c l e i n f o

Article history:
Received 13 August 2014
Accepted 26 November 2014
Available online 4 December 2014

Keywords:
Froth flotation
Mineral processing
Adsorption
Mineral specific reagents
Surfactant

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 rela-
tion 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 exam-
ple, 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.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Design, development and selection of reagents, or industrial
performance chemicals such as surfactants, dispersants, and flocc-
ulants, are important in many industrial fields, including mineral
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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 dis-
covery limits the selection of new reagents to already known fam-
ilies of surfactants and polymers [1–4].

Much research efforts have been devoted to the physico-chem-
ical 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 separa-
tion 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 dis-
seminated 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 amphi-
philic 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 func-
tional group. When choosing the functional group the primary
need is its complexation/chelation ability with the metal ions pres-
ent 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 complex-
ation chemistry with the surface metal ion [8]; its interaction with
the whole surface needs to be taken into account [9,10]. Under-
standing 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

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 inter-
actions 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 amino-
substituted 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 self-
assembly 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 dis-
tance between the carboxyl groups is important for the interaction
with calcium ions. A monocarboxylic analogue was also synthe-
sized 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

All pH adjustments were done using hydrochloric acid (HCl)
and sodium hydroxide (NaOH). For the f potential measure-
ments 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).

2.3. Novel collectors

Flotation tests were performed with three dicarboxylate sur-
factants, 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, respec-
tively. The structures are given in Fig. 1. A monocarboxylate sur-
factant, sodium N-dodecanoylglycine (C12GlyNa), which also
has the polar head group connected to the tail via an amide bond,

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].

2.4. f potential measurements

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 software� with the
Smoluchowski equation and are an average of three repeated
measurements (each time with different aliquots) on the same
sample.

2.5. Hallimond flotation tests

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.

Fig. 2. Flotation recovery and f potential measurement as a function of pH, in the presence of 2 � 10�4 M collector. (a) Flotation recovery of apatite; (b) flotation recovery of
calcite; (c) f potential of apatite; (d) f potential of calcite.
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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 mole-
cules 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 apa-

tite, 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 concen-
tration 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 iso-
electric 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 sur-
face. 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�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.
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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 collec-
tor, indicating little or no collector adsorption under these condi-
tions. 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, adsorp-
tion 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 dra-
matic 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-elec-
tric 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 progres-
sively 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 flota-
tion, 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�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.
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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 C12Glu-
Na2, 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 cor-
relation 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 flo-
tation 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 poten-
tial 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 overlap-
ping with the CH2-band absorption region. A spectrum of pure
(freshly ground) calcite is subtracted from the spectrum of collec-
tor-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

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.
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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 sev-
eral 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 flota-
tion separation. It is likely that there would be a competition and it
would adsorb to both surfaces, while still mainly floating one min-
eral 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 phenome-
non might result in different flotation recovery performances.

The monocarboxylic collector C12GlyNa behaves as a tradi-
tional 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 sur-
face 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 unselec-
tive surface precipitation of the collectors is possible. A decrease of
the pH will naturally induce a reduction of the surfactant solubil-
ity. 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 concen-
trations 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 dicarbox-
ylate 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 sur-
face 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 sur-
face, 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 solubil-
ity [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 > C12Mal-
Na2 > 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 preserv-
ing 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 col-
lector 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 meth-
ylene 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 hydro-
phobic, 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 tool-
box 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 Calcite-
Fluorite 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 fluor-
ite. A monocarboxylate amino acid-based surfactant having the
same length of the hydrocarbon tail was also included for com-
parison 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 mono-
carboxylate 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 re-
sults. On calcite at the natural pH the monocarboxylate collector
was most efficient but the dicarboxylate collectors with a two-
and 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-po-
tential 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 spectro-
scopy. Taken together, the results showed that small changes in
the head group region of the collector can radically affect flota-
tion 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 Monocarb-
oxilataminosäuretensid mit der gleichen Kohlenstoffkettenlänge
wurde als Vergleichssubstanz in die Untersuchung einbezogen.
Experimente in der Hallimond-Flotationsröhre ergaben, dass, ob-
wohl die Flotationsreagenzien sich ausschließlich in Bezug auf die
Spacer voneinander unterschieden, deren Wirksamkeit im Hin-
blick 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 Kohlen-

stoffatom hatte, gute Ergebnisse. Auf Calcit beim natürlichen pH-
Wert war der Monocarboxilatkollektor der effizienteste, aber die
Dicarboxilatkollektoren mit einem Spacer, der zwei- bzw. drei
Kohlenstoffatome enthielt, gab auch eine annehmbare Anreiche-
rung. Dicarboxilatkollektoren mit einem zwei- oder einem drei
Kohlenstoffatome enthaltenen Spacer waren auf Fluorit beim na-
türlichen pH die effizientesten. Das f-Potential und die Flotations-
anreicherung 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 Kopfgrup-
penbereich 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, Erz-
spezifisches 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 hydro-
philic [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 miner-
al surface. Several known chelating agents [5–7] have been
appropriately modified to behave as selective flotation collec-
tors with some degree of success [8]. The problem is that
most chelating groups form complexes with almost all tran-
sition and many non-transition metals. As a consequence,
absolute selectivity rarely exists. Chelating agents made sur-
face 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 correspond-
ing metal ion is free in solution.

It is clear that in order to design a reagent with a high de-
gree 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 re-
agents which can recognize the surface structure of the sub-
strate? 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 struc-
ture-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 re-
agents 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 crys-
tal growth whereas molecules containing only one func-
tional 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 con-
cepts 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. max-
imum 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 vari-
ety 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 com-
plexity of the mineral-reagent interactions: The minerals
themselves contribute towards the nature of the aqueous en-
vironment [24] which, in turn, controls the nature of the in-
terfacial reactions. Separation of mixtures of these minerals
with highly similar surface properties (such as scheelite-
fluorite, fluorite-calcite [25], apatite-calcite and fluorite-bar-
ite) 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 col-
lectors generally give low selectivity and separation of the
minerals has seldom been solved satisfactorily on an indus-
trial 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 atten-
tion 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 ami-
no 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 re-
agents 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 interac-
tions with a \model" system, we have investigated these sur-
factants 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 ex-
ploit this \model-mineral system" to establish the concept
of \mineral specific flotation" when the minerals have the
same counter-ions.

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 measure-
ments and FTIR experiments) a FRITCH PULVERISETTE
2 mortar grinder was used and screened with a 5 lm poly-
mer 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 ac-
cording 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 Halli-
mond 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 con-
centration 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 Spectro-
scopy (DRIFTS) measurements were performed using a
Bruker IFS 66 v/S instrument with a deuterated triglycine
sulfate (DTGS) detector. The £5 lm fractions were con-
ditioned for 10 min, at the different pH and concentrations
reported. The samples were washed three times with de-
ionized water and filtered to remove any molecules not che-
mically 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 ob-
tained in the series.

3 Results and Discussions

Flotation tests were done with three dicarboxylate surfac-
tants: 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, re-
spectively. 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 surfac-
tant, 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 struc-
ture 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 possi-
ble to measure at a pH lower than 6. The collector concen-
tration 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 recov-
ery 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 pre-
vious 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 col-
lectors have poor solubility in water. It is reasonable to as-
sume that at this pH, collector aggregates adsorb on the

mineral, hence making the surface hydrophobic, which pro-
motes flotation. However above pH 10, none of the col-
lectors 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 flo-
tation 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 inter-
actions 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 investiga-
tion, 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 ab-
sence of a collector, as a function of pH are shown in Fig. 2c.
As can be seen, calcite without added collector gave a f-po-
tential in the range 10–20 mV over the entire pH range
studied. Addition of C12AspNa2, C12GluNa2 or the monocar-
boxylate C12GlyNa did not lead to dramatic changes in the f-
potential, although the values became negative for C12GlyNa
at very high pH values. The situation was different for the
collector C12MalNa2, however. With this dicarboxylate surfac-
tant there was a steady decrease in f-potential with increas-
ing pH, reaching very low values at high pH. This is possi-
bly 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 ad-
sorbed 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-po-
tential 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 sur-
face which does not favor attachment of the particle at the
air/water interface of the bubbles. On the contrary, surfac-
tant adsorbed less tightly such as C12GlyNa allow a more hy-
drophobic surface thus promoting bubble-particle attach-
ment. 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 col-
lector 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
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Figure 1 Top-left: sodium N-dodecanoylglyci-
nate; top-right: disodium N-dodecanoylamino-
malonate; bottom-left: disodium N-dodecanoyl-
aspartate; and bottom-right: disodium N-
dodecanoylglutamate [26]



as collector, there was no specific iso-electric point; the for-
mer 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 ab-
sence 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 col-
lector C12MalNa2 gave a very pronounced effect on the f-po-
tential of the calcium mineral apatite [27]. The same correla-
tion between effect of the collector on f-potential and on
flotation yield was obviously not obtained for the two cal-
cium minerals studied in the present work.

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

3.2.1 Flotation recovery

Figure 3a and 3b show flotation recovery of calcite at pH
10.5 and at natural pH, respectively, for a collector concen-
tration 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 com-
parison 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 im-
portant to note that the other collectors have a much high-
er 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
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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



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 concentra-
tion.

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-po-
tential with increasing reagent concentration (Fig. 3c). At
pH 10.5, applying C12AspNa2 or C12GluNa2 did not render
the calcite surface negative within the collector concentra-
tion 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 f-
potential values at lower concentrations and C12GluNa2,
which gave a pronounced drop in f-potential with increasing
concentration, was quite ineffective in the flotation experi-
ments. C12MalNa2, which was the only surfactant that gave
strongly negative f-potential values, indicating high ad-
sorbed amount at the calcite surface, did not float calcite.
One can easily hypothesize, again, that the nature of the ad-
sorbed layer is hydrophilic for all the dicarboxylate surfac-

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

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

3.3.1 Flotation recovery

The flotation behavior of fluorite at pH 10.5 and at the nat-
ural pH, with a collector concentration varying from 5 ·
10–6 M to 1 · 10–3 M, is shown in Figs. 4a and 4b, respec-
tively. 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 di-
carboxylate collector C12GluNa2 gave very good flotation re-
sults over the entire concentration range.

3.3.2 f-potential

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



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-poten-
tial with increasing concentration for all the collectors. All
the dicarboxylate reagents reached a plateau at a concentra-
tion of around 2 · 10–5 M. This is approximately the concen-
tration 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-po-
tential curve reasonably well. A high concentration of
C12GlyNa was needed in order to reach a high flotation effi-
cacy.
The pronounced plateaus (Fig. 4d) obtained with all three

dicarboxylate collectors at the natural pH may indicate a com-
plete surface coverage of the reagent. The remarkably low val-
ue 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.

3.4 Diffuse Reflectance FTIR Spectroscopy (DRIFTS)

The alkyl chain absorbance band region from the DRIFTS
experiments performed for calcite and fluorite with a collec-
tor 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 cal-

cite at 6 · 10–4 M collector concentration and pH 10.5 is
shown in Fig. 5a. It is difficult to see the collector absor-
bance, 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 spec-
trum of collector-coated calcite to find the spectrum for the
adsorbed collector only. The figure indicates that all four re-
agents adsorbed at the mineral surface at this collector con-
centration and pH; however, the amount of adsorbate dif-
fers. 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 ac-
cording to the DRIFTS data also gave the most pronounced
drop in f-potential. However, this reagent was not at all effi-
cient in the flotation experiments. As can be seen from
Fig. 3a, C12GlyNa was the only collector that gave high re-
covery in the flotation of calcite but this reagent adsorbed
the least according to Fig. 5a. It is obviously not easy to pre-
dict 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 fol-
lowed by C12GlyNa. There seemed to be very little adsorp-

tion of the other two reagents. Also these results correspond
well with the f-potential data, seen in Fig. 4c, with C12Mal-
Na2 giving the most negatively charged particles, followed
by C12GlyNa. C12MalNa2 and C12GlyNa were also the two
best reagents in the flotation test (Fig. 4a). The other two col-
lectors, C12AspNa2 and C12GluNa2, which gave poor adsorp-
tion did not influence the f-potential much and gave rela-
tively poor flotation recovery.

4 Conclusions

Several important conclusions can be drawn from the re-
sults obtained. At pH 10.5 the monocarboxylate collector
C12GlyNa was the only reagent that gave high flotation re-
covery of calcite. For fluorite, no good recovery was observed
at pH above 10.5, both the monocarboxylate and the dicar-
boxylate species.

Furthermore, there was a large difference in flotation be-
havior between the three dicarboxylate collectors used in the
study. C12MalNa2, which has one carbon between the car-
boxyl 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 re-
covery than C12MalNa2.
With both minerals the flotation recovery was good for the

two collectors with a two- or three-carbon spacer (C12Asp
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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 impor-
tant it is to tune the surfactant structure for a specific miner-
al rather than for a given ion present in the mineral lattice.
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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 DRIFTS spectra at 6 · 10–4 M collector concentration and pH 10.5. (a) calcite; (b) fluorite



DRIFT and f-potential measurements, even though some-
time 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 se-

lectively float one mineral from a mixture of similar miner-
als.
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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.

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.

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.

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.

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.

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 

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.

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.

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 38-
150 m size fraction used for microflotation. The smallest size fraction 
( 5 m) used in the zeta potential measurements was produced using 
a Fritch Pulverisette 2 mortar grinder and screened on a 5 m polymer 
cloth sieve (Nybolt PA-5/1) in an ultrasonic water bath.

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.
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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.

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).

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.

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.

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 m. 
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.

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.

RESULTS AND DISCUSSION

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.

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.

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.

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.

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.

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.

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 surfactant-
gas 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 

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.

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.

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.

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.

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.

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.

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.

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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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 THEORY 

2.1 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 

Oleate 
O

–

O

R

  

Hydroxamate N

R2

O
–

O

R1
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Sulfosuccinamate 

O

O
–

O
–

O

N

R

O

O
–

O

S

O
–

O

O

 

Atrac 1563 

R

O O

O O

O
–

O

 

Sarcosinate N

R O
–

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.  



Pålsson et al 2017-05-15 4(21) 

 

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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2.2 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-butyl-
dithiophosphate, 

• 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 METHODS AND MATERIALS 

3.1 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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3.3 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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• A6493, addition rate in g/tonne; 

• Ool, order of oleate addition (F=first, L=Last, N=neutral/not added) 

 

Each response is fitted by MODDE to an equation 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑎𝑎0 + 𝑎𝑎1 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑎𝑎2 ∙ 𝐴𝐴845 + 𝑎𝑎3 ∙ 𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 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: 

• 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. 

 

3.4 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. 

 
 

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. 

 

Exp  
Name 

Run 
Order 

Aero  
845 

Na- 
oleate 

A6494 S9849 A6493 Ool mRo1 mRoTot 1P2O5 1rP2O5 rP2O5 DISiO2 DIFe2O3 DIMgO rREE rHREE 

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 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 

N1205 5 0 0 200 0 0 N 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 

N1212 10 0 100 0 100 0 F 18.1 33.1 21.0 53.0 76.3 45.2 38.7 40.5 61.2 63.1 

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 0 100 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 
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Figure 2. 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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Figure 3. 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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4.2 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. 

 
 

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. 

 

Exp  
Name 

Run  
Order 

Atrac Na- 
oleate 

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 
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Figure 7. 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 

 



Pålsson et al 2017-05-15 17(21) 

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. 

 

 

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 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 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. 

 



Pålsson et al 2017-05-15 19(21) 

6 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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