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ABSTRACT
 

Iron ore pellets are an important refined product used as a raw material in steel 

manufacturing. In order to meet the requirements of the blast furnace process for steel 

production, the iron ore is upgraded in a number of steps including, among others, flotation.  

The induced hydrophobicity of the iron ore concentrate caused by adsorption of the 

flotation collector may affect the pellet strength both in wet and dry state.  

In order to minimize the influence of the collector on pellet properties it is important to 

understand the mechanism by which the collector interacts with iron oxides and what factors 

may affect this interaction.  

In this work, the adsorption of a commercial fatty acid type collector Atrac 1563 as well as 

four model compounds on synthetic iron oxides was studied in-situ using attenuated total 

reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The effect of collector 

concentration, ionic strength, calcium ions and sodium silicate on the collector adsorption was 

investigated. 

The mechanism of adsorption of anionic collectors on iron oxides at pH values above the 

point of zero charge was found to be similar to that of non-ionic collectors. At pH values 

above the point of zero charge, sodium cations were found to increase collector adsorption on 

magnetite by reducing electrostatic repulsion while negatively charged silicate species were 

shown to reduce collector adsorption by blocking magnetite surface sites. Calcium ions were 

found to significantly enhance the adsorption and possibly induce precipitation of the collector 

on magnetite even in the presence of sodium silicate suggesting that a high concentration of 

calcium in the process water could possibly enhance the contamination of the iron ore with 

the flotation collector, which has been previously shown to have a negative effect on both 

flotation and pelletization processes. 
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INTRODUCTION
 

Iron ore is one the most commonly agglomerated materials in the world. Prior to 

agglomeration, the iron-containing mineral is usually concentrated by magnetic separation [1]. 

Further upgrading steps can be required in order to reduce the amount of trace elements, such 

as phosphorous, in the concentrate to an acceptable level for the blast furnace process. 

Phosphorous-containing minerals like apatite associated with the iron ore are removed from 

the ore by reverse flotation using anionic fatty acid based collectors [2].  

Balling of the flotated iron ore concentrates has always been considered challenging [3, 4] 

due to the fact that any contamination of the iron ore with the fatty acid flotation collector 

decreases wettability of the flotated iron ore concentrate, resulting in a decrease in green pellet 

strength as reported by Iwasaki et al. [5] and Gustafsson and Adolfsson [3]. In a recent study, 

Forsmo et al. [6] studied the effect of a fatty acid flotation collector on green pellet properties 

and observed an increased amount of air bubbles incorporated in the green pellets upon 

addition of the flotation collector. According to the authors, these air bubbles weaken the 

structure of the green pellets both in wet and dry state.  

In order to minimize eventual negative effects of the collector on the agglomeration process, 

it is important to identify the mode of interaction between the collector and iron oxides and 

the factors that may affect the interaction. Studies on the interactions between anionic fatty 

acid collectors and iron oxides are rather scant in the literature and primarily involve ex-situ 

methods and batch adsorption and/or flotation experiments. Application of in-situ techniques 

like attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) could 

give an insight into the mechanism of interaction between the collector and iron oxide at the 

solid-liquid interface. Further, with this technique the adsorption and desorption kinetics may 

be monitored in-situ as may any possible changes in the adsorption mode at different process 

conditions. 

In the year 2006, a larger research project was started within the Hjalmar Lundbohm 

Research Centre (HLRC) at Luleå University of Technology covering the interactions 

between the flotation collector, different inorganic ions, additives and iron oxides. The present 

work is a part of this project. 
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SCOPE OF THE PRESENT WORK
 

The scope of the present work was to develop a method based on ATR-FTIR spectroscopy 

for studying the adsorption of fatty acid based flotation collector reagents on thin films of 

synthetic iron oxides from aqueous solutions in-situ.  

Another goal was to elucidate the mechanism of adsorption of different collector reagents on 

iron oxides and to study the stability of the surface complexes formed with the aim of 

identifying means to reduce the contamination of the iron oxide surface with flotation 

collector.  

Further, the effect of collector concentration, ionic strength, presence of calcium ions and 

sodium silicate on the undesired adsorption of the flotation collector reagents on iron oxides 

was investigated. 
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BACKGROUND
 

Production of iron ore pellets   

Production of iron ore pellets starts with grinding and enrichment of the iron ore to produce 

an iron ore concentrate fulfilling the required chemical composition and particle size 

distribution. The main purpose of the ore enrichment is to separate the valuable iron-

containing mineral from the waste minerals (gangue) and to reduce the amount of trace 

elements (like silicon, phosphorus, aluminium and sulfur) in the concentrate to an acceptable 

level. Concentration of the iron ore can be achieved by gravity separation and/or magnetic 

separation sometimes followed by froth flotation in order to further reduce the silica and 

phosphorous content in the ore [2].  

The next step in the pelletizing process is balling of wet, so called, green pellets from the iron 

ore concentrate. This is done in balling drums using bentonite as a binder. At this stage, the 

hydrophilic properties of the concentrate surface play an important role [4] as these properties 

partly determine the ballability of the concentrate and the strength of the pellets produced. 

Adsorption of surfactants like fatty acid flotation collectors on the surface of the concentrate 

could render the surface more hydrophobic thus reducing the affinity of the mineral surface for 

water [1] and weakening the capillary forces holding together fine particles in wet green 

pellets. Further, an increased hydrophobicity could result in attachment of air bubbles to the 

surface [6] as was discussed above. 

Balling of the green pellets is followed by screening where the desired size fraction is 

separated from the under-size fraction which is returned to the balling drum, and the over-size 

fraction which is first grinded to reduce the size of the particles and thereafter returned to the 

balling drum. 

Finally, the green iron ore pellets are dried, sintered and oxidized to the final product. The 

quality of the final pellets produced is highly dependent on green pellets strength and the pellet 

size distribution. Breakage of the green pellets results in creation of crumbs and fines which 

increase the packing density of the pellet bed during drying, sintering and oxidation thus 

reducing the pellet bed permeability for air [6] which is unwanted since it negatively affects 

both the production capacity and pellet quality [6]. 
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Of all the process steps, froth flotation will be discussed separately because of its importance 

to the present work. 

Froth flotation 

Froth flotation is based on the difference in surface properties of minerals, namely, their 

affinity to air and water. Separation of two minerals by flotation can occur if the surface of one 

of the minerals is hydrophobic and the surface of the other mineral is hydrophilic. Upon 

introduction of air to the flotation cell, hydrophobic particles will be floated by the air bubbles 

attached to the particle surface while hydrophilic particles will remain in the water. Figure 1 

illustrates the principle of froth flotation. 

 

Figure 1. The principle of froth flotation. 

Two types of flotation processes can be distinguished based on the floated fraction: direct 

flotation refers to the process where the valuable mineral is transferred to the floated fraction, 

leaving the gangue in the water while in reverse flotation, the gangue is floated and the valuable 

mineral remains in the water [1].  

Most minerals are not hydrophobic by nature so their surface has to be modified by a flotation 

collector, which selectively adsorbs on the mineral surface rendering it hydrophobic and thus 

easily floated with the hydrophobic air bubbles. Flotation collectors are heteropolar organic 

molecules containing both a non-polar hydrophobic hydrocarbon group and a polar head 
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group. Depending on the properties of the head group, flotation collectors can be classified as 

ionic or non-ionic. Ionic collectors become ionized upon dissolution in water and are further 

subdivided into anionic (e.g. carboxylates, sulfonates, xanthates [7]), cationic (e.g. amines, 

quarternary ammonium salts, pyridinium salts [8]) and amphoteric or zwitterionic (e.g. aminoacids, 

glycines, quarternary ammonium sulfonates [8]) based on the charge of the head group after 

dissociation. Non-ionic collectors contain a head group which does not dissociate in water e.g. 

a polyoxyethylene glycol group [9]. Among all the collectors, anionic collectors are most 

widely used in mineral flotation [1]. For instance, fatty acids and petroleum sulfonates are 

applied in non-sulfide mineral flotation while xanthates are commonly used for most sulfide 

ores [10]. 

In order to prevent the air bubbles holding mineral particles from bursting when they reach 

the air-water interface, a frother is added to the flotation cell to facilitate the formation of a 

stable froth, which is further transferred from the flotation cell surface to the collecting launder. 

Additionally, different modifiers are widely used in order to increase flotation selectivity [1]. 

Modifiers can either intensify or reduce the effect of a collector on a certain mineral and are 

therefore referred to as activators and depressants. Activators are usually soluble salts that become 

ionized in solution and interact with the mineral surface altering its chemical nature and 

making it more favourable for collector adsorption [1]. The action of depressants is more 

complex and not always fully understood, however, one of the main mechanisms is blocking 

of the surface sites by the depressant preventing collector adsorption [10]. Further, dispersants 

may be added to the flotation system to facilitate liberation of different small-size mineral 

fractions (slime) from the surface of larger ore particles thus facilitating an increased floatability 

of the larger particles, which, in turn, improves the recovery.  And finally, pH regulators are 

added to control the pH – one of the key variables in the flotation process that affects the 

surface properties of the minerals and the speciation of both the flotation chemicals and 

naturally occurring inorganic ions (e.g. carbonates, sulfates) in the process water.  

Apart from modifiers added deliberately, different inorganic ions naturally present in the 

process water may affect the flotation performance [11] by activating or depressing the flotation 

of a certain mineral, changing collector solubility and zeta-potential of the mineral surface. For 

instance, pyrite can be activated in the presence of copper ions [12] and activation of magnetite 

for flotation with fatty acids can occur in the presence of calcium ions [13].  
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Flotation of iron oxides  

Among different iron-containing minerals, the industrially most important are hematite (α-

Fe2O3), magnetite (Fe3O4) and goethite (α-FeOOH) due to wide occurrence of these minerals 

in nature and high iron content [2]. The choice of the flotation process in iron ore 

beneficiation depends on the nature of the gangue associated with the iron-containing mineral, 

which can be siliceous or acidic (rich in silica) and calcareous or basic (rich in calcium oxide) [1].  

When iron oxide is to be separated from the siliceous gangue, either direct or reverse 

flotation can be applied. Anionic collectors such as fatty acids and alkyl sulfates and sulfonates 

[14] are most commonly used to flotate iron oxides from siliceous gangue minerals at pH 

values where the surface of iron oxide is positively charged. An example of a process utilizing 

fatty acid flotation for the concentration of hematite is the Republic mine process in Michigan, 

USA [14].  

Quartz and silicate minerals can be floated from iron oxides with cationic collectors, 

primarily amines, when their surface is negatively charged. In order to increase flotation 

selectivity, iron oxides can be successfully depressed by starch or dextrin [14]. For instance, the 

Empire and Tilden mines (Michigan, USA) and the Griffith Mine (Ontario, Canada) have 

been using ether amines to float the siliceous gangue from the iron oxides [14]. Further, this 

type of flotation is utilized in Brazil, Chile, India, Mexico, Russia, and South Africa [15].  

Calcareous phosphate gangue minerals can be floated from iron oxides with modified fatty 

acids. Selectivity is improved when sodium silicate or starch are used as depressants [2]. The 

Swedish mining company LKAB has been using reverse froth flotation with an anionic fatty 

acid based collector for dephosphorization of magnetite concentrate. In order to improve 

flotation selectivity and phosphorous recovery, sodium silicate is added as a 

dispersant/depressant. A distinctive feature of the flotation of calcareous ores is the presence of 

calcium ions in the process water [16]. Calcium is known to facilitate precipitation of fatty 

acids [17] which may result in unnecessary increase in fatty acid collector consumption. 

Moreover, high concentrations of calcium ions have been shown to activate magnetite for 

flotation with fatty acid collector by adsorbing on the magnetite surface and changing its 

charge [13].  
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Adsorption at the solid/liquid interface 

Adsorption is a process of accumulation of adsorbate species from a bulk gas or liquid on the 

surface of an adsorbent. In the case of interactions between flotation collectors and minerals, it is 

the adsorption at the liquid/solid interface that is of interest. When a solid surface is placed in 

contact with a polar liquid (like water), the surface may acquire a net surface charge due to 

ionization of the surface groups, adsorption of ions from solution or dissolution of ions 

comprising the surface [18]. Consequently, an electrical double layer may be formed, due to 

the concentration of oppositely charged counter-ions at the charged surface to maintain 

charge-neutrality, see Figure 2. 

  

Figure 2. Schematic figure of the electrical double layer at a liquid/solid interface. 

In Figure 2, δ represents the so called Stern layer where the counter-ions have the highest 

concentration and are bound to the surface. Beyond the Stern layer, the concentration of 

counter-ions decreases until it reaches the bulk concentration. 

Considering an iron oxide surface in contact with water, a fully hydroxylated surface should 

be expected at equilibrium conditions. The net charge of the iron oxide surface is dependent 

on protonation/deprotonation of the hydroxyl groups upon changes in pH of the solution 

according to Equation 1. 

−−++ ≡⎯⎯ →←≡⎯⎯ →←≡
++

FeOFeOHFeOH HH
2  (1) 
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The pH at which the net charge of the surface is zero is referred to as the point of zero 

charge (PZC). For iron oxides, the PZC is usually observed at pH 7-8 [19]. Above this pH, 

the surface is charged negatively while below the PZC the surface is positively charged.  

Surface charge plays an important role in the adsorption of ionic species at mineral-water 

interfaces through electrostatic interaction. However, apart from electrostatic interaction, 

specific adsorption can occur due to affinity of certain species to the surface. Specific 

adsorption can be either physical or chemical depending on the forces contributing to 

adsorption. Chemical adsorption refers to the case when the adsorbate forms a covalent bond 

with the surface of adsorbent while physical adsorption implies contribution of weaker forces 

such as hydrogen bonding and non-polar interactions.  

An adsorption isotherm is a common way of describing the adsorption of a certain molecule 

on a solid surface. It is obtained by plotting the measured amount of the adsorbate on the 

surface against the equilibrium concentration of adsorbate in solution at a certain temperature. 

Different adsorption models have been developed to describe experimental adsorption data; the 

most common models used for describing adsorption at the solid-liquid interface are the 

Langmuir and the Freundlich models [18]. 

The Langmuir adsorption isotherm (Equation 2) is based on the assumption of localised 

monolayer adsorption characterized by the heat of adsorption which is independent of surface 

coverage. 

aC
aC

x
x

+
=

1max

  (2) 

In this equation, 
maxx
x

 is the fraction of the surface covered with the adsorbate; C is the 

equilibrium concentration of the adsorbate in solution and a is the adsorption constant. 

The Freundlich adsorption isotherm (Equation 3) can be derived from the Langmuir 

isotherm by introducing an exponential change of the heat of adsorption with surface 

coverage. Thus, this model implies adsorption on an energetically heterogeneous surface with 

different adsorption sites grouped patchwise with sites having the same heat of adsorption 

grouped together. 

nkC
m
x /1=  (3) 
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  In this equation, x is the amount of the adsorbate adsorbed on a specific mass m of the 

adsorbent; k and n are empirical constants. 

Both the Langmuir and the Freundlich isotherms are applicable to the adsorption of flotation 

collectors on mineral surfaces. However, due to specific properties of collector molecules (e.g. 

their ability to form micelles or adsorbed multi layers) the adsorption of these molecules can be 

characterized by other types of isotherms. For instance, adsorption of ionic collectors on 

oppositely charged surfaces is frequently described by an S-shaped isotherm plotted in 

logarithmic scale and referred to as “Somasundaran-Fuerstenau” isotherm [20]. This isotherm 

has 4 characteristic regions as illustrated in Figure 3 [21].  

 

Figure 3. Somasundaran-Fuerstenau isotherm [21]. 

Region I represents adsorption at low collector concentrations due to electrostatic forces 

between the collector species and oppositely charged surface sites. At Region II, collector 

species on the surfaces begin to form two-dimensional surface aggregates due to hydrophobic 

interactions between the hydrocarbon chains in collector molecules. Since the electrostatic 

interactions are still active at this region, the adsorption density shows a sharp increase. At 

Region III, the surface charge is fully neutralized by the adsorbed collector species and 

electrostatic forces do not contribute to adsorption any longer. However, interaction between 

hydrophobic chains in collector species still occurs further increasing adsorption density, 

though at a lower rate. In region IV, the collector concentration in solution reaches the critical 

micelle concentration (CMC) and any increase in concentration contributes primarily to 

formation of micelles in solution without changing much the adsorption density on the 

surface. 
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Attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) 

Fourier transform infrared (FTIR) spectroscopy has been applied widely for studies of 

interactions in flotation systems since the technique provides both compositional and structural 

information about the surface complexes formed [22].  

FTIR spectroscopy is based on the ability of certain molecules to undergo transitions from 

one vibrational energy state to another by absorbing infrared radiation [23]. Each transition in a 

molecule can absorb radiation of a certain frequency equal to the natural vibrational frequency 

of a molecular bond resulting in an absorption band located at that frequency in the spectrum. 

If a molecule undergoes several transitions, the resulting spectrum will contain several 

absorption bands at different frequencies. In infrared spectroscopy, the frequency is usually, for 

convenience, expressed as wavenumbers (cm-1). 

There are two types of molecular vibrations: stretching and bending. A stretching vibration is 

characterized by a change in the length of a bond between two atoms while a bending 

vibration involves the change in the angle between two bonds. 

The amount of infrared radiation absorbed (A, Absorbance) by a certain species is described by 

the Lambert-Beer law (Equation 4). 

Clε
I
I

A ⋅⋅== 0log   (4) 

In this equation, I0 is the initial intensity of the radiation and I is the intensity of the radiation 

after interaction with the sample; is the molar absorptivity of the species at a certain 

wavelength; l is the path length of the radiation in the sample; C is the concentration of the 

species of interest in the sample. 

ε

Thereby, the Lambert-Beer law illustrates that the intensity of a specific absorption band is 

proportional to the amount of the corresponding group in the sample and can thus be used for 

quantitative studies.  

FTIR spectroscopy enables both ex-situ and in-situ studies. Attenuated total reflectance FTIR 

spectroscopy (ATR-FTIR) is a technique well suited for in-situ studies providing a possibility 

to study the interactions at the solid-liquid interface without changing the surface 

characteristics of the sample [22].  
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The ATR technique is based on the phenomenon of attenuated total reflectance which is 

schematically illustrated in Figure 4. 

 

Figure 4. Schematic figure of an ATR waveguide illustrating the ATR phenomenon.  

In this technique, the IR beam with the initial intensity I0 passes through a waveguide, 

having a high refractive index n2 and being surrounded by a medium with lower refractive 

index n1. The difference in the refractive indices results in the reflection of the beam inside the 

waveguide. The intensity of the reflected beam is determined by the incident angle θ. Total 

reflection is achieved when Equation 5 is fulfilled. 

2

1sin
n
n

≥θ  (5) 

At each point of reflection, a perpendicular evanescent wave of the IR radiation is formed 

which can interact with the surrounding medium in the vicinity of the waveguide resulting in 

attenuation in the intensity of the totally reflected beam. The amount of radiation of a certain 

wavelength (λ ), absorbed by the surrounding medium depends on the penetration depth dp 

(see Figure 4), which is defined by Equation 6. 

2/12

2

12
2 sin2

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=

n
n

n

d p

θπ

λ
 (6) 

The penetration depth is, by definition, the distance from the interface where the intensity of 

the electric field (E) of the wave has fallen to a value equal of: 

E = E0·e
-1 (7) 
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 In this equation, E0 is the intensity of electric field at the surface of the waveguide.  

The values of the penetration depth typically vary in the range from some hundred 

nanometres to a few micrometres, making the ATR-FTIR technique a very surface sensitive 

technique. Furthermore, the short penetration depth facilitates studies of aqueous systems since 

the absorption of IR radiation by water is significantly reduced for the case of a shorter 

radiation pathlength. 

For studies relevant to flotation, ATR-FTIR spectroscopy has been primarily used for studies 

of the interactions between different flotation chemicals and mineral surfaces including 

adsorption and desorption kinetics [24, 25] and equilibria [26, 27], as well as studies of the 

surface complexes formed [28, 29] and the orientation of adsorbed species [30, 31]. Adsorption 

can be performed either directly on a bare waveguide or on a waveguide coated by a layer of 

adsorbent making the technique applicable to a wide variety of systems [32]. As has been 

discussed earlier, the intensities of the bands in the absorbance spectrum are proportional to the 

concentration of the adsorbed species according to the Lambert-Beer law. Consequently, in-

situ spectroscopic measurements open up possibilities to follow the adsorption process in real 

time basing on the change in the intensities of the bands in the absorbance spectrum.  
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EXPERIMENTAL PART
 

Materials   

Two synthetic iron oxides were used in the adsorption experiments viz. hematite and 

magnetite. Hematite crystals were synthesized according to the method developed by 

Matijevic [33] and were used in the experiments described in Paper I. Magnetite crystals were 

synthesized by following the procedure described by Massart and Cabuil [34] and were used in 

the adsorption studies presented in Paper II. Both iron oxides were characterized using X-ray 

diffraction (XRD) and scanning electron microscopy (SEM). For hematite, the point of zero 

charge (PZC) was determined by electrophoresis. 

Adsorption of an industrial flotation collector Atrac 1563 (Akzo Nobel) and four model 

compounds viz. ethyl oleate, maleic acid, poly (ethylene glycol) monooleate (PEGMO) and 

dodecyloxyethoxyethoxyethoxyethyl maleate on iron oxides was investigated in this work. 

Chemical structures of the studied compounds are shown in Figure 5. 

 

Figure 5. Chemical structures of Atrac 1563 (a), ethyl oleate (b), maleic acid (c), poly 

(ethylene glycol) monooleate (PEGMO) (d) and dodecyloxyethoxyethoxyethoxyethyl maleate 

(e). R represents alkyl radical in fatty acids (e.g. oleic acid CH3(CH2)7CH=CH(CH2)7) or 

C19H29-radical in resin acids, R’ – alkyl radical in oleic acid (CH3(CH2)7CH=CH(CH2)7), R’’ 

– a linear alkyl radical CH3(CH2)11. 
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Based on the material safety data sheet provided by the supplier of Atrac 1563 (Akzo Nobel) 

and on a patent describing a similar collector for the froth flotation of oxide and salt type 

minerals [35], it is likely that the structure of Atrac 1563 is as presented in Figure 5 (a), 

although the exact composition and structure are not disclosed. 

Methods   

Prior to the spectroscopic measurements, the ATR waveguide was coated with iron oxide. 

For the case of adsorption on hematite, both sides of the waveguide were coated with a film by 

means of dip-coating. In the experiments described in Paper II where magnetite was used, 

only one side of the waveguide was coated with a film using a drop method. The reason for 

this was to avoid a too high absorption of IR radiation by the magnetite film which would 

result in a too low signal-to-noise ratio in the spectroscopic measurements. 

Spectral data were collected using a Bruker IFS 66v/S spectrometer equipped with a liquid 

nitrogen cooled mercury-cadmium-telluride (MCT) detector, a vertical ATR accessory and a 

stainless steel sample cell with an ATR waveguide coated with an iron oxide film and 

mounted inside, see Figure 6.  

 

Figure 6. Schematic figure of the experimental setup. Thick solid lines represent liquid flow 

while the dashed line shows the IR beam. 

Adsorption measurements were performed in-situ with a continuous flow of an aqueous 

collector solution pumped through the cell at a rate of 10 mL min-1 with recirculation, except 

for in the desorption experiments where the solution was not recirculated. The pH during the 

adsorption experiments was kept constant at the value of 8.5 ± 0.05 by a titrator.  

A 0.01 M aqueous solution of NaCl was used as a background electrolyte in the experiments 

described in Paper II to control ionic strength.  

Further experimental details are available in the appended papers. 
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RESULTS AND DISCUSSION
 

Film characterization  

SEM images (Figure 7) showed that the synthetic hematite crystals had a uniform spherical 

habit and diameter of 130 nm while spherical synthetic magnetite crystals slightly varied in size 

around 5-15 nm. In both cases, a porous film was formed on a ZnSe crystal with the thickness 

of ca 1 μm in the case of hematite and 250-300 nm in the case of magnetite.  

  

Figure 7. Side view SEM images of a hematite film (a) and a magnetite film (b) on a ZnSe 

crystal. 

XRD patterns of the hematite and magnetite films (Figure 8) indicated pure crystalline phases 

of hematite and magnetite, respectively, without any other iron oxide phases present in 

amounts detectable by XRD. Relative intensities of the diffraction peaks for both films 

suggested that the crystals in the films were randomly orientated. Further details can be found 

in the appended papers.  
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Figure 8. XRD patterns of a hematite film on a ZnSe crystal (a) and a magnetite film on a 

silicon wafer (b). The peaks labelled with (*) emanate from the ZnSe crystal in figure (a) and 

from the silicon wafer in figure (b). 

Spectral features of Atrac and the model collectors  

In the present work, the adsorption of one commercial collector (Atrac) and four model 

compounds (PEGMO, maleic acid ester, ethyl oleate and maleic acid) on iron oxides was 

investigated. However, only three of the compounds were found to show similar adsorption 

behaviour viz. Atrac, PEGMO and the maleic acid ester and will be discussed below. Figure 9 

shows the spectra of pure Atrac, PEGMO and the maleic acid ester spread over ZnSe crystals. 

The spectra of different compounds in Figure 9 contain several similar absorption bands 

indicating similar chemical structure of the collectors. All the compounds are characterized by 

two intense bands at 2855 and 2924 cm-1 (see Figure 9 (a)) emanating from methylene 

symmetric (vs(C-H)) and asymmetric (vas(C-H)) stretching vibrations [36], respectively. 

Additionally, bending vibrations from methylene (δ(CH2)) and methyl (δ(CH3)) groups give 

rise to a weaker band at ca 1460 cm-1 [37] (see Figure 9 (b)). The appearance of these bands in 

the spectra indicates the presence of large alkyl radicals in the collectors studied. However, the 

spectra of Atrac and PEGMO also contain a weak band just above 3000 cm-1 (see Figure 9 (a)) 

assigned to the stretching vibrations of the =C-H bond (v(=C-H)) [38], which indicates the 

presence of one or more C=C bonds in the hydrocarbon radical in Atrac and PEGMO. The 

combination of the three bands shown in Figure 9 (a) is typical for unsaturated fatty acids (like 

oleic acid), that have a long hydrocarbon chain containing one or several C=C bonds. The 

presence of these bands in the spectra of PEGMO and Atrac agrees well with the information 
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about chemical structure of these compounds since PEGMO is an oleic acid ester and Atrac is 

produced from ethoxylated tall oil, which is known to contain unsaturated fatty acids.  

 

Figure 9. Infrared spectra of a droplet of pure Atrac (1), PEGMO (2) and the maleic acid 

ester (3) spread over ZnSe crystals. For the sake of clarity, the absorbance of spectrum (1) was 

multiplied with a factor 2.  

The structure of the polar head groups in the collectors is also rather similar as confirmed by 

the spectra in Figure 9 (b). The bands at 1750-1700 cm-1 originate from the stretching 

vibrations of the carbonyl group (v(C=O)) which is present in all the compounds studied. 

PEGMO has only one oleic acid ester carbonyl represented by a single band at 1736 cm-1 

(spectrum (2) in Figure 9 (b)) [39]. In case of the maleic acid ester which contains two different 

carbonyls in its structure, two bands might be expected in this spectral region. A broad band 

originating from the ester carbonyl is observed at 1728 cm-1 (spectrum (3) in Figure 9 (b)) as a 

result of conjugation of the ester carbonyl with the C=C bond that shifts the peak to lower 

wavenumbers [40]. Further, the maleic acid ester has a free carboxylic group which gives rise 

to a shoulder on the right side of the 1728 cm-1 band due to the stretching vibrations of the 

acid carbonyl group (v(C=O)acid) [38]. Atrac molecules are believed to have at least three 

different carbonyl groups in their structure, see Figure 5, which is in agreement with the 

spectrum of Atrac (spectrum (1) in Figure 9 (b)) containing several overlapping bands in the 

carbonyl region.  

The presence of maleate in the structure of Atrac and the maleic acid ester is confirmed by a 

weak band at ca 1630 cm-1 (spectra (1) and (3) in Figure 9 (b)) emanating from the stretching 
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vibrations of the C=C bond in maleic acid [41]. Stretching vibrations of the C-O-C groups 

found in the ethoxy-chains in PEGMO and the maleic acid ester give rise to intense 

absorption bands in the spectra of these compounds at around 1110 cm-1 (v(C-O-C)) [42]. 

However, only a weak shoulder is observed at these wavenumbers in the spectrum of Atrac 

(spectrum (1) in Figure 9 (b)), implying a low degree of ethoxylation of the molecules in 

Atrac. This result is in concert with the information provided in the patent [35] for a similar 

collector, containing only one alkylene oxide group derived from an alkylene oxide with 2-4 

carbon atoms. The band associated with the ethoxy-chain in PEGMO has a shoulder at 1070 

cm-1 probably emanating from the stretching vibrations of the C-OH bond at the end of the 

ethoxy-chain in PEGMO [43]. 

Adsorption mechanism of the collectors on iron oxides  

Adsorption of the collectors on hematite and magnetite was performed from aqueous 

solutions at pH 8.5. At this pH, the carboxylic acid groups in Atrac and the maleic acid ester 

become deprotonated forming a negatively charged carboxylate ion as indicated by two new 

bands originating from the symmetric and asymmetric stretching vibrations of the carboxylate 

ion (vs(COO-) and vas(COO-), respectively) [41] in the spectra of these compounds adsorbed 

on the iron oxides (spectra (1) and (3) in Figure 10). No bands associated with the carboxylate 

ion were found in the spectrum of PEGMO (spectrum (2) in Figure 10) suggesting that the 

ester bond in PEGMO does not break upon adsorption on iron oxides at the conditions 

studied.  

At pH 8.5 the surface of iron oxides is characterized by a negative zeta-potential and, 

consequently, no considerable adsorption of anionic fatty acid collectors on iron oxides would 

be expected at this pH due to electrostatic repulsion between the negatively charged 

carboxylate ions and the surface bearing the same charge. Such a behaviour was observed for 

the adsorption of maleic acid on hematite at pH 8.5. However, both in previous studies on 

oleate-hematite systems [44, 45] and in this work (see Figure 10) the compounds studied 

showed rather strong interaction with the iron oxides even at pH values above the PZC 

suggesting that the adsorption of anionic collectors on iron oxides is not fully determined by 

the electrostatic forces. 
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Figure 10. Infrared spectra of Atrac (1) and PEGMO (2) adsorbed on hematite from a 10 

mg L-1 solution at pH 8.5; and maleic acid ester (3) adsorbed on magnetite from a 25 mg L-1 

solution at pH 8.5 and ionic strength of 0.01 M NaCl. For the sake of clarity, the absorbance 

of spectra (1) and (2) was multiplied with factors 3 and 5, respectively. 

Based on the results that maleic acid did not adsorb on hematite, a conclusion can be made 

that the carboxylate ion is not likely to be responsible for the adsorption of carboxylic acids on 

the surfaces of iron oxides bearing negative charge. Similar to the ability of non-ionic 

collectors (like PEGMO) to adsorb on solid surfaces via the polar head group [21], the 

adsorption of anionic collectors on the surface of iron oxides above their point of zero charge 

(PZC) might be determined by the presence of polar, but not charged, groups such as ester 

carbonyl-, hydroxyl- and ethoxy-groups (see Figure 11).  

Further, it was observed (not shown) that the CH2 asymmetric stretching vibration band in 

the spectra of Atrac, PEGMO and maleic acid ester shifted ca 2 cm-1 towards lower frequency 

upon increased amount of adsorbed collectors. This indicates the increase in hydrophobic 

interaction between the hydrocarbon chains in the collector species adsorbed on the surface 

[46] and suggests that this interaction could possibly contribute to the adsorption.  

Thereby, a conclusion can be made that it is both the hydrophobic tail group and the polar 

head group that determine the ability of a collector to adsorb on iron oxides.  

However, carboxylate ions can be expected to facilitate the adsorption of collectors on iron 

oxides when the net charge of the surface is positive, i.e. when electrostatic attraction takes 

place instead of repulsion resulting in higher and stronger adsorption as compared to the case 
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when both the surface and the adsorbate bear the same charge. The contribution of 

electrostatic forces to the adsorption of compounds containing free carboxylic groups explains 

their strong adsorption dependency on the surface charge of the iron oxide and consequently 

on pH and ionic strength [47, 48], which will be discussed later. 

The suggested mechanism of collector adsorption on iron oxides at pH values above the 

PZC is illustrated in Figure 11. 

 

Figure 11. Proposed adsorption geometry of Atrac (a), PEGMO (b) and maleic acid ester (c) 

on iron oxides from aqueous solutions at pH 8.5. R represents alkyl radical in fatty acids (e.g. 

oleic acid CH3(CH2)7CH=CH(CH2)7) or C19H29-radical in resin acids, R’ – alkyl radical in 

oleic acid (CH3(CH2)7CH=CH(CH2)7), R’’ – a linear alkyl radical CH3(CH2)11. Dashed ovals 

indicate the groups involved in adsorption. These groups are polar without negative ionic 

entities and can interact with the negatively charged iron oxide surface. 

The size of the hydrophilic group in the molecule can affect its adsorption on a surface [21]. 

Desorption experiments (not shown) revealed that PEGMO was adsorbed on the surface on 

hematite stronger than Atrac probably due to a larger polar group in PEGMO providing 
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stronger interaction with the surface as compared to Atrac and at the same time, due to the 

absence of charge, not causing electrostatic repulsion of the molecule from the surface.  

Factors affecting collector adsorption on iron oxides  

Collector adsorption on a solid surface can be affected by many factors including, among 

others, the nature of the surface and the collector, collector concentration, pH, temperature 

and presence of inorganic ions. In this work, the effect of collector concentration, some 

inorganic ions and sodium silicate, a commonly used dispersant, on adsorption was 

investigated.  

Collector concentration 

The effect of collector concentration in solution on the amount adsorbed on the surface is 

characterized by adsorption isotherms. Due to the fact that the absorbance of the infrared 

radiation is proportional to the concentration of the absorbing species according to the 

Lambert-Beer law (Equation 4), the intensity of the bands in the spectrum of the collector 

adsorbed on iron oxide can be used as a relative measure of the amount of adsorbate on the 

surface. Figure 12 shows the intensity of the band at 2854 cm-1 (symmetric C-H stretching) in 

spectra of Atrac and PEGMO adsorbed on hematite at pH 8.5 as a function of collector 

concentration in solution. 

 

Figure 12. Intensity of the CH2 symmetric stretching vibrations band (2854 cm-1) as a 

function of concentration of PEGMO (□) and Atrac (Δ) in solution. The solid line represents 

the Freundlich adsorption model fitted to experimental data. 
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Despite the fact that Atrac and PEGMO represent different types of collectors (anionic and 

non-ionic, respectively), the shape of the curves in Figure 12 is rather similar and can be 

explained by the hypothesis that adsorption of anionic collectors at the negatively charged 

surfaces is probably governed by the same forces as the adsorption of non-ionic collectors, as 

discussed previously, resulting in a similar dependence of adsorption on concentration. For 

both compounds, the amount adsorbed increased with increasing concentration in solution as 

expected; however, a clear plateau value corresponding to monolayer coverage was not 

obtained. Consequently, poor fit of the experimental data to the Langmuir model of 

adsorption (Equation 2) was observed both for Atrac (R2=0.66) and PEGMO (R2=0.87). 

However, the Freundlich adsorption model (Equation 3) fitted the experimental data quite 

well (R2=0.99 both for Atrac and PEGMO) suggesting adsorption on energetically 

heterogeneous surface sites [49]. 

Inorganic ions and additives 

The presence of inorganic ions in the process water is one of the factors affecting collector 

adsorption on the iron ore during the flotation process due to the interaction of these ions with 

the surface of iron oxides making it more or less favourable for collector adsorption [7]. Some 

of these ions occur in the water naturally (e.g. sodium, chloride, calcium), others are added 

during ore beneficiation process (e.g. silicate).  

The total concentration of ions (or ionic strength) is expected to affect the adsorption of 

ionic collectors on iron oxides by reducing the effective surface potential by accumulating ions 

of the opposite charge close to the surface thus changing the contribution of electrostatic forces 

to adsorption. For the adsorption of the maleic acid ester on magnetite at pH 8.5, a ten-fold 

increase in ionic strength (from 10-2 to 10-1 M NaCl) resulted in a 20-25 % increase in the 

intensity of the bands originating from the collector adsorbed on magnetite (see Figure 13) 

clearly demonstrating the importance of ionic strength for collector adsorption. 
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Figure 13. Intensity of the ester C=O stretching vibrations band as a function of time 

during in-situ adsorption of the collector on magnetite at pH 8.5 from a 25 mg L-1 solution 

containing 0.01 M NaCl (◊) and 0.1 M NaCl (□). The ionic strength in the working solution 

was increased after 13 h of adsorption by adding the appropriate amount of NaCl. 

While sodium ions reduced the effective negative charge of the iron oxide surface, high 

concentrations of calcium ions could possibly reverse it [13] making the surface electrostatically 

favourable for the adsorption of anionic collectors. Figure 14 shows the effect of adding 

calcium ions and sodium silicate on the adsorption of the maleic acid ester on magnetite.  

 

Figure 14. Intensity of the ester C=O stretching vibrations band (2854 cm-1) as a function 

of time during in-situ adsorption of the maleic acid ester on magnetite at pH 8.5 and ionic 

strength of 0.01 M NaCl from a 25 mg L-1 aqueous solution containing no Ca2+ and Na2SiO3 

added (Δ), 4 mM Ca2+ (○), 0.4 mM Na2SiO3 (▲), 4 mM Ca2+ and 0.4 mM Na2SiO3 (●). 
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The adsorption of the maleic acid ester on magnetite in the presence of calcium ions (open 

circles in Figure 14) increased dramatically as compared to the case when no calcium ions were 

added (open triangles in Figure 14). This result is in concert with the findings reported by Rao 

et al. [13] that activation of magnetite for flotation with anionic collector took place in the 

presence of calcium ions. Further, calcium ions are well known to facilitate precipitation of 

fatty acids by forming calcium soaps [17], which may also adsorb on the surface of magnetite 

[3, 13]. 

Another ion that may modify the iron oxide surface thus affecting collector adsorption is 

sodium silicate. As was discussed earlier, silicate ions can have a depressing effect on flotation of 

magnetite with fatty acids [2] due to the fact that they adsorb on magnetite preventing 

collector adsorption. Figure 14 illustrates the effect of sodium silicate on the adsorption of 

maleic acid ester on magnetite. Competitive adsorption of silicate and collector species on 

magnetite was observed resulting in three-fold decrease in collector adsorption on magnetite 

(filled triangles in Figure 14) as compared to when no silicate was added (open triangles in 

Figure 14). However, desorption experiments (see Figure 10 in Paper II for details) revealed 

higher stability of collector-magnetite complexes as compared to silicate-magnetite complexes 

suggesting that silicate species in solution are not likely to replace the collector molecules 

already adsorbed on magnetite.  

The adsorption behaviour in the silicate-collector-magnetite system changed significantly 

upon the introduction of calcium ions. Firstly, a slight increase in the amount of silicate 

adsorbed on magnetite was observed in the presence of calcium ions as compared to when no 

calcium ions were added (see Figure 5 in Paper II). However, silicate adsorption was 

completely terminated when the collector was added to the system, resulting in almost as high 

adsorption of the collector  (filled circles in Figure 14) as when only calcium ions were added 

(open circles in Figure 14). The reasonable explanation for such a behaviour could be that the 

collector has a much higher affinity for the calcium ions than does sodium silicate. Thus, the 

depressing activity of sodium silicate on collector adsorption was almost completely suppressed 

in the presence of calcium ions. 

Thereby, contamination of the iron ore with the flotation collector may be enhanced by 

high concentrations of divalent cations like calcium or magnesium in the process water. Apart 

from increased collector consumption, this might also result in reduced flotation selectivity [13] 

and lower strength of the iron ore pellets [3, 5] balled from the flotated iron ore concentrate. 
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CONCLUSIONS
 

ATR-FTIR spectroscopy was successfully used for in-situ studies of the adsorption of a 

commercial flotation collector and several model compounds on thin films of synthetic iron 

oxides.  

Only two of the studied model compounds viz. PEGMO and the maleic acid ester showed 

similar adsorption behaviour to that of the commercial flotation collector suggesting that both 

the hydrophobic tail and the polar head group in the collector molecule determine its affinity 

to iron oxides. 

Anionic compounds were found to adsorb in substantial amounts even on the negatively 

charged iron oxide surfaces in a way similar to non-ionic compounds, namely via polar but not 

charged groups like carbonyl-, hydroxyl- and ethoxy-groups and the adsorption strength was 

found to increase with increasing size of the polar head group.  

Positively charged ions were found to increase the adsorption of the anionic collector on 

magnetite above its point of zero charge since they reduced the effective negative charge of the 

surface, thus decreasing the electrostatic repulsion between the collector and the surface. 

Calcium ions dramatically increased collector adsorption on magnetite as compared to sodium 

ions probably due to a stronger effect of divalent ions on the charge of the iron oxide surface 

or precipitation of the collector with calcium ions.  

The addition of negatively charged silicate species was found to reduce the adsorption of the 

collector on magnetite by adsorbing on the same surface sites. However, the stability of the 

collector-magnetite complexes was higher than that of the silicate-magnetite complexes 

suggesting that already adsorbed collector molecules could not be replaced by silicate species in 

solution to any greater extent.  

When the magnetite surface was exposed to calcium ions prior to adding sodium silicate and 

the collector, adsorption of the collector was dominating over sodium silicate indicating much 

higher affinity of the collector to calcium ions. 

Applying the obtained results to the flotation process, a conclusion can be made that high 

concentrations of calcium in the process water may significantly increase the unwanted 

adsorption of anionic flotation collectors on the iron ore and at the same time negatively affect 

the performance of sodium silicate dispersant after collector addition suggesting that the 
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conditioning step with sodium silicate prior to collector addition becomes extra important in 

the presence of calcium ions. 
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FUTURE WORK
 

Since calcium ions have been shown to have a significant effect on anionic collector 

adsorption on magnetite, one of the possible directions of the future work could be the 

development of a procedure to control the amount of calcium ions in the flotation step. 

Further, it would be interesting to investigate the effect of varying conditioning time with 

sodium silicate prior to collector addition on the amount of the collector adsorbed on 

magnetite since it has been shown that silicate adsorption was terminated upon addition of the 

collector in the presence of calcium ions. Longer conditioning time would result in more 

adsorption of silicate on magnetite that could possibly protect the magnetite surface from 

collector contamination and provide better depression of magnetite for flotation. 

However, the main part of the future work should be focused on finding a suitable 

procedure to reduce or completely remove collector coating from the magnetite surface after 

the flotation step.  
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Abstract 

In this work, the adsorption of three model collectors viz. poly (ethylene glycol) monooleate 

(PEGMO), ethyl oleate and maleic acid as well as a commercial fatty acid type collector Atrac 1563 

was studied in-situ on synthetic hematite using attenuated total reflectance Fourier transform 

infrared spectroscopy (ATR-FTIR). The adsorption behaviour of the studied compounds on 

hematite was determined to a large extent by the polar head group. Adsorption of Atrac and 

PEGMO as a function of concentration showed good agreement with the Freundlich adsorption 

model suggesting energetically heterogeneous adsorption. In-situ desorption experiments revealed 

that a large part of Atrac was weakly attached to the hematite surface as it was partially removed by 

flushing with water at pH 8.5 and 10. These results suggested that a separate washing unit after the 

flotation step could be beneficial in order to reduce the contamination of the iron ore with flotation 

chemicals. 

Keywords: hematite, flotation collector agent, Atrac, adsorption, FTIR, ATR 
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Introduction 

Iron ore pellets are an important refined product used as a raw material in the manufacturing of 

steel. Production of iron ore pellets comprises several stages: grinding and upgrading of the iron ore; 

balling of wet, so called, green pellets; drying, sintering and oxidation of the green pellets to the final 

product, to be transported to iron or steel plants. 

LKAB is a Swedish mining company whose pelletizing plants are utilizing magnetite iron ore from 

two deposits located in northern Sweden – Kiruna and Malmberget. The Kiruna ore is a mixture of 

magnetite and apatite having a phosphorus content of ca 1 wt. %. In order to reduce the phosphorus 

content to an acceptable level for the blast furnace process1, i.e. less than 0.025 %, the ore is subjected 

to reverse flotation with an anionic fatty acid type collector reagent (Atrac 1563) with methyl isobutyl 

carbinol (MIBC) used as a frother. In order to increase flotation selectivity and phosphorus recovery, 

sodium silicate is added to the system. It is used in fairly small amounts (300-500 g t-1), thus acting 

primarily as a dispersant, and has not been found to prevent collector adsorption on the magnetite 

surface to any great extent.2,3  

Ideally, the collector should adsorb only on the apatite gangue rendering it hydrophobic and thus 

easily floated from magnetite. However, unwanted adsorption of the flotation reagents on magnetite 

also occurs. It has been estimated that the amount of Atrac adsorbed on the magnetite fed to balling 

circuits is 10-30 g t-1.4 Once the collector is adsorbed on the surface of magnetite it has been proven 

difficult to eliminate it.5 Therefore, the collector should be added in sufficiently small amounts so that 

the apatite surface is rendered hydrophobic whereas the adsorption on magnetite is minimized. 

However, in the real process Atrac dosage is adjusted based on the phosphorus content in the pellet 

feed and there is a slight degree of over dosage to ensure that the desired phosphate levels are 

achieved. Typically, the dosage varies in the range of 30-70 g t-1 of magnetite concentrate.6  

After the flotation step, the pulp passes the magnetic separation and filtration steps where it is 

subjected to repeated dilutions and thickenings which may have a mild washing effect on the ore 

partly removing flotation reagents from the magnetite surface. However, no separate washing unit is 

used for the purification of magnetite from the flotation chemicals at LKAB. 

It has been found that adsorption of the flotation collector agent on the iron ore has a negative effect 

on the balling process. Atrac adsorbed on the surface of magnetite makes the particles more 

hydrophobic, which may lead to attachment of air bubbles onto the surface of iron ore particles.6 The 

air bubbles incorporated into the green pellets decrease green pellet strength both in wet and dry state. 

Low wet strength tends to cause a wide size distribution of the green pellets leaving the balling drums. 

The under-size fraction is recirculated back to the balling drum thus leading to increased energy 

consumption and decreased capacity of the pelletizing plant. Breakage of the pellets at the stage of 
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drying and induration causes dust formation and decreased pellet bed permeability resulting in lower 

production volumes and aggravated pellet quality.7 

In order to minimize the influence of the collector on the pelletizing process it is important to 

understand the mechanism by which the collector interacts with the iron oxide. It has, for instance, 

been shown, that the presence of Ca2+ ions in the process water increases the adsorption of flotation 

collector reagent on magnetite.8 In this work, the adsorption of the collector OS 130 on magnetite was 

studied in the batch experiments by measuring the residual concentration of the collector in solution 

after the adsorption using the method of Gregory9. According to the suggested8 mechanism, positively 

charged calcium ions adsorb at negatively charged surface sites on the magnetite surface, which 

results in a more positively charged surface and consequently more favourable for adsorption of 

negatively charged collector species. 

Spectroscopic techniques have been used extensively for studying the adsorption of fatty acid based 

collectors onto mineral surfaces.10-12 Fourier transform infrared spectroscopy (FTIR) is widely applied 

since it provides the possibility of identifying complexes formed at the surface.13 Ex-situ FTIR 

techniques such as diffuse reflectance (DRIFT) and reflection absorption (RAIRS), imply drying of 

the sample after adsorption which may affect the surface complexes and hence the validity of the 

results. On the contrary, FTIR attenuated total reflectance (FTIR-ATR) facilitates in-situ studies of 

both adsorption kinetics14 and the complexes formed on the surface in the presence of water.13,15 In 

the ATR technique (Figure 1), the sample with a certain refractive index n1 is placed in a close contact 

with a waveguide characterised by a high refractive index n2. The IR beam is passed through the 

waveguide at a certain incident angle θ. In the case when sin θ is larger than the ratio n1/n2, the beam 

is totally reflected inside the waveguide forming a perpendicular evanescent wave of the IR radiation 

at each point of reflection. This wave propagates through the sample in the vicinity of the waveguide 

and interacts with the sample causing partial absorption of the radiation by the sample material and 

thus a reduction of the intensity of the totally reflected beam. The penetration depth dp is defined as 

the distance from the interface at which the electric field of the wave is equal to E0·e-1, see Figure 1, 

where E0 is the electric field of the wave at the interface. Typical values of the penetration depth are 

from some hundred nanometres to a few micrometres depending on the refractive indices of both the 

waveguide and the sample as well as on the wavelength and incident angle of the radiation. Such a 

range of the penetration depth makes FTIR-ATR a very surface sensitive technique providing a 

possibility for in-situ studies of surfaces in contact with aqueous solutions. 
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Figure 1. Schematic image of an ATR waveguide illustrating the ATR phenomenon. For the sake 

of clarity, the thickness of the sample (in this case iron oxide film) and the penetration depth dp are 

enlarged.  

During the last decades, the FTIR-ATR technique has been developing and new applications in 

surface chemistry have evolved, for example as a tool for studying adsorption13,16-19 and diffusion20-24 

in thin films or at interfaces. It has also been used for studying catalytic reactions25,26 as well as in 

sensor applications.27,28 FTIR-ATR spectroscopy has also been applied for studying adsorption of 

surfactants at mineral surfaces both qualitatively29,30 and quantitatively.14,31-33 Our group has 

developed the ATR technique for studies of adsorption in zeolite films17,27,34-37 and on mineral 

surfaces.14,18,38-41 The studies have been both qualitative35-38,40,41 and quantitative14,17,18,27,34,39 and even 

the molecular orientation of adsorbates have been determined.17,18,35,38,41

While magnetite (Fe3O4) is the main iron containing mineral in the ore utilized by LKAB, it was 

found to partly oxidize during storage in air forming first maghemite (γ-Fe2O3), which has the same 

crystal structure but mostly Fe3+ on the surface, and then hematite (α-Fe2O3), which has a different 

crystal structure compared to magnetite and maghemite.42 This phenomenon was described earlier for 

sub-micron sized magnetite particles by Haneda and Morrish43 as well as Gedikoglu.44 In solution, the 

oxidation of magnetite was also observed and explained by the leaching of Fe2+ ions from the 

surface.45 Thus, when magnetite ore is subjected to grinding and flotation, oxidation of the surface 

may occur both in water and in air. 

In this work, adsorption of flotation collector reagents on iron oxide was studied in-situ using FTIR-

ATR spectroscopy for the purpose of obtaining essential information about the interaction between 

the flotation collector reagents and the iron oxide surface in the presence of water. This information is 

crucial for the improvement of the pelletizing process as it may suggest possibilities to reduce the 

unwanted collector adsorption on the iron ore surface and improve green pellet strength. Hematite 

was chosen as an adsorbent because it was reported to be the final product of the surface oxidation of 

magnetite. One more reason was that the adsorption properties of collector type molecules on 

hematite were found to be very scant in the literature. 
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Materials and methods 

Materials. Hematite crystals were synthesized from a FeCl3 solution according to the method 

described by Matijević.46 The obtained hematite crystals were purified by repeated (5 times) 

centrifugation at 20000 rpm for 30 minutes and redispersion in a 0.06 M aqueous solution of acetic 

acid (glacial, 99.7+%, Alfa Aesar). The crystals were stored as a 2 wt. % suspension in a 0.06 M 

aqueous solution of acetic acid at pH 3. For powder X-ray diffraction analysis, the suspension was 

freeze-dried yielding a fine hematite powder. 

The flotation collector reagent, Atrac 1563 (Akzo Nobel, Sweden), was provided by LKAB. Atrac 

1563 is a yellow viscous liquid with a complex chemical composition: 50-100 % ethoxylated tall oil 

ester of maleic acid, and 1-5 % maleic anhydride (Akzo Nobel material safety data sheet). Tall oil is a 

by-product of the Kraft pulp manufacturing process and is a mixture of mainly fatty acids (e.g. oleic 

acid) and resin acids (e.g. abietic acid). A similar collector for the froth flotation of oxide and salt type 

minerals, which is a combination of a monoester of a dicarboxylic acid and a monocarboxylic acid, is 

described in a patent.47 As described in the patent, the first component is an aliphatic monocarboxylic 

acid containing 8-22 carbon atoms bonded to a dicarboxylic acid containing 4-8 carbon atoms via an 

alkylene oxide group with 2-4 carbon atoms thus resulting in a molecule with 2 ester carbonyls and 

one tail free carboxylic group. Monocarboxylic acid with 6-24 carbon atoms is added in order to 

increase the selectivity and/or yield of the monoester. 

Poly (ethylene glycol) monooleate (PEGMO) with a typical average molecular weight Mn = 460 

(Aldrich), maleic acid (Fluka, ≥ 99 %) and ethyl oleate (Aldrich, 98 %) were used as model collector 

reagents. Estimated from the average molar mass, the length of the polyethylene glycol chain in the 

PEGMO model collector reagent is about 4 ethylene glycol units. Oleic acid esters were chosen 

because oleic acid is one of the main components of tall oil. Ethoxylated tall oil could thus be 

modelled by using PEGMO which has the same structure as ethoxylated oleic acid. Maleic acid was 

chosen as one of the model compounds due to the fact that it is the tail group of the molecules in 

Atrac. Ethyl oleate was used as the third model compound in order to study the effect of the 

polyethylene glycol chain on the adsorption properties of oleate. 

Working solutions of Atrac and the model collector reagents were prepared in the following way. 

First, a 0.1 g L-1 stock solution of the compound in distilled water was prepared. In the next step, the 

required amount of the stock solution was mixed in distilled water to give final solutions of the 

desired concentration (1-25 mg L-1). 

All aqueous solutions were prepared using distilled water. The distilled water used for the 

spectroscopic measurements was first boiled for 1 hour and then argon was bubbled through the water 

in order to minimize the amount of dissolved carbon dioxide. 
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The pH was controlled during the experiments by a Mettler Toledo T70 titrator using a 0.05 M 

aqueous solution of sodium hydroxide (pro analysi, Merck). 

Dip-coating. Hematite films were deposited on ZnSe substrates using a Nima DC-multi 8 dip-

coater. Prior to deposition the substrates were washed in acetone (min 99.5 %, VWR), ethanol (99.7 

%, Solveco chemicals AB) and distilled water (10 minutes in each). A 2 wt. % hematite suspension 

was prepared by dispersing the hematite crystals in a 6.27 M aqueous solution of acetic acid. The 

substrates were immersed in the suspension and withdrawn at a speed of 5 mm min-1 and the film 

thickness was controlled by the number of dips. To prepare a film with a thickness of ca 1 µm, 8 dips 

were needed. 

Scanning electron microscopy (SEM). SEM images of the hematite film on a ZnSe substrate were 

obtained using a Philips XL 30 microscope with a LaB6 filament. The samples were mounted on 

alumina stubs using carbon glue and subsequently sputtered with a thin layer (ca 10 nm) of gold to 

provide conductivity. 

X-ray diffraction. X-ray diffraction patterns of both hematite powder and film were collected with 

a Siemens D5000 diffractometer running in Bragg-Brentano geometry using Cu-Kα radiation. To 

analyse the film, the hematite-covered ZnSe substrate was mounted with carbon glue onto a custom-

made alumina holder. 

Zeta-potential measurements. The point of zero charge (PZC) of the hematite crystals used in this 

work was determined by electrophoresis using a ZetaCompact instrument equipped with a charge-

coupled device (CCD) tracking camera. The obtained electrophoretic mobility data was further 

processed by the Zeta4 software applying the Smoluchowski equation. The samples were prepared in 

the following way: one drop of the hematite suspension was dispersed in 1 L of 0.01 M potassium 

nitrate. The pH of the samples (10 samples, 100 mL each) was adjusted using potassium hydroxide 

and nitric acid. The samples spanned the pH range from 2 to 11. For each sample, the measurement 

was repeated 3 times and the final PZC was calculated as an average of the obtained values. 

FTIR-ATR spectroscopy. Infrared spectra were recorded using a Bruker IFS 66v/S spectrometer 

equipped with a liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. ZnSe ATR 

crystals (Crystran Ltd) in the form of a trapeze with 45° cut edges and dimensions of 50x20x2 mm 

were used in this study. Measurements of adsorption on the hematite coated ATR crystals were 

performed in-situ in a cell with a flow pumped through on both sides of the ATR crystal, see Figure 2. 

The incidence angle of the infrared beam was set to 45°. 
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Figure 2. Schematic image of the FTIR-ATR flow cell. For the sake of clarity, the thickness of the 

iron oxide film is enlarged. 

All adsorption experiments on hematite were performed at room temperature using water solutions 

of model collectors or Atrac at pH 8.5 (the pH used in the flotation process at LKAB) pumped 

continuously through the cell at a flow rate of 10 mL min-1 with recirculation. Prior to the adsorption 

measurements, the hematite film was flushed with a weakly alkaline solution (pH 8.5) for 2 hours in 

order to remove the residues of acetic acid and carbonate species from the surface. A background 

spectrum was recorded afterwards with water at pH 8.5 in contact with a hematite coated ZnSe 

substrate. Spectra of the model collectors and Atrac in pure form were recorded in argon atmosphere 

using a bare ZnSe substrate with a droplet of a collector spread over its surface. ZnSe in argon 

atmosphere was recorded as single beam background spectrum. All background and sample spectra 

were obtained by averaging 500 scans at a resolution of 4 cm-1. Data processing was performed using 

the Bruker Opus 4.2 software.  

Results and discussions 

Film and powder characterization. Figure 3 shows a photograph of ZnSe crystals before and after 

coating with a hematite film. Evident from the uniform red colour of the coated ATR crystal, the 

obtained film appeared to be quite uniform, continuous and even along the crystal surface and stable 

under the conditions used for the in-situ experiments, since the visual appearance of the coated crystal 

did not change after the experiments. 

 
Figure 3. Image of uncoated (a) and hematite coated (b) ZnSe ATR crystals. 
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SEM images, see Figure 4, showed that the hematite crystals had a uniform spherical habit with a 

diameter of ca 130 nm and that the crystals were distributed evenly over the ATR crystal surface 

forming a porous film with an average thickness of ca 1 µm. 

 
 

 
Figure 4. Top (a) and side (b) view SEM images of a hematite film on a ZnSe crystal. 

Figure 5 shows XRD patterns of freeze-dried synthetic hematite powder and a hematite film on a 

ZnSe crystal. The XRD pattern of the powder shows that the synthesized material was pure, randomly 

oriented hematite crystals without any other iron oxide phase present in amounts detectable by XRD. 

By comparing the relative reflection intensities in the powder and in the film, it can be concluded that 

the crystals in the film are also randomly oriented. 
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Figure 5. XRD patterns of hematite powder (top) and hematite film on a ZnSe crystal (bottom). The 

peak labelled with a star (*) emanates from the ZnSe substrate.  

Figure 6 shows the zeta-potential of the synthetic hematite crystals used in this work as a function 

of pH. The point of zero charge (PZC) is at about pH 4.8. According to data compiled by Fuerstenau48 

and Cromieres,49 the PZC of hematite has been reported to occur within a broad range of pH values 

viz. from 4.8 to 10.3. Factors that may influence the value of the PZC are1 the technique used to 

determine the zeta-potential, impurities (especially in case of minerals), sample preparation procedure 

and species adsorbed on the surface, e.g. carbonates.50,51  

 
Figure 6. Zeta-potential of the hematite crystals as a function of pH.  

Adsorption of model compounds. In order to better understand the adsorption mechanism of 

Atrac on hematite, three model compounds of Atrac were studied. As it is known that Atrac contains 

maleic acid esterified with ethoxylated tall oil (Akzo Nobel material safety data sheet), poly(ethylene 

glycol)monooleate (PEGMO) and maleic acid were chosen as model compounds. From the average 

molecular weight Mn = 460 it was estimated that an average polyethylene glycol chain in PEGMO 

contained 4 repeated ethoxy-units (-CH2-O-CH2-). Ethyl oleate was used as an additional model 
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compound in order to study the effect of the polyethylene glycol chain on the adsorption properties of 

oleate.  

PEGMO is a non-ionic surfactant52 characterized by a higher solubility in water due to the 

polyethylene glycol chain as compared to the corresponding fatty acid. PEGMO can be expected to 

interact with the iron oxide surface in three different ways viz. via the ester carbonyl, the ether oxygen 

linkages or the tail hydroxyl group. Figure 7 shows spectra of a droplet of pure PEGMO on ZnSe (a) 

and PEGMO adsorbed on hematite from aqueous solution (b). 

 

 

 
Figure 7. Infrared spectra of a droplet of pure PEGMO on ZnSe (a) and PEGMO adsorbed on a 

hematite film in-situ from a 10 mg L-1 aqueous solution (b). 

Strong absorption bands at 2922 and 2854 cm-1 in Figure 7 (a) originate from asymmetric and 

symmetric stretching vibrations of the C-H bonds (νas and νs).53 Long-chain carboxylic acids, e.g. 

oleic acid, contain significantly more methylene groups than methyl groups and are thus characterized 

by much stronger absorption bands corresponding to the CH2 groups than to the CH3 groups. The 

latter can be observed only as shoulders. C-H deformation in methyl and methylene groups is found 

around 1458 cm-1.54 The absorption band observed in pure PEGMO at 1736 cm-1 (Figure 7 (a)) is 

associated with stretching vibrations of the C=O ester bond.55 It is only slightly shifted upon 
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adsorption on hematite (Figure 7 (b)) indicating that no significant interaction occurs between the 

ester carbonyl and the surface. The absence of bands around 1570 and 1430 cm-1 corresponding, 

respectively, to asymmetric and symmetric stretching of a carboxylate group12,56 suggests that the 

ester bond in PEGMO does not break upon adsorption on hematite. 

The intensive band at 1115 cm-1 (Figure 7 (a)) emanates from the C-O-C stretching vibration in the 

polyethylene glycol chain.57 It has a shoulder on its low frequency side at ca 1070 cm-1 probably 

emanating from the stretching of the C-O bond between the hydroxyl group and the CH2 group at the 

end of the polyethylene glycol chain.58 Both the peak frequency and the shoulder frequency are 

shifted to lower wave numbers when PEGMO is adsorbed on hematite, see Figure 7 (b) (1115→1095 

and 1070→1047 cm-1, respectively), suggesting that the polyethylene glycol chain is involved in the 

bonding to the surface. 

Figure 8 shows the change of the peak height of the 2854 cm-1 band during the adsorption of 

PEGMO on hematite at different concentrations after 1 hour of adsorption at each concentration. The 

experiment was started at the lowest concentration of 1 mg L-1 and thereafter, the concentration in 

solution was increased and the measurement was continued. 

 
Figure 8. Intensity of the band originating from the νs of the C-H bond as a function of 

concentration of PEGMO in solution (□). The solid line represents the fitted Freundlich adsorption 

model. 

Figure 8 illustrates that the intensity of the band originating from the νs of the C-H bond increased 

with the increased concentration in solution suggesting the increase of adsorption of PEGMO on 

hematite. The experimental data exhibited poor fit with the Langmuir model of adsorption with a 

coefficient of determination (R2) of 0.87. Plotting the data in logarithmic scale yielded a straight line 

with R2 of 0.99 indicating that the obtained data was in good agreement with the Freundlich model of 

adsorption which implies that the surface of adsorption is heterogeneous, for instance, with different 

adsorption sites grouped patchwise based on their adsorption energies as suggested earlier.59 A 

desorption experiment (not shown) showed that the intensity of the band originating from the νs of the 
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C-H bond in PEGMO was reduced only by 5 % upon flushing the cell with water at pH 8.5 for 1 hour 

indicating that most of PEGMO was strongly adsorbed to the hematite surface.  

Maleic acid was the second model compound studied. The ability of maleic acid to form 

intramolecular hydrogen bonds makes it easily soluble in water. In aqueous solution at pH 8.5 it is 

expected to be fully deprotonated.60  

From the spectroscopic measurements it was concluded that maleic acid did not adsorb on hematite 

to any considerable extent at pH 8.5 and in the concentration range studied viz. 1-25 mg L-1. This 

could be explained by the fact that at pH 8.5 the hematite surface is negatively charged and is thus 

repelling maleic acid, which at this pH contains two negatively charged carboxylate ions. Hwang and 

Lenhart60 studied the adsorption of maleic acid on hematite at various pH, and concluded that the 

adsorption was controlled by the surface charge of hematite suggesting that electrostatic interaction is 

the predominant force of adsorption of maleic acid on hematite, which agrees well with our 

observations. 

Ethyl oleate was the third model compound of Atrac used in the experiments. It is almost insoluble 

in water due to the fact that instead of a hydrophilic polyethylene glycol chain it has a hydrophobic 

ethyl group bonded to the carboxylate. This change in the chemical composition of course also affects 

the adsorption properties of the molecule. The change of the peak height of the 2852 cm-1 band during 

the adsorption of ethyl oleate on hematite at different concentrations is shown in Figure 9. The 

measurements were performed in the same way as for PEGMO. Equilibrium was achieved at each 

concentration within 2 hours. 

 
Figure 9. Intensity of the band originating from the νs of the C-H bond as a function of 

concentration of ethyl oleate in solution.  

Figure 9 shows that the peak height of the band originating from the νs of the C-H bond is about 6 

times lower at all concentrations of ethyl oleate compared to the peak height of the same band at 

corresponding concentrations of PEGMO. This indicates that about 6 times less ethyl oleate is 

adsorbed compared to PEGMO at corresponding concentrations. The interaction between ethyl oleate 
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and the surface was probably very weak as no significant band shifts were observed in the spectrum 

of ethyl oleate on hematite (not shown) compared to the spectrum of pure ethyl oleate.  

Atrac adsorption. Anionic fatty acid surfactants are believed to interact with iron oxides 

electrostatically, i.e. to adsorb on the positively charged iron oxide surface below its point of zero 

charge (PZC).1 Nevertheless, oleate species are also known to chemisorb on hematite at several pH 

units above the PZC, forming iron oleate.12,61 In spite of the fact that at pH 8.5 the hematite surface is 

charged negatively (see Figure 6), adsorption of Atrac on hematite at this pH is still observed. Figure 

10 shows the infrared spectra of a droplet of pure Atrac on ZnSe (a) and Atrac adsorbed on hematite 

from an aqueous solution (b). 

 

 
Figure 10. Infrared spectra of a droplet of pure Atrac on ZnSe (a) and Atrac adsorbed on a hematite 

film in-situ from a 10 mg L-1 aqueous solution (b). 

Being a multicomponent system, Atrac presents a rather complicated infrared spectrum with several 

absorption bands in the 1000 and 3000 cm-1 region (Figure 10). Several bands in the spectrum of pure 

Atrac (see Figure 10 (a)) are similar to those observed in the spectrum of pure PEGMO (see Figure 7 

(a)) including CH2 stretching vibrations at 2924 and 2855 cm-1 and CH2 deformation at 1456 cm-1. 

The absorption bands observed in pure Atrac at 1736 and 1159 cm-1 (see Figure 10 (a)) are associated 

with stretching vibrations of the C=O55 and C-O62 bonds in esters respectively. Upon complexation of 
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the ester group with a metal ion, ν(C=O) shifts to lower and ν(C-O) to higher frequency.63 These 

shifts are observed in the case of adsorption of Atrac on hematite, with ν(C=O) and ν(C-O) shifting 14 

and 16 cm-1, respectively (see Figure 10 (b)), suggesting rather strong interaction between the ester 

carbonyls in Atrac and the hematite surface. 

The stretching vibration of the C=O bond of free carboxylic acids is observed in pure Atrac at 1709 

cm-1 (see Figure 10 (a)).64 Upon deprotonation of the carboxylic group in solution this band 

disappears while two new bands are observed at 1568 and 1427 cm-1 in the spectra of Atrac adsorbed 

on hematite (νas and νs respectively, see Figure 10 (b)).65 As has been discussed above, adsorption of 

maleic acid on hematite was not observed at the experimental conditions due to the electrostatic 

repulsion of the carboxylate anion and negatively charged hematite surface suggesting that the 

adsorption of Atrac on hematite via carboxylate ions is unlikely and that the most probable interaction 

is via ester carbonyls connected by an ethoxy-group. However, the carboxylate ions in the adsorbed 

molecules of Atrac are situated in the vicinity of the surface and the bands originating from them can 

thus be found in the spectra of Atrac adsorbed on hematite. For band assignment see Table 1. 

As it is known that one of the main components of Atrac is ethoxylated tall oil, stretching vibrations 

of the C-O-C group in the ethoxy-chain are expected to be observed around 1100 cm-1.57 However, 

rather weak absorption bands are found in that wavenumber range in the spectra of pure Atrac as well 

as of Atrac adsorbed on hematite (see Figure 10), indicating that the degree of ethoxylation of tall oil 

is quite low. This is further supported by the information found in the patent47 indicating that only one 

ethoxy group derived from an alkylene oxide with 2-4 carbon atoms is found in the collector. Shorter 

polyethylene glycol chain and possible presence of highly non-polar resin acids in Atrac result in a 

lower solubility of Atrac as compared to PEGMO.  
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Table 1.  Assignment of absorption bands originating from pure Atrac spread over ZnSe and Atrac 

adsorbed on hematite in-situ from a 10 mg L-1 aqueous solution. 

Pure Atrac on ZnSe Atrac adsorbed on 

hematite 

Peak assignment 

2924 

2855 

2926 

2855 

νas (CH2)53

νs (CH2)53

1736 1722 ν(C=O) in ester55

1709  ν(C=O) in acid64

 1568 

1427 

νas (COO-)65

νs (COO-)65

1456 1456 δ (CH2 and CH3)54

1159 1175 ν (C-O) in esters62

 

Prior to studying the adsorption of Atrac as a function of concentration on hematite, the adsorption 

as a function of concentration on an uncoated ZnSe crystal was investigated. In Figure 11, the 

intensity (peak height) of the 2855 cm-1 band is plotted versus Atrac concentration in the solution. The 

measurements were carried out in a similar way as for PEGMO. At each concentration, steady-state 

was reached within 1 hour.  

 
Figure 11. Intensity of the band originating from the νs of the C-H bond as a function of 

concentration of Atrac in solution. 
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Figure 11 illustrates that the absorbance is increasing with increasing concentration, but not linearly, 

suggesting that the recorded signal does not correspond to the bulk concentration but to the amount of 

Atrac adsorbed on ZnSe. The measured absorption intensities are quite low as expected for a polished 

ZnSe surface with very low surface area. Atrac was detected on the crystal even after flushing the cell 

with water for 1 hour and drying the crystal in air, indicating rather strong affinity for the ZnSe 

surface.  

Figure 12 shows the change of the intensity of the band originating from the νs of the C-H bond 

during the adsorption of Atrac on hematite as a function of concentration. The measurements were 

performed in the same way as for PEGMO. Adsorption equilibrium was achieved at each 

concentration within 3-5 hours. 

 
Figure 12. Intensity of the band originating from the νs of the C-H bond as a function of 

concentration of Atrac in solution (□). The solid line represents the Freundlich adsorption model 

fitted to the experimental data. 

Figure 12 illustrates that the adsorption of Atrac on the hematite surface increased with increasing 

concentration in solution. Poor fit of the experimental data was observed for the Langmuir model of 

adsorption with the coefficient of determination (R2) of 0.66. When plotted in the logarithmic scale, 

the experimental data resulted in a straight line with R2 of 0.99 suggesting that the Freundlich 

adsorption model fitted the experimental data quite well.  

Desorption of Atrac from hematite with time was studied in-situ by flushing the cell with distilled 

water at two different pH values, see Figure 13. Prior to desorption, adsorption of Atrac on hematite 

was performed in-situ from a 25 mg L-1 solution at room temperature and pH 8.5 until adsorption 

equilibrium was reached. After the first desorption experiment at pH 8.5, Atrac was adsorbed again on 

the same hematite film from the same solution until adsorption equilibrium was reached. After that, 

desorption at pH 10 was performed. As the two adsorption curves level out at approximately the same 

absorbance values, the second adsorption curve is not shown.  
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Figure 13. Intensity of the band originating from the νs of the C-H bond in Atrac as a function of 

time during in-situ adsorption of Atrac on hematite from a 25 mg L-1 solution at pH 8.5 (Δ) and 

desorption by flushing with water at pH 8.5 (♦), and pH 10 (□).  

As illustrated by Figure 13, the peak height was reduced rather fast even when flushing with 

distilled water at pH 8.5, i.e. the same pH as during the adsorption, indicating that Atrac was 

desorbing rather fast. However, the data indicate that after 1 hour of flushing more than 50% of Atrac 

still remained on the surface suggesting that some amount of Atrac was strongly attached to the 

hematite surface. When flushing with distilled water at pH 10, the data indicate that Atrac desorbed 

more rapidly, probably due to the electrostatic repulsion between the carboxylic groups and, at that 

pH, highly negatively charged hematite surface. Nevertheless, after 1 hour of flushing, the data 

indicate that still about 40% of the originally adsorbed Atrac remained on the hematite surface. These 

results suggest that the mild washing of the iron ore during magnetic separation and filtration in 

LKAB’s process is not sufficient to completely remove the adsorbed flotation collector from the iron 

ore especially if the pH of water at these steps is below the flotation pH. At LKAB, the yearly average 

pH of water in the clarifying pond, which provides 80 % of the process water, is reported to vary in 

the range from 7.8 to 8.1 during the period of time from 1992 to 2004.66 However, the seasonal 

variation of pH is much higher and covers the pH range from 7.2 to 9.2 with lower values during the 

period of snow melt. A decrease of pH during washing as compared to the flotation pH (8.5) may lead 

to further adsorption of the flotation reagent on the surface of iron ore. A separate washing unit 

operating at higher pH as compared to the flotation pH before the pelletization plant could be helpful 

in order to reduce the amount of Atrac adsorbed on the magnetite surface and possibly improve green 

pellet strength. 

Adsorption mechanisms of Atrac and model compounds. As shown above, the mode of 

adsorption of carboxylic acids and their derivatives is determined by the tail group of the molecule 

and its polarity. Maleic acid did not adsorb on hematite at the pH of the experiment likely due to the 

electrostatic repulsion between the carboxylate anion and negatively charged surface. Ethyl oleate 

 17



showed very weak interaction with hematite due to the non-polar ester group. Both PEGMO and 

Atrac were found to adsorb on hematite at the experimental conditions. Based on the interpretation of 

the spectroscopic data, PEGMO and Atrac are proposed to adsorb as illustrated in Figure 14.  

 
Figure 14. Proposed adsorption geometry of PEGMO (a) and Atrac (b) on hematite from aqueous 

solutions at pH 8.5. R represents alkyl radical in oleic acid (CH3(CH2)7CH=CH(CH2)7), R’ – alkyl 

radical in fatty acids (including oleic acid). Dashed ovals indicate the groups involved in adsorption. 

These groups are polar without negative ionic entities and should interact with the polar and 

negatively charged Fe-O surface. 

PEGMO showed rather strong absorption intensities in the IR spectra when adsorbed on hematite, 

with the significant shifts of the bands originating from the ethoxy group and hydroxyl group, which 

indicate that the adsorption of PEGMO probably occurred via long ethoxy-chain and the tail hydroxyl 

group (Figure 14 (a)), the latter not likely to be deprotonated at the pH used in this work.  

Being a combination of ethoxylated fatty acids and maleic acid, Atrac contains ester carbonyls, 

ethoxy group and a free carboxylic group. The free carboxylic group is deprotonated in solution at pH 

8.5 and is not likely to adsorb on the negatively charged hematite surface while the ester carbonyls 

showed rather strong interaction with the hematite surface as indicated by considerable shifts of the 

band originating from ester carbonyls in the IR spectra. Thus, the suggested mode of adsorption of 

Atrac on hematite is probably via ester carbonyls and the short ethoxy-chain as illustrated in Figure 14 

(b). 
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Conclusions 

Continuous and evenly distributed hematite films of controllable thickness were deposited on ATR 

crystals by dip-coating. It was shown that the adsorption of a flotation agent as well as selected model 

compounds on such films could be monitored in-situ by FTIR spectroscopy.  

Maleic acid does not adsorb on hematite at pH 8.5 due to the repulsion between the negatively 

charged hematite surface and two carboxylate anions present in maleic acid at this pH suggesting that 

electrostatic interactions affect the adsorption of maleic acid on hematite. No breakage of the ester 

bond was observed either in the model compounds or in Atrac at the experimental conditions used in 

this work. Ethyl oleate showed very low adsorption on hematite suggesting that the ester carbonyl 

does not form strong complexes with the hematite surface. For PEGMO, the adsorption on hematite 

likely took place via the tail hydroxyl group accompanied by the interaction of the polyethylene 

glycol chain with the surface. Basing on the adsorption behaviour of maleic acid it was concluded that 

Atrac could not adsorb on hematite via deprotonated carboxylic group at the chosen experimental 

conditions. The most probable mode of adsorption of Atrac on the hematite surface is through the 

ester carbonyls and the ethoxy group. Adsorption isotherms for both Atrac and PEGMO were in good 

agreement with the Freundlich model of adsorption describing adsorption on energetically 

heterogeneous surfaces.  

Based on the desorption experiments, it was concluded that the strength of adsorption of Atrac on 

the surface of hematite varied for different species. Some of them, probably those attached directly to 

the surface, were strongly adsorbed and remained on the surface even when flushing with water at 

increased pH compared to the pH of adsorption. Other Atrac species showed rather weak interaction 

and could be removed from the surface by flushing with water at pH 8.5, i.e. the same pH as during 

the adsorption. For PEGMO, the intensity of the band originating from the νs of the C-H bond in 

PEGMO was reduced only by 5 % upon flushing the cell with water at pH 8.5 for 1 hour suggesting a 

stronger interaction with hematite, as compared with Atrac, probably due to the longer ethoxy chain 

and the presence of the tail hydroxyl group which is not likely to be deprotonated at pH 8.5 and is thus 

not causing electrostatic repulsion of the molecule from the surface. 

Further, the results of the desorption experiments suggested that a separate washing unit after the 

flotation step could be beneficial in order to reduce the contamination of the iron ore with the flotation 

collector and possibly improve green pellet strength. 

The method developed here will be used in future works, where the effects of ionic strength, 

calcium ions and silicates on the adsorption of Atrac and selected model compounds will be studied in 

detail. 
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Abstract 

Previous work has shown that the adsorption of fatty acid flotation collectors on iron ore negatively 

affects the agglomeration of the flotated concentrate and causes unnecessary consumption of the 

flotation chemicals. In this work, the effect of ionic strength, calcium ions and sodium silicate on the 

unwanted adsorption of a model anionic flotation collector on synthetic magnetite was studied in-situ 

using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The amount 

of collector adsorbed was found to increase with increasing ionic strength at pH 8.5 providing 

evidence to the contribution of electrostatic forces to the adsorption of the collector. Adding sodium 

silicate to the system resulted in a three-fold decrease in the amount of collector adsorbed compared 

to when no sodium silicate was added, confirming the depressing activity of sodium silicate on 

magnetite. Calcium ions were shown to increase the adsorption of both the collector and sodium 

silicate on magnetite. The depressing effect of sodium silicate on collector adsorption was completely 

suppressed in the presence of calcium ions under the conditions studied. Furthermore, the amount of 

collector adsorbed on magnetite from the silicate-collector solution increased 14 times upon addition 

of calcium ions suggesting that calcium ions in the process water may increase undesired adsorption 

of the collector on the iron ore.  

Keywords: magnetite, flotation collector, calcium, silicate, ionic strength, ATR-FTIR 
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1 Introduction 

Being the most commonly used metal in the world, iron is usually found as oxide minerals in nature 

and is extracted from iron-containing ores, of which the most common are magnetite (Fe3O4), 

hematite (α-Fe2O3) and goethite (α-FeOOH) ores. Due to their magnetic properties, magnetite and 

hematite can be separated from the gangue minerals using magnetic separators [1]. However, 

additional upgrading steps can be required in order to reduce the amount of trace elements, such as 

phosphorous, to an acceptable level for the blast furnace process. Dephosphorization of the iron ore is 

carried out by reverse flotation with modified fatty acid based collectors [2]. Ideally, the collector 

should selectively adsorb on the surface of phosphorous-containing mineral rendering it hydrophobic 

and thus easily floated and not affecting the surface of iron oxide.  

In order to achieve a high recovery of phosphorous in the flotation of calcareous gangue containing 

minerals, such as apatite (Ca5(PO4)3(F,Cl,OH)), fluorite (CaF2) and calcite (CaCO3), sodium silicate is 

widely used as a dispersant. Depending on the dosage, sodium silicate can also have a depressing 

effect on iron oxides. Gong et al. [3] showed that polymeric silicate species formed in concentrated 

solutions provided a depressing effect on iron oxide due to the ability of the polymeric silicate species 

to adsorb strongly on the surface of the iron oxide, thus blocking it from collector adsorption. In 

another study, it was found that too high amounts of sodium silicate resulted in decreased flotation 

selectivity as both iron oxide and gangue minerals lost their floatability [4]. At moderate 

concentrations, silicate species adsorbed on the gangue mineral are replaced by the collector while the 

iron oxide surface is still protected from the collector adsorption, thus a selective depressing effect is 

achieved [5]. Low concentrations of sodium silicate (< 500 g t-1) have not been found to prevent 

collector adsorption on the iron oxide surface to any greater extent [4, 6, 7].  

In our previous study [8] it was shown that a commercial anionic fatty acid based collector readily 

adsorbs on hematite from aqueous solutions at pH 8.5. Furthermore, from desorption experiments, it 

was proven to be difficult to completely eliminate the collector adsorbed on the surface by flushing 

with water even at pH 10, which was higher than the adsorption pH. 

Besides the obvious fact that undesired adsorption of the flotation collector on the iron ore increases 

collector consumption in the process, it may have a negative effect on the subsequent agglomeration 

process where the iron ore is balled into pellets [9]. Forsmo et al. [10] showed that even small 

amounts of the collector added to the balling feed caused a significant decrease in the green (before 

thermal treatment) pellet strength. According to the authors, when the collector is adsorbed on 

magnetite, the wettability decreases, leading to the formation of stable air bubbles inside the pellet, 

which in turn compromises green pellet strength. Low green pellet strength, in turn, causes increased 

recirculation in the pelletizing plant and breakage of the pellets during drying and induration [9, 11].  
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Apart from the flotation collector and dispersant, another parameter that may affect the flotation 

performance is the process water chemistry. The presence of inorganic species may activate or 

depress the flotation of a certain mineral, change collector solubility and the zeta-potential of the 

mineral surface [12]. Monovalent ions with an opposite charge compared to the charge of the surface 

have been shown to reduce the zeta-potential of a mineral while polyvalent ions are even capable of 

reversing the surface charge [13].  

Previous studies indicate that high concentrations of Ca ions in the process water may affect both the 

flotation step [14, 15] and the strength of the iron ore pellet [16, 17]. During flotation, Ca ions in the 

process water may form precipitates with the collector and/or adsorb on the iron oxide surface 

reversing its charge and thus making it more favourable for collector adsorption [14, 15].  

Infrared spectroscopy has been applied widely for studies of interactions in flotation systems as 

revealed by several comprehensive reviews [18-20]. The mechanism of fatty acid adsorption on 

calcareous and iron oxide minerals has been studied extensively [21-26] since 1965, when Peck and 

Wadsworth published their results on the adsorption of oleate on fluorite and barite [27]. The 

development of infrared external and internal reflection techniques provided the possibility to carry 

out in-situ studies of collector/mineral systems, which are important since such studies provide real-

time information about the complexes formed at the solid-liquid interface. Our research group has 

been utilizing in-situ ATR-FTIR spectroscopy for studying interactions of flotation collectors [28-30], 

sodium silicate [31, 32], bentonite [33] and inorganic ions [34, 35] with iron oxides. 

In our previous work on the interactions between fatty acid based collectors and iron oxides, the 

application of ATR-FTIR spectroscopy provided the possibility to elucidate the mechanism by which 

different collectors and model compounds were adsorbed on the hematite surface in the presence of 

water, to follow adsorption and desorption kinetics in-situ and to make a conclusion about the stability 

of the complexes formed [8]. 

The objective of the present work is to study the effect of ionic strength, calcium ions and sodium 

silicate on the adsorption of a model flotation collector reagent on magnetite. A better understanding 

on how sodium silicate and the process water chemistry affect the unwanted adsorption of the 

collector on magnetite may lead to insights on how to minimize the adsorption of the collector on 

magnetite. 
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2 Materials and methods 

2.1 Materials 

Magnetite nanoparticles were synthesized by co-precipitation of Fe(II) and Fe(III) according to the 

method described by Massart and Cabuil [36]. In short, 50 mL of an aqueous solution containing 0.33 

M FeCl2·4H2O (pro analysi, KEBO) and 0.66 M FeCl3·6H2O (pro analysi, Riedel-de Haёn) was added 

dropwise under continuous stirring to 450 mL of a 1 M solution of NH3 (25 %, Suprapur, Merck) in 

degassed MilliQ water. The black precipitate formed was purified by repeated sedimentation and 

redispersion in degassed MilliQ water until the supernatant remained turbid. The suspension was 

further dialyzed until the conductivity of the water outside the dialysis tube reached 1.6 µS cm-1 and 

remained constant upon replacement of the water with the fresh water. The resulting suspension of 

fine magnetite crystals was then diluted with methanol resulting in a water-to-methanol ratio of 3:1 by 

volume. The dry solid content in the suspension was estimated to ca 1.2 mg mL-1 by drying a known 

volume of the suspension in an oven at 100°C. The suspension was stored in a refrigerator in order to 

minimize oxidation of magnetite.  

Dodecyloxyethoxyethoxyethoxyethyl maleate (Sigma-Aldrich), for the sake of clarity and simplicity 

hereafter referred to as ‘collector’ was chosen as a model flotation collector reagent. This collector 

was chosen based on the information given in a patent [37] describing a similar collector for froth 

flotation of oxide and salt type minerals, which consists of a long aliphatic hydrocarbon group 

connected by an alkylene oxide group to a dicarboxylic acid. The chemical structure of the collector 

used in this work is shown in Figure 1. 

 

Figure 1. Chemical structure of the collector. R represents the linear alkyl radical CH3(CH2)11. 

Stock solutions of the collector, sodium silicate (Na2SiO3·9H2O, ≥ 98 %, Sigma) and calcium chloride 

(CaCl2·2H2O, 95 %, Riedel-de Haёn) were prepared by dissolving appropriate amounts of the 

corresponding chemicals in 0.01 M aqueous solutions of NaCl (pro analysi, Riedel-de Haёn), which 

was used as a background electrolyte. Further, working solutions were prepared by diluting 

appropriate amounts of the stock solutions with the 0.01 M aqueous solution of NaCl to give the 

required final concentrations. 

All aqueous solutions were prepared using distilled water degassed by applying vacuum. The distilled 

water used for the spectroscopic measurements was, after degassing, saturated with argon in order to 

minimize the amount of dissolved carbon dioxide. 
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2.2 Film deposition and general characterization of the film 

Prior to film deposition, the trapezoidal ZnSe crystals (Crystran Ltd.), with the dimensions 50x20x2 

mm and 45 cut edges, were first rinsed in ethanol (99.7 %, Solveco chemicals AB) and distilled water. 

Thereafter, 0.3 mL of the magnetite suspension described above was spread evenly over one side of 

the ZnSe crystals and dried producing an even film. The other side of the crystal was left uncoated in 

order to reduce the absorption of the IR radiation by magnetite and thus obtain a higher signal-to-

noise ratio in the spectroscopic measurements.  

An X-ray diffraction pattern of the magnetite film was recorded with a Siemens D5000 powder 

diffractometer operating in Bragg-Brentano geometry and utilizing Cu-Kα radiation. In order to 

analyse the film, a magnetite-coated silicon wafer was mounted in a custom-made aluminium holder. 

The pattern of the assembly without magnetite film was also recorded in order to identify the peaks 

belonging to the substrate and the holder. 

The magnetite film on a ZnSe crystal was investigated with an FEI Magellan 400 field emission high 

resolution scanning electron microscope (HR-SEM) using an accelerating voltage of 1 kV. No gold 

coating or similar was deposited on the film to render it electrically conductive. The magnetite coated 

ZnSe crystal was cut in the middle and mounted vertically in the sample holder in order to measure 

the film thickness and investigate the morphology of the magnetite particles. 

2.3 ATR-FTIR spectroscopy  

Spectral data were collected using a Bruker IFS 66v/S spectrometer equipped with a liquid nitrogen 

cooled mercury-cadmium-telluride (MCT) detector. A ZnSe crystal coated with magnetite was placed 

in a stainless steel flow cell which was further mounted on the ATR accessory in the spectrometer 

(see Figure 2). The IR beam, guided by the mirrors, enters the ZnSe through the cut edge at an angle 

of incidence of 45° and passes through the crystal via a number (ca 25) of total reflections. At each 

point of reflection, an evanescent wave of IR radiation is formed, which penetrates into the sample 

perpendicular to the surface of reflection and interacts with the sample material, simultaneously losing 

a part of its intensity.  

Adsorption measurements were performed in-situ with a flow of the solution pumped continuously 

through the cell on one side of the ATR crystal at a rate of 10 mL min-1 with recirculation of the 

solution. The other half of the cell was evacuated. Both background and sample spectra were obtained 

by averaging 500 scans at a resolution of 4 cm-1. Data evaluation was performed using the Bruker 

Opus 4.2 software. 
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Figure 2. Schematic image of the ATR-FTIR setup.  

A spectrum of the pure collector was recorded in argon atmosphere by spreading a droplet of the 

collector over a bare ZnSe crystal; as a background, a spectrum of the bare crystal in argon was used. 

All adsorption and desorption experiments were performed at room temperature and pH 8.5. The pH 

was controlled by a Mettler Toledo T70 titrator using a 0.05 M aqueous solution of sodium hydroxide 

(pro analysi, Merck). The concentration of the background electrolyte was 0.01 M NaCl in all the 

experiments if not stated otherwise. Prior to adsorption, the magnetite film was equilibrated with 75 

mL of a 0.01 M aqueous solution of NaCl at pH 8.5 for 30 minutes and at this point a background 

spectrum of the solution in contact with a magnetite coated ZnSe substrate was recorded.  

In the experiments where calcium ions or sodium silicate were pre-adsorbed on magnetite, a 4 mM 

solution of CaCl2 or a 0.4 mM solution of Na2SiO3, both at pH 8.5, was pumped through the cell for 1 

hour. Infrared spectra were recorded every 5 minutes and a new background spectrum was recorded 

when the pre-adsorption was completed. After that, an appropriate amount of the collector was added 

to the solution to give a final concentration of the collector of 25 mg L-1 whereas the concentration of 

calcium or silicate ions remained constant. Adsorption of the collector on magnetite was followed by 

recording infrared spectra every 5, 10 or 30 minutes. 

In the experiment where the influence of calcium ions on the depressing effect of sodium silicate was 

studied, calcium ions were first pre-adsorbed, thereafter a new background spectrum was recorded 

and then sodium silicate was added to the solution and the adsorption was monitored with time. After 

silicate adsorption, another background spectrum was recorded and finally the adsorption of the 

collector from a 25 mg L-1 solution was performed. 

Desorption experiments were carried out by flushing the cell with a 0.01 M NaCl solution at pH 8.5 

without recirculation of the solution.  
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3 Results and discussions 

3.1 Characterization of the synthetic magnetite  

Figure 3 shows an HR-SEM image of a cross-section of a magnetite film on a ZnSe crystal. 

 

Figure 3. Side view SEM image of a magnetite film on a ZnSe crystal. 

The image illustrates that the film thickness is about 250-300 nm and the size of the individual 

particles vary between about 5 to 15 nm. 

Figure 4 shows an X-ray diffraction pattern of magnetite crystals deposited on a silicon wafer. 

 

Figure 4. XRD pattern of synthetic magnetite crystals deposited on a silicon wafer. The reflections 

originating from magnetite are indexed with the appropriate Miller indices. The peaks labelled with 

(*) emanate from the silicon wafer. 

Except for the narrow diffraction peaks emanating from the silicon wafer, the XRD pattern is 

characteristic for randomly oriented magnetite crystals. The diffraction peaks from magnetite are quite 
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broad, which shows that the magnetite crystals are quite small in accordance with the HR-SEM 

observations. 

3.2 Effect of calcium ions on the adsorption of sodium silicate  

Prior to studying the combined effect of calcium ions and sodium silicate on the collector adsorption 

on magnetite, the influence of calcium ions on the adsorption of sodium silicate on magnetite was 

investigated in order to assess if calcium ions increased the polymerisation of silicate species as 

proposed by Gong et al. [5].  

Silicate species adsorbed on magnetite at pH 8.5 (see spectrum (a) in Figure 5) are characterized by a 

broad combination of bands between 800 and 1300 cm-1. At this pH, the most pronounced band is 

located at 1014 cm-1 with two shoulders at ca 1120 cm-1 and ca 950 cm-1. 

 

Figure 5. Infrared spectrum of silicate species adsorbed on magnetite without any calcium ions 

present (a), spectrum of the magnetite film recorded after the pre-adsorption of calcium ions on 

magnetite (b) and spectrum of silicate species adsorbed on magnetite after pre-adsorption of calcium 

ions (c). 

The band at 950 cm-1 has been assigned to the monomeric surface bidentate complex while the band 

at 1014 cm-1 has been assigned to the oligomeric silicate species on the surface [31]. Further, the same 

authors attributed the band at 1120 cm-1 to the 3-dimentional silica framework structure. With the 

increase of surface polymerization of the silicate species the band at 1014 cm-1 is expected to shift to 

higher wavenumbers [31].  

Spectra recorded when calcium ions were pre-adsorbed on magnetite showed rather intense bands at 

1490 and 1350 cm-1 assigned to the asymmetric and symmetric stretching vibrations, respectively, of 

the carbonate species [38] (see spectrum (b) in Figure 5). This result indicates that some carbonate 
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species were present in the water despite degassing, and further, these carbonate species adsorbed on 

the surface of magnetite when calcium ions were added to the solution.  

As sodium silicate was added to the system after pre-adsorption of calcium ions, negative bands 

associated with the carbonate species were observed in the spectra simultaneously as the positive 

bands originating from adsorbed silicate species appeared, suggesting that silicate species were 

replacing the carbonates on the magnetite surface (see spectrum (c) in Figure 5).  

The shape of the absorption bands emanating from the silicate species was not particularly affected by 

the presence of calcium ions; however, the band originating from the oligomeric silicate species was 

slightly shifted (~2 cm-1) to higher wavenumbers indicating that the silicate species adsorbed on the 

magnetite surface in the presence of calcium ions were probably polymerized to a greater extent than 

when no calcium ions were present; this finding is in concert with the previous reports by Gong et al. 

[5]. Moreover, from the intensities of the bands it may be concluded that the amount of sodium 

silicate adsorbed on magnetite increased by ca 35 % when calcium was pre-adsorbed suggesting that 

electrostatic forces contributed to the interaction between silicates and magnetite. 

Similar results were reported by Roonasi et al. for the system calcium-sulfate-magnetite [34]. Calcium 

ions were found to increase the adsorption of sulfate on magnetite at pH 8.5 while no effect on the 

adsorption was observed at pH 4 indicating the importance of electrostatic interaction for the 

calcium/sulfate/magnetite system and a similar behaviour could be expected for the 

calcium/silicate/magnetite system. 

3.3 Collector adsorption on magnetite 

The collector studied in this work contains a carboxylic head group (see Figure 1), which, depending 

on pH, can be deprotonated when dissolved in water. Figure 6 shows a spectrum of the collector in 

pure form (non-dissolved). 

 

Figure 6. Infrared spectrum of a droplet of the pure collector on a ZnSe crystal in argon atmosphere. 
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The strong absorption bands at 2922 and 2854 cm-1 in the spectrum are characteristic for the 

molecules containing long alkyl chain as these bands emanate from symmetric and asymmetric 

stretching vibrations (νs and νas) of the CH2 group [22]. Stretching vibrations of the C-O-C group in 

the polyethylene glycol chain give rise to a characteristic intense band at 1105 cm-1 [39]. The band at 

1728 cm-1 is associated with the stretching vibrations of the C=O bond [39]. As the collector molecule 

contains two carboxylic groups, one free and one esterified, two separate bands in the carbonyl 

stretching region are expected to be observed. However, when an ester carbonyl is conjugated with a 

C=C group (like in maleate), the band from the ester carbonyl, typically observed around 1740 cm-1, 

is shifted to lower wavenumbers viz. around 1725 cm-1 [40]. At the same time, intramolecular 

hydrogen bonding between the carboxylic groups in maleic acid may cause a shift of the C=O 

stretching vibration to higher wavenumbers (1730-1705 cm-1) [40] resulting in possible overlapping 

with the band originating from the ester carbonyl.  

In our previous work, it was shown that the adsorption of anionic flotation collectors on iron oxides is 

not fully governed by electrostatic forces. Anionic collectors can adsorb on iron oxides despite 

repulsion between the negatively charged head group and the surface bearing the same net charge. 

The influence of electrostatic forces on the adsorption can be revealed by studying the effect of ionic 

strength on adsorption. Figure 7 illustrates the effect of increased ionic strength on the intensity of one 

of the bands originating from the collector adsorbed on magnetite.  

 

Figure 7. Intensity of the C=O stretching vibrations band at 1724 cm-1 as a function of time during in-

situ adsorption of the collector on magnetite at pH 8.5 from a 25 mg L-1 solution containing 0.01 M 

NaCl (Δ) and 0.1 M NaCl (□). The ionic strength in the working solution was increased after 13 h of 

adsorption by adding the appropriate amount of NaCl. 

Assuming that the band intensity is proportional to the amount of the collector adsorbed on magnetite, 

the data presented in Figure 7 suggests that higher ionic strength results in a higher adsorption of the 

collector on magnetite due to the fact that the increased amount of sodium ions reduces the negative 
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effective surface charge of the magnetite surface and thereby facilitating a greater collector 

adsorption. These results indicate that electrostatic forces contribute to the adsorption of the collector 

on magnetite.  

Moreover, as the ionic strength was changed from 0.01 M NaCl to 0.1 M NaCl it was also observed 

(not shown) that the band originating from the asymmetric stretching vibration of the CH2 group in 

the spectra shifted from 2924 to 2922 cm-1 indicating that the interaction of the alkyl chains in the 

collector increased, probably due to a higher packing density of the molecules in the adsorbed layer 

[41].  

Figure 8 shows spectra of the collector adsorbed on the magnetite surface at pH 8.5 from aqueous 

solutions. Compared to the spectrum of the pure collector, two new bands are observed in the spectra 

of the collector (spectra (a-d)), viz. at ca 1570 and 1400 cm-1. These bands are assigned to the 

asymmetric and symmetric stretching vibrations of the carboxylate ion respectively [42] indicating the 

deprotonation of the head carboxylic group. However, the band originating from the stretching 

vibrations of the C=O bond is still present in the spectra at 1724-1726 cm-1 suggesting that adsorption 

likely takes place without breaking the ester bond. 

 
Figure 8. Infrared spectra of the collector adsorbed on magnetite at pH 8.5 from a 25 mg L-1 aqueous 

solution containing no added Ca2+ or Na2SiO3 (a), 4 mM Ca2+ (b), 0.4 mM Na2SiO3 (c), and 4 mM 
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Ca2+ and 0.4 mM Na2SiO3 (d). All spectra were recorded after 13 hours of collector adsorption. For 

the sake of clarity, the absorbance of spectra (a) and (c) was multiplied with a factor 5. 

When pre-adsorption of calcium ions was performed (see spectra (b) and (d) in Figure 8), an 

additional band at 1425 cm-1 appeared in the spectra of the collector adsorbed on magnetite 

suggesting that calcium ions affected the adsorption mode of the collector on magnetite.  

When the effect sodium silicate on collector adsorption on magnetite was studied, the magnetite film 

was pre-treated with sodium silicate for 1 hour before the collector was added to the system. The 

spectra recorded during collector adsorption (spectrum (c) in Figure 8), in addition to the bands 

originating from the collector, contained an intense band at 1030 cm-1 with a shoulder at 1120 cm-1 

emanating from the silicate species adsorbed on the surface of magnetite. The shoulder became 

evident when subtracting a spectrum of the collector adsorbed on magnetite without sodium silicate 

(spectrum (a) in Figure 8) from the spectrum (c) in Figure 8. The position of the band at 1030 cm-1 

indicates higher surface density and polymerization degree of the silicate species adsorbed on 

magnetite as compared to those after 1 hour of adsorption prior to addition of the collector (see 

spectrum (a), the band at 1014 cm-1). These results suggest that the silicate species continued to 

adsorb on magnetite even in the presence of the collector implying competitive adsorption between 

the collector and sodium silicate for the magnetite surface sites. 

In the case when the magnetite film was pre-treated with both calcium ions and sodium silicate, which 

would be the most realistic conditions in a flotation process, no bands associated with silicate species 

were observed in the spectrum of the collector adsorbed on magnetite suggesting that the adsorption 

of sodium silicate was terminated by the collector when calcium ions were also present. It should be 

noted that a new background spectrum was recorded after the pre-adsorption of silicate and calcium 

ions. However, silicate species already adsorbed on magnetite were not substituted by the collector 

since no negative bands associated with the silicate species were observed in the spectra. Thereby, it 

may be concluded that adsorption and desorption of the silicate species were equilibrated by the 

addition of the collector to the system. 

After 13 hours of adsorption from a solution of 4 mM calcium chloride and 25 mg L-1 collector at pH 

8.5, an in-situ desorption experiment was performed. Figure 9 shows spectra recorded during flushing 

the cell with water containing 0.01 M NaCl at pH 8.5 for 2 hours. As has been mentioned above, an 

additional band at 1425 cm-1 appeared in the spectra of the collector adsorbed on magnetite when pre-

adsorption of calcium ions was performed. Upon desorption, the intensity of this band decreased 

much faster than the band at 1402 cm-1 suggesting the presence of two kinds of carboxylate 

complexes on the surface of magnetite: an inner-sphere complex characterized by the band at 1402 
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cm-1 [43] and an outer-sphere complex characterized b the band at 1425 cm-1 [43] as was previously 

reported by Hwang and Lenhart for maleate adsorption on hematite [43]. 

 

Figure 9. Spectra recorded during flushing the cell with water at pH 8.5 after collector adsorption in 

the presence of calcium ions. The time interval between the spectra is 10 minutes. 

After 13 hours of adsorption from a solution of 0.4 mM sodium silicate and 25 mg L-1 collector at pH 

8.5, an in-situ desorption experiment was performed. Figure 10 shows spectra recorded during 

flushing the cell with water containing 0.01 M NaCl at pH 8.5 for 2 hours.  

 

Figure 10. Spectra recorded during flushing the cell with distilled water at pH 8.5 and 0.01 M NaCl 

after collector adsorption in the presence of silicates. The time interval between the spectra is 10 

minutes. 

The intensity of the bands emanating from the silicate species was decreasing upon flushing with 

water at pH 8.5. After the first 10 minutes of flushing, the intensity of the band at 1030 cm-1 

emanating from the oligomeric silicate species was reduced as much as 40%. The intensity of this 

band was decreasing more slowly as the flushing continued. Furthermore, the peaks associated with 

the collector adsorbed on magnetite were slightly increasing in intensity at the beginning of 
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desorption of silicate species likely due to the increasing amount of vacant surface sites available for 

adsorption of the collector. However, after 1.5 hours of flushing with water, the bands originating 

from the collector also started to decrease slowly, indicating that no more empty surface sites were 

available for collector adsorption.  

Thereby, the in-situ desorption experiment revealed that the collector was adsorbed on the magnetite 

surface much stronger than the silicate species since the absorption bands originating from the 

collector decreased very slowly or even increased upon flushing with water. 

Figure 11 illustrates the effect of calcium ions and sodium silicate on the intensity of the band 

originating from the collector adsorbed on magnetite as a function of time. 

 

Figure 11. Intensity of the ester C=O stretching vibrations band as a function of time during in-situ 

adsorption of the collector on magnetite at pH 8.5 from a 25 mg L-1 aqueous solution containing no 

added Ca2+ or Na2SiO3 (Δ), 4 mM Ca2+ (○), 0.4 mM Na2SiO3 (▲), 4 mM Ca2+ and 0.4 mM Na2SiO3 

(●).  

The data presented in Figure 11 shows that the intensity of the ester C=O stretching vibrations band 

increased slowly during in-situ adsorption of the collector on magnetite at pH 8.5 when no calcium or 

silicate ions were present in the solution. Assuming that the band intensity is proportional to the 

amount of the collector adsorbed on magnetite, the data presented in Figure 11 indicates an almost 

five-fold increase in the amount of the collector adsorbed on magnetite in the presence of calcium 

ions as compared to when no calcium ions were added, supporting the results reported earlier [14, 15] 

and suggesting that calcium ions interact with the magnetite surface at the pH above its point of zero 

charge and can reverse the zeta-potential of the surface serving as a bridge between magnetite and 

collector molecules. Further, calcium ions can facilitate the formation of calcium-collector precipitate, 

which may subsequently adsorb on the magnetite surface [9, 15]. 

A three-fold decrease in the intensity of the band originating from the collector adsorbed on magnetite 

was observed in the presence of sodium silicate as compared to when no silicate was present. The 
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observed decrease is an effect of competitive adsorption between the silicate species and the collector 

on the magnetite surface sites as was also shown in Figure 8 by comparing spectra (a) and (c). The 

results confirm that sodium silicate depresses the adsorption of the collector on magnetite in concert 

with previous findings [3, 5]. 

In the experiment where both silicate and calcium ions were pre-adsorbed, the intensity of the bands 

originating from the collector adsorbed on magnetite was reduced by less than 8 % as compared to the 

case when only calcium ions were present in the system and was increased almost 12 times as 

compared to when only sodium silicate was present. Thereby, the depressing activity of sodium 

silicate was less pronounced in the presence of calcium ions, in contradiction to the results previously 

reported by Gong et al. [5], who observed much stronger depressing activity of the silicate-calcium 

ion mixtures on hematite in the flotation of apatite with tall oil fatty acid as compared to that of pure 

sodium silicate. The reason for that was probably much higher calcium/Si ratio used in the present 

work (10) as compared to those in the study by Gong et al. (0.2-0.6). In the present study, calcium 

ions were found to only slightly increase the amount and polymerization degree of the silicate species 

adsorbed on magnetite (see Figure 5), while they made much more significant contribution to the 

increase of the collector adsorption on magnetite (see Figure 11).  

The results presented in this work indicate that calcium ions present in the water significantly increase 

the adsorption, and possibly precipitation, of the collector on synthetic magnetite. A similar effect 

may be expected in the industrial flotation process: contamination of the iron ore with the flotation 

collector may be enhanced upon high concentrations of calcium in the process water increasing 

collector consumption and affecting the apatite flotation as has been previously reported by Rao et al. 

[15]. Further, hydrophobic collector coating on the iron ore concentrate has been shown to reduce the 

strength of iron ore green pellets [9, 11] suggesting that high concentration of calcium ions in the 

process water may have a negative impact on the green pellet strength by increasing adsorption and/or 

precipitation of the collector on the iron oxide surface.  
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4 Conclusions 

The effect of ionic strength, calcium ions and sodium silicate on the adsorption of a model flotation 

collector on magnetite was investigated by in-situ ATR-FTIR spectroscopy.  

Monovalent cations were found to slightly increase the adsorption of the collector on magnetite at the 

studied pH by partly compensating the negative charge of the magnetite surface and thus reducing the 

electrostatic repulsion between the surface and carboxylate ions suggesting that electrostatic forces 

contribute to the adsorption of the anionic flotation collector on magnetite. 

Divalent calcium ions were found to have a significant effect on the adsorption of the flotation 

collector on magnetite. An almost five-fold increase in the amount of the collector adsorbed on 

magnetite was observed when calcium ions were pre-adsorbed, in concert with previous findings for 

anionic fatty acid based collectors. From the desorption experiments it became evident that in the 

presence of calcium ions, collector adsorption took place via both inner-sphere and outer-sphere 

complexes, the latter could be rather easily removed by flushing with water. 

When the magnetite film was pre-treated with sodium silicate, a competitive adsorption of the 

collector and sodium silicate took place on the surface of magnetite resulting in a three-fold decrease 

in the amount of the collector adsorbed on magnetite as compared to the case when no pre-adsorption 

of silicates was performed confirming that sodium silicate can depress collector adsorption on 

magnetite. However, the stability of the magnetite-collector complexes was greater as compared to 

the magnetite-silicate complexes.  

Furthermore, the depressing activity of sodium silicate on the collector adsorption was almost 

completely suppressed in the presence of calcium ions. Moreover, silicate adsorption on magnetite 

was terminated when the collector was added to the system and even though the amount and the 

polymerization degree of the silicate species adsorbed on magnetite in the presence of calcium ions 

were higher than without calcium, it was not sufficient to prevent the collector adsorption to any 

greater extent.  

The results presented in this work suggest that high concentrations of calcium in the process water 

may enhance collector adsorption and precipitation on iron oxides, resulting in increased collector 

consumption and a more hydrophobic surface. The latter has been previously shown to decrease the 

green pellet strength. 
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