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Abstract

Iron ore green pellets are produced by agglomeration of moist magnetite concentrates. 
The quality of green pellets is essential for the transportability and metallurgical benefits 
of the final product. The agglomeration behavior of magnetite concentrate particles is 
strongly influenced by its surface properties which are affected by the interactions with 
flotation reagents (i.e. water glass and collector) and species in process water. However, 
the mechanisms of these interactions and the influence on the following agglomeration 
process are still not completely understood. 

The present work has been focused on the interaction of magnetite with water glass 
(sodium silicate) and bentonite clay (silicate mineral) aiming for better fundamental 
knowledge of the magnetite surface properties in order to improve the agglomeration 
behavior of the magnetite concentrate. Water glass is used as a dispersing or depressing 
agent in flotation of magnetite. The former function is to improve the separation of 
mineral particles in the pulp, while the latter function is to protect the magnetite surfaces 
from attachment of the collector which is known to cause problems in the subsequent 
agglomeration process. Sodium activated bentonite clay is commonly used as an external 
binder in iron ore agglomeration owing to its swelling properties. The particle interaction 
between magnetite and bentonite platelets, which is expected to be affected by the surface 
properties of magnetite, is of importance for the wet and dry strength of the pellets. 

Sorption mechanisms of sodium silicate onto magnetite surface at the molecular scale 
were studied at various pH and silicate concentrations using in-situ ATR-FTIR 
spectroscopy. Silicate concentration, pH, and conditioning time are the most important 
factors for silicate sorption and speciation at the surface of magnetite. A maximum 
sorption was observed in the pH range 8.5 - 9.5. Oligomeric or polymeric silicate species 
were formed and dominated at high surface loading of silicate. These oligomeric or 
polymerized species exhibited stronger affinity for the magnetite surface as compared to 
monomeric species, resulting in a slower and less extent of desorption and implying a 
higher depressing efficiency in flotation.  

Sodium silicate made the magnetite surface more negatively charged, while adsorbed 
calcium ions on the surface compensated this negative surface charge. Calcium ions 
promoted the oligomerization of silicate on the surface of magnetite at high pH (pH > 10) 
possibly due to the increased local silicate concentration by additional sorption of silicate 
on adsorbed calcium at the surface. 

The competitive sorption between sodium silicate and collector (sodium oleate) for the 
magnetite surface was studied using the in situ ATR-FTIR technique. It was confirmed 
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that oleate could still be adsorbed onto a sodium silicate modified magnetite surface but 
the amount of adsorbed oleate decreased with increasing concentration of silicate (0.1 - 5 
mmol·L-1). This depression effect became much more significant when the concentration 
of sodium silicate was higher than 0.4 mmol·L-1 above which more dimers or oligomeric 
silicate species were formed at the magnetite surface. However, when the magnetite 
surface was pre-treated firstly with sodium oleate, the addition of sodium silicate only 
slightly reduced the adsorption of oleate. Meanwhile, the sorption of silicate anions was 
depressed and resulted in a lower degree of oligomerization or polymerization at high 
silicate dosage.  

Sessile drop method and Wilhelmy method were used to measure the water contact 
angle of synthesized magnetite, and the Washburn method was used for contact angle 
measurements of magnetite concentrate. The synthesized magnetite has lower contact 
angle compared to magnetite mineral particles. Nevertheless, similar tendency of changes 
in wettability upon interaction with calcium, sodium silicate and collector was observed 
for synthesized magnetite and magnetite concentrate. Sorption of calcium and silicate 
increased the wettability of the surface, while adsorption of collector made the surface 
more hydrophobic. Further exposure of the collector modified magnetite surface to 
sodium silicate could restore the surface wettability. Therefore, an interesting implication 
for magnetite flotation and agglomeration is that the decreased hydrophilicity of 
magnetite by attachment of collector could be improved by further chemical conditioning 
with sodium silicate (water glass). 

The interaction of bentonite with magnetite was investigated by means of settling of 
bentonite platelets onto a layer of magnetite nano-particles. The magnetite layer was 
deposited on a horizontal ZnSe crystal to be able to examine the orientation of the 
platelets by polarized ATR-FTIR. The measured dichroic ratio of the bentonite platelets 
decreased with time in wet film and approached a minimum value in the dry bentonite 
film regardless of the pH of the bentonite suspension. This tendency is in good agreement 
with the results observed for settling on bare crystal, indicating a more ordered structure 
of platelets upon evaporation of water. The bentonite platelets in dry film were evidently 
tending to orient with their basal plane surfaces to the magnetite layer, whilst wet films 
adopted a much more disordered structure. Similarly, a rather disordered wet bentonite 
film was formed on the calcium and sodium silicate modified magnetite layer. These 
bentonite platelets became more ordered when the wet film was dried.   
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1. Introduction 

    The reactions occurring on mineral-water interfaces and the corresponding changes of 

the mineral surface properties have been the focus of many research areas involved in 

geosciences, environmental processes and a variety of industrial manufacturing [1-4]. 

Mineral surface reactions, for instance adsorption, ion exchange, dissolution, and 

precipitation, will change the surface charge, structure and chemical composition of the 

interface, and accordingly influence the surface reactivity and particle interaction of the 

minerals. This thesis is a fundamental study focusing on the interaction of magnetite with 

soluble silicates and bentonite clay (silicate mineral) and the implications for iron ore 

flotation and agglomeration.  

1.1 Iron ore pelletizing: a short overview 

 
Figure 1.1 A simplified schematic flow sheet of iron ore pellets production. 

     

    A simplified flow scheme of pellets production from magnetite iron ore is shown in 

Figure 1.1. The iron ore is first finely ground and upgraded by magnetic separation, then 

flotation is often used to further reduce the content of gangue minerals, particularly the 
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phosphorous-containing gangue. After thickening and washing of the magnetite slurry 

using magnetic separators and addition of pelletizing additives followed by filtration, the 

iron ore concentrate is mixed with binders and then is sent to balling units. The pellet 

feed is agglomerated to green pellets in balling equipments, such as balling drums. Water 

and most often bentonite clay are used as binders to facilitate and control the growth and 

strength of the pellets. Finally, the green pellets are dried and indurated in the pelletizing 

machine. Thereupon, the produced iron ore pellets are ready for shipping to steelmaking 

plants. Generally the pellets should have a high Fe content, be in certain size range 

(normally 9 to 16 mm in diameter) and have sufficient mechanical strength. 

For high grade iron ore, reverse flotation is used to remove gangue minerals. To float 

the gangue mineral particles, their surfaces must be made hydrophobic and be readily 

captured by the air bubbles. For instance, the main iron constituent of LKAB iron ore is 

magnetite (Fe3O4), accompanying relatively low weight percent of apatite (< 0.1% P in 

total) and silicate mineral gangue. Therefore, in the LKAB Kiruna flotation plant, reverse 

flotation process is used to float away apatite (phosphate mineral) from magnetite. Since 

the apatite surface is not hydrophobic enough to be floated, a fatty acid based collector 

reagent which is selectively adsorbed on apatite is used. Finely ground iron ore is first 

conditioned with a water glass (sodium silicate) dispersant or depressant for several 

minutes. A dispersant usually refers to its effect of dispersing mineral particles by 

modifying the surface charge, and depressant plays a role in protecting magnetite 

surfaces from being contaminated by the flotation collector. Then the anionic fatty acid 

based collector reagent is added to the ore pulp, and very often frother is also needed to 

facilitate the formation of air bubbles. It is well known that an overdose of collector 

reagent would improve the removal of phosphorous gangue but at the same time also 

reduce the recovery of the iron content [5-6]. Moreover, it has been noticed that flotation 

has an adverse effect on the balling behavior of the iron ore concentrate in the subsequent 

agglomeration process [7]. The mechanical strength of the pellets both in wet and dry 

states degraded by using flotation treated iron ore concentrates [7-8]. The contamination 

and hydrophobization of iron ore concentrate surfaces by adsorbing flotation collector 

reagent may facilitate the formation of air bubbles inclusions in the green pellets causing 

them to crack during transportation to the pelletizing machine and during induration [9]. 
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Variations in the surface properties of pellet feed resulting from flotation cause 

fluctuations in the balling circuits, by affecting the growth rate, size distribution and 

mechanic strength of green pellets. Therefore, one key-point of the quality control 

strategy for iron ore pelletizing is to reduce the detrimental changes caused by the 

flotation reagents to the balling behavior of magnetite particles while keeping the 

phosphorous content low.  

 

1.2 Binding forces in agglomeration of iron ore 

    Wetting is usually the precondition for agglomeration of powder material where liquid 

wets the feed powder to facilitate the formation of initial agglomerates or seeds. 

Accordingly, the liquid filling degree of the pore volume in agglomerates or liquid 

saturation (S), is directly related to the mechanical strength of the wet agglomerates [10-12]. 

The liquid saturation S is given by,  

L

p

F
FS 1

100
100                                                                                                       (1) 

where F is moisture content,  is porosity, p and L is the density of particles and liquid, 

respectively. The agglomerates can be in different liquid saturation states as illustrated in 

Figure 1.2. 

 

 
Figure 1.2 Different states of liquid saturation in agglomerates. From Newitt and 

Conway-Jones [13], Barlow [14], and Rowe et al [15].  

 
At low liquid saturation, i.e. at pendular and funicular states, particles are bound 

together by the adhesion forces of liquid bridges between the particles of the 

agglomerate. This adhesion force of liquid bridges has two parallel components, surface 
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or interfacial tension at the particle-liquid-gas contact line and negative capillary pressure 

in the concave menisci of the liquid bridges.  

With increasing liquid saturation up to the capillary state, where all the pores inside the 

agglomerate are filled with liquid and concave menisci form at the pore opening of the 

agglomerate surface, the maximum strength is reached. At this liquid saturation state, the 

surface tension component and the capillary pressure component of adhesion forces both 

contribute to the strength of agglomerates. However, if too much water is added, as in the 

droplet state, flooding takes place and the capillary forces vanish.  

Rumpf [10] introduced a so called capillary force theory to describe and predict the 

strength of wet agglomerates in terms of raw material properties and liquid saturation in 

the agglomerates. For relatively large and narrow-sized particles system, the tensile 

strength of wet agglomerates at capillary state is expressed as [10], 

p

LV
t d

C cos1                                                                                                      (2) 

where C is a material constant (for uniform spheres C = 6),  is porosity, dp is the average 

particle size in diameter, LV is the surface tension of liquid binder and  is the liquid-

solid contact angle. This equation has been widely quoted and validated by experimental 

observations [16-18], but it only applies for agglomeration systems with a freely movable 

liquid binder, such as water. When external binders are used, for instance bentonite clay, 

the Rumpf equation is not valid. This is due to the wider particle size distribution and the 

presence of viscous force in the liquid phase caused by the clay binder [11, 19-20].  

Experimental results on the wet strength of iron ore green pellets with and without 

bentonite binder are shown in Figure 1.3. The wet strength of pellets increased 

considerably by addition of 0.5% bentonite when the liquid saturation was higher than 

90% and a maximum strength was obtained at the liquid saturation between 90 and 

100%. However, in a real pelletizing plant, the practical working liquid saturation need to 

be around 105% to facilitate the growth of green pellets, as illustrated by the narrow 

shade area in Figure 1.3. The wet strength of pellets decreased when the pellets were over 

saturated of liquid (S > 100%) and also when the capillaries started to drain upon drying 

(50% < S < 90%). When the liquid saturation of green pellets was decreased below 50% 
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by drying, the strength of the pellets increased due to the formation of dry bentonite 

bindings (solid bridges) by deposition of bentonite platelets on magnetite particles.  

 

 
Figure 1.3 Measured wet compression strength of iron ore green pellets with and without 

bentonite binder as a function of liquid saturation. Areas for dominating binding forces: 

1, capillary forces; 2, viscous forces; 3, dry bentonite bindings. The lines connecting the 

experimental points are guides for the eye, and the shade area shows the operational area 

in a real pelletizing plant. (Reprinted from S.P.E. Forsmo [19]) 

 
Accordingly, for the iron ore green pellets with bentonite binder, a modified capillary 

force theory, capillary-viscous force theory was proposed [19]. The binding mechanism of 

bentonite binder has been attributed to the increased viscosity of the water phase resulting 

from the swelling and thixotropic properties of bentonite when mixed with water [11, 19, 21]. 

The dispersion of delaminated platelets into the space between ore particles increases the 

internal friction of the water binder, i.e. viscous force. To summarize, there always are 

more than one type of binding forces present in iron ore green pellets, including the 

adhesion forces of liquid binder (i.e. interfacial tension forces and capillary negative 

pressure forces) and viscous forces. All the binding forces are related to the surface 

properties of magnetite ore particles, like the water contact angle and probably also to the 

surface properties of the bentonite binder platelets.   
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1.3 Theoretical background of surface phenomena 

1.3.1 Sorption at solid-water interface  

    Sorption is a rather general term that can be used to describe retention or uptake of 

substances from solution at the solid-liquid interfaces [22-23]. Adsorption, polymerization 

and surface precipitation are all examples of sorption. All these surface reactions directly 

affect the reactivity and surface structure of the solid. Basically, the mechanisms of these 

surface reactions are different with respect to the physical and chemical forces involved. 

Physical forces include electrostatic forces that are dominating in ion exchange and outer-

sphere complexation, and van der Waals forces which contribute significantly to sorption 

of uncharged organic units. Chemical forces work within much shorter distance and are 

involved in covalent bonding, inner-sphere complexation and hydrogen bonding.  

When nonsalt-type minerals, such as metal oxides and silicate minerals, are in contact 

with water, different types of surface hydroxyl groups could be developed at the mineral-

water interface. For instance, Fe-OH groups are formed at iron oxide-water interface, 

and clay minerals have both Si-O- and Al-OH groups [1]. These surface hydroxyl 

groups may be protonated or deprotonated and react with species in solution, leading to 

the development of electric double layer and surface charge. If the interaction of surface 

hydroxyl groups with adsorptive ions or molecules in solution could form stable 

molecular units, the formed surface units are called surface complexes. There are two 

types of surface complexes (Figure 1.4): outer-sphere complexes which are bound 

through H2O bridging by electrostatic attraction, i.e. water molecules are present between 

surface and adsorbed species, and inner-sphere complexes which are bound directly to 

the surface by covalent bonding or hydrogen bonding. The coordination modes of inner-

sphere complexes can be monodentate, bidentate monocuclear or binuclear or even 

tridentate. Hence, outer-sphere complexes are relatively less stable than inner-sphere 

complexes. As shown in Figure 1.4, ions brought to the surface by electrostatic attraction 

could also form diffuse-ion swarm [24]. Outer-sphere complexes and diffuse-ion swarm 

are nonspecific adsorption, whereas inner-sphere complexes are considered as specific 

adsorption. For example, Cl-, NO3
- and SO4

2- are commonly considered to form outer-
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sphere complexes or diffuse ion swarm on metal oxides, whereas heavy metal cations, 

phosphate and F- ions are adsorbed as inner-sphere complexes.  

    The formation of surface species is dependent on the nature of sorbent and sorbate, and 

reaction conditions such as pH, ionic strength, temperature and time. For instance, 

adsorption of surfactant on iron oxides could be due to hydrophobic bonding, hydrogen 

bonding, or van der Waals interactions. Ionic surfactant bearing a hydrophobic moiety 

may bind to the surface via inner-sphere or outer-sphere modes depending on the nature 

of the sorbent and sorbate (i.e. electron configurations of surface functional groups and 

adsorptive species) as well as the medium conditions, such as pH and ionic strength [25]. 

As the surface loading (i.e. the amount of species sorbed at the surface) increases, surface 

polymerization or surface precipitation may occur [1, 23]. Surface polymerization usually 

arises from sorption of polymeric species or growing of polymers at the surface.  

 
Figure 1.4 Schematic representations of surface complexes formed at metal oxide 

surface.  

 

1.3.2 Contact angle 

Solid-liquid contact angle is used as a quantitative measure of wettability of a solid by 

a liquid. As shown in Figure 1.5, the solid-liquid contact angle is defined geometrically 

as the angle formed at the solid-liquid-gas three phases contact line. Low contact angle (< 
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90°) indicates that the liquid can spread and wet the solid surface readily, whereas high 

contact angle (> 90°) implies poor wetting and the liquid tends to form liquid beads.    
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Figure 1.5 Schematic diagrams showing the Young’s contact angle (ideal contact angle, 

) (top) and the apparent contact angles (bottom) at the three phases contact line of a 

liquid drop on a solid surface. 1 is the apparent contact angle resulting from chemical 

surface heterogeneity (for instance organic contamination) and 2 is the apparent contact 

angle caused by physical surface heterogeneity (surface roughness).  

 

    Ideally, the contact angle at the solid-liquid-gas contact line is determined by the 

surface and interfacial tensions as expressed in the famous Young’s equation, 

coslvslsv                                                                                                 (3) 

where  is the Young’s contact angle, and sv, sl , lv are the solid-vapor, solid-liquid and 

liquid-vapor interface tension, respectively. Thus, for a given liquid and solid, the liquid-

solid contact angle is determined by the liquid-solid interfacial free energy, i.e. sl. This 

surface free energy has apolar and polar components: Lifshitz-van der Waals component 

( LW) and Lewis acid-base component ( AB) [26]. A polar surface therefore exhibits good 

water wettability (hydrophilic) due to the strong acid-base interaction.   

    The validity of Young’s equation requires the solid surface to be smooth, flat, 

homogenous and inert to the contact liquid. A surface that meets all these requirements is 
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referred to as ideal surface, and accordingly the Young’s contact angle is called ideal 

contact angle. However, most real solid surfaces are non-ideal and the measured solid-

liquid contact angle is affected by the smoothness and heterogeneity of the surface (as 

shown schematically in Figure 1.5). Thus the measured solid-liquid contact angle for 

these non-ideal surfaces is more appropriate to be considered as the apparent contact 

angle, app. For a given solid-liquid interface, the apparent contact angle falls within a 

range between advanced/advancing and receded/receding angles. This difference between 

the maximum and minimum contact angle is called the contact angle hysteresis, which is 

caused mainly by the surface heterogeneity, roughness and mobility [26].  

The wettability of minerals is of great importance in both flotation and agglomeration 

processes. In reverse froth flotation, to achieve better selectivity and recovery, the 

valuable mineral particles, such as magnetite in the iron ore pelletizing, should be 

remained hydrophilic whereas the gangue minerals, such as apatite, should be made 

hydrophobic to aggregate with air bubbles and float to the top of the flotation cells. The 

floatability of a particle at a given particle size is determined by the contact angle of the 

surface [27-29]. For instance, the critical water contact angle of fine quartz particles in the 

size range 0.5 to 5 m is 55 – 60 º in a flotation separation. For coarse quartz particles (50 

– 400 m in diameter), the contact angle required for 100% flotation recovery is 62 º and 

for larger particles (400 – 1000 m), a contact angle of 83 º is needed [27, 29]. In 

agglomeration, the mineral particles must be wetted and covered by the liquid binder to 

form liquid bridges during coalescence. A good wettability of the particles is essential to 

minimize the amount of entrapped air in the agglomerates [19, 30-31]. 

The wettability of mineral surface can be changed upon sorption of ions or molecular 

species, resulting from the change in the solid-liquid interfacial tension. Many works 

have been done to measure and understand the behavior of solid wetting by liquid [32-33]. 

However, the assessment of wettability for powder samples is difficult, especially to get 

precise measurement and reliable prediction of the contact angle of real mineral surfaces, 

due to the large number of affecting parameters involved. Thus the results, i.e. the 

measured contact angles of a mineral, usually represent the average characteristic for a 

heterogeneous surface of the mineral. 
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Table 1.1 Summary of the methods used for contact angle ( ) measurement and their 

advantages and limitations. 

Techniques Static Sessile drop 
method Wilhelmy method Washburn method 

Principles Optical tensiometry 
Measure the shape 
(tangent line) of the 
liquid drop  

Force tensiometry 
Measure the wetting 
force  

Force tensiometry 
Measure the 
absorption of 
wetting liquid 

Applications Flat surface  Having regular 
geometry and 
identical surfaces  

Porous and powder 
sample  

Advantages For high 
temperature 
Small amount of 
liquid needed 
Directly measure  

Both advancing and 
receding angles 
Study hysteresis 
Average  along the 
immersion depth 

Mineral powder 
samples 

Disadvantages Only for  > 10° 
Sensitive to surface 
heterogeneity 

Sensitive to surface 
roughness 

Only advancing  
Invalid for very fine, 
or swellable, or very 
hydrophobic 
surfaces 

 

 

    There are different techniques that can be used to measure the solid-liquid contact 

angle [26, 34-35]. The most commonly used methods could be categorized as optical 

tensiometry and force tensiometry. Optical tensiometry includes the sessile drop method 

and the captive bubble method and is more suitable for measuring solid-liquid contact 

angles for flat solid surfaces. Force tensiometry measures the interaction force as the 

solid sample is in contact with liquid and therefore could be used for powder and porous 

samples. The Wilhelmy method and the Washburn method are force tensiometric 

methods. The principles, sample requirements, advantages and disadvantages of these 

three most commonly used methods are briefly summarized in Table 1.1. Generally, the 

contact angle determination is not a very accurate and/or precise measurement, due to 

uncontrollable physical and chemical heterogeneities of the solid surface and also the 

heterogeneity of sample packing [26, 28, 34, 36]. 
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1.4 Attenuated total reflection (ATR)-FTIR technique 

1.4.1 General principles of ATR-FTIR spectroscopy     

ATR-FTIR has been widely used to study heterogeneous interfacial reactions since the 

pioneering work of Harrick and Fahrenfort in 1960s [37-39]. ATR is a sampling technique 

based on attenuated total reflection of light. At the boundary between internal reflection 

element (IRE, also often called ATR crystal) and sample which having a lower refractive 

index, the infrared light is internally reflected and part of the light energy extends into the 

sample in the form of evanescent wave when the incident angle of infrared light is larger 

than the critical angle. The evanescent field is attenuated in regions of the infrared 

spectrum where the sample absorbs energy. Accordingly, a detection of the absorbed 

energy as a function of wavenumber will provide the infrared absorbance spectrum of the 

probed sample. Figure 1.6 shows the beam path in a double reflections ATR sampling 

arrangement.  

 

Incident 
light

Reflected
light

Z

Evanescent wave

dp

Close packing
sampe layer (n2`)E0·e-1

E0

IRE ( n1)

Porous sample
layer (n2)

Z

dp

Incident 
light

Reflected
light

Z

Evanescent wave

dp

Close packing
sampe layer (n2`)E0·e-1

E0

IRE ( n1)

Porous sample
layer (n2)

Z

dp

 
Figure 1.6 Schematic figure of beam path in IRE contacted with sample layers which 

having different packing states. (The color of the beam is to help distinguish the path and 

is not to indicate any color dependence.) 

     

    The absorbance of the signal from the probed molecular species is proportional to the 

square of the vector product between the electric field of the evanescent wave and the 

transition dipole moment. Also, the measured absorbance Ai obeys the Beer-Lambert’s 

law,  

lc
I
IAi

0ln                                                                                                              (4) 

 11



where I is the reflected intensity and I0 is the incident intensity of the infrared beam, l is 

the path length of light in the sample, c is the concentration of the probed species, and  

is the molar absorption coefficient which depends on the degree of interaction between 

the infrared light and the vibration mode and is a function of the wavelength of the 

radiation.  

    The electric field amplitude of the evanescent wave decays exponentially with the 

distance from the IRE surface, therefore the penetration depth of the evanescent wave 

into the sample must be considered when using ATR-FTIR. The decay of the evanescent 

wave may be expressed by Eq. (5),  

ZnEE 2
12

21
2

1
0 )(sin2exp                                                                                 (5) 

where 1= /n1 is the wavelength of the radiation in the IRE,  is the wavelength in free 

space, n21= n2/ n1, where n1 and n2 are the refraction indices of the IRE and the optic rarer 

medium, respectively.  is the incident angle, and Z is the distance from the IRE surface. 

The depth of penetration dp is defined as the distance at which the evanescent wave field 

decays to a value of E0·e-1. Hence, the dp is given by, 

2
12

21
2

1 )(sin

1
2 nn

d p                                                                                                 (6) 

However, the effective thickness of the sample or the effective penetration depth, de, i.e. 

the equivalent path length in a transmission measurement that would lead to an 

absorption band of the same intensity as defined by Harrick [40], is more accurate to 

estimate the path length as in the Beer’s law. This effective thickness of the sample is 

given by 

cos2

2
021 p

e

dEn
d                                                                                                                 (7) 

After a single reflection for weak absorbers, the absorbance is 

edA                                                                                                                            (8) 
where  is the linear absorption coefficient of the sample ( c ) and is identical for 

transmission and ATR spectroscopy. For N multiple reflections, the loss of energy 

increase exponentially with power N and then the absorbance is given by  

edNA                                                                                                                      (9) 
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1.4.2 Polarized ATR-FTIR for spatial orientation measurement 

    Polarized ATR-FTIR is one of the most powerful and easily applied techniques to 

study the spatial orientation and structure of different species close to the sampling 

surface [41-43]. This technique is based on the fact that the evanescent wave has vector 

components in all spatial orientations that could interact with dipoles in all orientations 

and the absorption of the probed molecular species becomes maximal when the transition 

dipole moment is parallel to the electric field component of the incident light.  

 

 
Figure 1.7 Schematic diagram showing the polarized radiation through IRE with a 

molecule adsorbed at the surface. The molecular axis is uniaxially distributed about the 

IRE surface normal with angle  and the transition dipole moment about the molecular 

axis with angle . E  and E  are the electric field components of the s-polarized and p-

polarized incident light, respectively. (The color of the light is to help distinguish the path 

and not to indicate any color dependence.) 

 
As illustrated in Figure 1.7, the polarized light parallel to the plane of incidence is 

defined as p-polarized and has the electric field component parallel to the incidence plane 

(E  in Figure 1.7), and the light perpendicular to the plane of incidence is s-polarized and 

has the electric field component E  as indicated in Figure 1.7. The measured absorbances 
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of polarized radiation, Ap and As, are still proportional to the square of the vector product 

between electric field vector of the evanescent wave (E) and the transition dipole moment 

(M). For a molecular as shown in Figure 1.7, the absorbance is given by, 

ddaFEMA iii ),(22                                                                                       (10) 

where i represents the x, y, or z direction, Mi and Ei are the projection of vector M and E 

along the i-direction, respectively, and F( , ) is the orientation distribution function of 

the transition dipole moments.  and  are angles as indicated in Figure 1.7.  

    The component vectors of the electric field depend on the refractive indices of the 

crystal and sample system, and the angle of incidence. For non- and weak absorbing 

sample systems, the x, y, and z components of evanescent field at the IRE surface are 

given by [40], 

2
21

22
21

2
21

2
21

22
2

0, sin)1()1(
)(sincos4
nnn

nEx                                                                                  (11) 

2
21

22
21

2
21

22
2

0, sin)1()1(
sincos4

nnn
Ez                                                                                  (12) 

)1(
cos4

2
21

2
2

0, n
Ey                                                                                                                 (13) 

2
0,

2
0,

2
0//, zx EEE                                                                                                              (14) 

2
0,

2
0, yEE                                                                                                                        (15) 

where  is the incident angle, and n21= n2/n1 as defined in Eq. (5). Hence, the effective 

thickness of the sample penetrated by the s- and p-polarized light is, 

cos2

2
0//,21

//

p
e

dEn
d                                                                                                      (16) 

cos2

2
0,21 p

e

dEn
d                                                                                                           (17) 

Similarly, for a two-layer sample system, a three layer model is valid based on the thin 

layer approximation. Thus, the x, y, and z components of evanescent field at the IRE 

surface could be calculated as, 
2 2 2

2 31
,0 2 2 2

31 31 31

4cos (sin )
(1 ) (1 )sinx

nE
n n n2

                                                                               (18) 
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2 2 2
2 32
,0 2 2 2

31 31 31

4cos sin
(1 ) (1 )sinz

nE
n n n2

                                                                               (19) 

2
2
,0 2

31

4cos
(1 )yE

n
                                                                                                                 (20) 

where n31=n3/n1, and n32=n3/n2. n2 is the refractive index for the first sample layer and n3 

is the medium outside the sample layers (for instance, water or air). 

    Accordingly, the average angle between the transition moment of the probed species 

and the surface normal of the ATR crystal is determined by the ratio between the 

absorption of s-polarized and p-polarized infrared radiation, i.e. the dichroic ratio D, and 

can easily be calculated by the following equation assuming that the transition dipole 

moment is parallel to the “molecular” axis (  = 0 in Figure 1.7).  

2222

22

// cos2sin
sin

// zx

y

e

e

p

s

EE
E

d
d

A
A

A
AD                                                               (21) 

where  is the average tilt angle as illustrated in Figure 1.7. Solving Eq. (21) for  gives 

2/1

222

2

)2(
2

arcsin
yxz

z

EEED
DE

                                                                                 (22) 

    To study the orientation of bentonite platelets instead of molecules, the molecular axis 

in Figure 1.7 is defined as the normal of the (001) surface of bentonite platelets, and a 

uniaxial distribution of transition dipole moments parallel to the (001) surface normal of 

the bentonite platelets is assumed. Due to the well ordered and parallel silica tetrahedral 

layer structure of bentonite platelets which exhibit a transition dipole moment 

perpendicular to the (001) surface of the platelets (see Figure 1.8), the assumption 

proposed in Eq. (21) is valid. Therefore, the Eq. (22) could be used to calculate the 

average tilt angle of bentonite platelets from the measured dichroic ratio.  
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Figure 1.8 Schematic figure of an ideal bentonite platelet orientated at a horizontal ATR 

crystal surface. The dipole moment shown in the figure was due to the out-of-plane Si-O 

stretching and used to calculate the dichroic ratio.  is the tilt angle of the platelet.   

 

 

1.5 Aim and scope of the present work 

The aim of this work was to acquire better fundamental knowledge of the interaction 

between magnetite and two types of silicates: water glass and bentonite, in order to 

improve the agglomeration behavior of the flotation treated magnetite concentrate. Water 

glass (sodium silicate) is used as a dispersing or depressing agent in flotation of 

magnetite. The former function is to improve the separation of mineral particles in the 

pulp, while the latter function is to protect the magnetite surfaces from attachment of the 

collector which is known to cause problems in the subsequent balling process. Sodium 

activated bentonite clay is commonly used as an external binder in iron ore 

agglomeration, owing to its swelling properties. 

Sorption mechanisms of sodium silicate onto the magnetite surface at the molecular 

scale were studied at various pH and silicate concentrations using in-situ ATR-FTIR 

spectroscopy. The effect of calcium ions on sodium silicate sorption was studied because 

of the high concentration of calcium in process water and its potential to affect the 

sorption of flotation reagents. In addition, the competition between sodium silicate and 
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collector (sodium oleate) for the surface was investigated. These studies were performed 

using synthetic iron oxide particles of high surface area (Papers I - III). 

Surface charge and wetting properties of magnetite particles are closely related to the 

flotation and agglomeration behavior of the particles. Therefore, the changes in surface 

charge and wetting properties of magnetite upon sorption of calcium, sodium silicate and 

collector were evaluated using zeta potential and contact angle measurements (Paper 

IV).  

The particle interaction between magnetite and bentonite, including orientation of 

bentonite platelets and possible attachment onto magnetite, has influence on both the wet 

and dry strength of the pellets. An ATR-FTIR based method using polarized infrared 

radiation was adopted and developed to study the orientation of bentonite platelets. The 

orientation of bentonite platelet on magnetite layer under different pH and surface 

conditions was evaluated using dichroic ratio of band at ~1082 cm-1 and a three-layer 

model (Paper V and VI).  
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2. Materials and Methods 

2.1 Materials 

Synthetic magnetite (Fe3O4) and maghemite ( -Fe2O3). Magnetite was synthesized by 

coprecipitation of Fe(II) and Fe(III) chlorides with ammonia solution as described by 

Jolivet et al. and Jarlbring et al. [44-45]. Briefly, iron salt solution containing FeCl2 

(FeCl2·4H2O, Merck) and FeCl3 (FeCl3·6H2O, Merck) with 1: 2 molar ratio and total Fe 

concentration of 1.2 mol·L-1 was prepared and added into 0.9 mol·L-1 ammonia solution 

(25%, Merck) under continuous stirring and bubbling of N2 gas. All the solutions used 

were prepared with deoxygenated deionized water (Milli-Q system, Millipore) unless 

specified in the text. When the addition of iron solution was completed, the formed black 

suspension was stirred under N2 atmosphere for another 20 minutes. The suspension was 

purified with different ways, by either decantation with deoxygenated deionized water 

repeatedly or dialysis purification by using Spectr / Por 2 dialysis membrane (Spectrum). 

The  dialysis purification was performed with deoxygenated deionized water and 

repeated several times until the conductivity of the dialyzed water reduced to about the 

same value as clean deionized water (~ 1.6 S·cm-1). The dialysis purification method 

was found better than decantation considering the reduced exposure of sample to air. The 

resulting black suspension was stored in a desiccator without silica gel desiccatant and 

filled with N2 gas. The solid concentration of this suspension was determined by drying 

an aliquot of suspension in oven at 50°C. The dried powder was used for sample 

characterization and maghemite preparation. The black synthetic magnetite powder was 

heated in oven at 240°C overnight and converted to maghemite which exhibits brown-

reddish color.   

    The crystal structure of the synthetic magnetite and maghemite was confirmed with 

XRD (D5000 X-ray diffractometer, Siemens). The recorded XRD patterns for magnetite 

and maghemite are very similar, as shown in Figure 2.1. This is because magnetite and 

maghemite both have cubic spinel structure, however all the octahedral divalent iron ions 

in magnetite are deficient in maghemite [46-47].  
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Figure 2.1 XRD patterns of magnetite dried at 50°C and maghemite dried at 240°C. 

 

 
Figure 2.2 SEM image of magnetite coated on a glass slide substrate. 

 

 
Figure 2.3 Zeta potential of synthesized magnetite and maghemite as a function of pH in 

10 mmol·L-1 NaCl solution. 
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    The measured BET specific surface area (using surface area analyzer ASAP2000, 

Micrometrics) of magnetite and maghemite varied slightly between batches, but both 

samples have relative high surface area in the range of 80-100 m2·g-1. SEM images 

showed both synthetic magnetite and maghemite have spherical particle shape and 

similar particle size which is in nanometer scale (around 20 nm). 

Magnetite concentrate. The magnetite pellet concentrate (characterized by XRD, see 

Figure 2.4) was obtained from the LKAB Kiruna pelletizing plant. The sampling point is 

after flotation and final magnetic separation. The magnetite mineral has been standing in 

storage for more than two years under ambient conditions and was moist when received. 

The powder sample has a fineness of 85% -45 m measured by screening and a BET 

surface area of about 0.5 m2·g-1 [48]. The particle shape of the magnetite mineral is 

irregular (See Figure 57 in reference [9]). The sample was stored in refrigerator at 4°C and 

dried in oven at 50°C before use.  

 
Figure 2.4 XRD pattern of magnetite concentrate powder. 

 

Soluble Silicates. Two types of soluble sodium silicate were used: Na2SiO3·9H2O 

(analytical grade, Sigma-Aldrich) with SiO2:Na2O weight ratio of 1 and referred to as 

metasilicate in this thesis, and an industrial water glass reagent with SiO2:Na2O weight 

ratio of 3.25 and referred to as Silicate3.25.  

Bentonite clay. Sodium activated calcium bentonite from Milos (Greece) was used. 

Bentonite belongs to the smectite group of 2:1 clay minerals that have swelling 

properties. The BET surface area of dry powder is about 54 m2·g-1. Wet particle size 
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analysis (CILAS 1064) of a concentrated bentonite suspension indicated that 50% of the 

particles are smaller than 4 m and 90% are smaller than 16 m. 1 g·L-1 suspension was 

prepared and used as a stock suspension. 

Collector. Studies presented in this thesis referring to the sorption mechanism of collector 

were carried out with model collector compounds, i.e. sodium oleate (C8H17-HC=CH-

C7H14-COONa, Sigma-Aldrich) and dodecyloxyethoxyethoxyethoxyethyl maleate 

(CH3(CH2)11(OC2H4)4-OC(=O)CH=CH-COOH, Sigma-Aldrich), which are referred to as 

maleate model collector. Flotation collector reagent, Atrac 1563 (Akzo Nobel), was also 

used. 

  

2.2 In situ ATR-FTIR measurements 

2.2.1 In situ sorption-desorption experiments 

Flow-cell ATR-FTIR technique [49-51] was performed to monitor the sorption of silicate 

and model collector species at the magnetite and maghemite surface in situ. The setup 

used for the measurement is shown in Figure 2.5. Iron oxide was deposited on one side of 

the ATR crystal by spreading an aliquot of suspension and drying in a desiccator under 

reduced atmospheric pressure (~300 mBar). A plastic cut-out template of the flow-cell 

was used for iron oxide film preparation so that the area of the film deposited on the 

crystal was regular and same for each measurement. After rinsing the deposited film 

gently with deionized water and drying in desiccator again, the mass of the deposited film 

was weighted. The amount of iron oxide varied to a certain extent (0.3 to 0.9 mg) due to 

minor variation in the concentration of the solid dispersion, losing particles that attached 

to the template or during rinsing. However, semi-quantitative comparisons between the 

recorded spectra were always made with respect to the same amount of iron oxide.  

All the ATR-FTIR spectra were acquired with a Bruker IFS 66v/s FTIR spectrometer 

equipped with a deuterated triglycine sulphate (DTGS) detector. A vertical ATR 

accessory was used and consisted of a trapezoidal shaped ZnSe internal reflection 

element (45 , 50 mm  20 mm  2 mm, totally 25-reflection) and a stainless steel flow-

cell with a 3.5 mL volume single chamber. All spectra were recorded by averaging 256 

scans at a resolution of 4 cm-1 and without ATR correction. The solution was protected 
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with a continuous flow of argon gas and the pH of the solution was controlled with a pH-

titrator (T70, Mettler Toledo). Prior to addition of sorbates to the solution, the iron oxide 

film deposited on ATR crystal was conditioned with background solution (0.01 M NaCl 

or CaCl2 solution or deionized water as stated in the results and discussion chapter) for 1 

h. A single beam spectrum of the background solution was collected as background of the 

solution. Then after addition of a small amount of concentrated solution containing 

sorbates, i.e. silicate and/or collector reagent, into the background solution, IR absorption 

spectra were then recorded at certain time interval during reaction. All experiments were 

performed under ambient temperature (22±1 °C). 

 

pH control

argon

Spectrometer
MCT detector

Peristaltic 
pump

IR source Liquid volume

pH control

argon

Spectrometer
MCT detector

Peristaltic 
pump

IR source Liquid volume  
Figure 2.5 Schematic figure of the in situ ATR-FTIR measurement setup. 

 

2.2.2 Bentonite orientation experiments 

The settling and orientation of bentonite platelets was measured using a horizontal 

trough plate mounted with a multi-reflection ZnSe ATR crystal (80 mm  10 mm  3 

mm, 45°, 13 reflections). The polarization of infrared radiation was achieved with a 

rotatable grid polarizer of aluminium deposited BaF2. The setup of the polarized 

horizontal ATR-FTIR measurement is shown in Figure 2.6. All the spectra were recorded 

under room temperature and atmospheric pressure using double-side forward-backward 

acquisition mode and by averaging 256 scans at a resolution of 4 cm-1. The magnetite 

layer was spreading coated on the ATR crystal. The single beam background spectra of 

ZnSe with a layer of magnetite and water background were recorded.  

After addition of 1 - 2 mL of bentonite aqueous suspension (~0.0125 wt %) into the 

ATR trough, the s- and p-polarized spectra were taken in succession with time. The tilt 
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angle of bentonite platelets settled onto bare ZnSe crystal or magnetite deposited crystal 

is calculated based on the model illustrated in Figure 1.8 and by solving the Eqs. (21)-

(22) using MATLAB code.  

 

 
Figure 2.6 Schematic figure of the polarized HATR-FTIR spectroscopy setup. The color 

of the beam is to help distinguish the path and not to indicate any color dependence. 

 

2.3 Zeta-potential measurements 

    The zeta potential measurements were carried out on synthetic magnetite sample using 

ZetaCompact zeta potential analyzer (CAD, France). An aliquot of the synthesized 

magnetite suspension was dispersed in 40 mL NaCl and CaCl2 electrolyte aqueous 

solutions first, followed by addition of Na2SiO3 and/or maleic acid ester model collector 

to the desired concentration. The concentration of magnetite in the dispersion was ca. 5 

mg·L-1. The pH was adjusted with diluted NaOH and HCl. The electrophoretic mobility 

of particles was recorded and further processed by the Zeta 4 software applying the 

Smoluchowski equation. For each sample, the measurement was repeated three times and 

the final zeta-potential was calculated as an average of the obtained values.  

 

2.3 Batch sorption experiments 

Sorption of Silicate3.25 on magnetite mineral particles was examined using batch 

experiment. 10 g of magnetite concentrate was first added to 40 mL NaCl solution at pH 

9 in a 45 mL polypropylene centrifuge tube and pre-conditioned. Then an aliquot of stock 

Silicate3.25 solution was added into the magnetite suspension and the pH was adjusted 
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and remained at pH 9. The supernatant was filtered using 0.2 m PTFE syringe filter after 

9 h and the silicate concentration was analyzed using blue molybdate method (Silicate 

test kit, Spectroquant). The amount of sorbed silicate was calculated from the difference 

between the initial concentration and the residual concentration of silicate in the 

supernatant.  

The flotation collector Atrac 1563 was added into the water glass pre-treated magnetite 

concentrate slurry prepared in the same way as described above. After 1 h of reaction, the 

supernatant was decanted and the magnetite concentrate was dried in oven at 40°C and 

stored for contact angle measurements.   

 

2.4 Contact angle measurements 

Three different techniques were used to measure the contact angle of synthetic 

magnetite and  magnetite mineral samples. For synthetic magnetite, the sessile drop and 

the Wilhelmy methods were used, and for natural magnetite mineral sample, the 

Washburn method was performed. The advantages and limitations of each method are 

summarized in Table 1.1.     

Sessile drop method.  The measurement was performed using Fibro 1121/1122 Dynamic 

Absorption and Contact Angle Tester (DAT). A magnetite film was coated on a glass 

slide (26 mm  76 mm  1 mm) which was solvent-cleaned with HCl, ethanol, acetone 

and distilled water. The film was deposited on the slide by dip coating into a diluted 

suspension of the synthetic magnetite. After rinsing with deionized water, the film was 

dried and stored in desiccator. Characterization of the film using atomic force microscope 

(AFM, NT-MDT, Ntegra) shows a surface roughness of roughly 10 nm in an area of 1  1 

m2 (Figure 2.7). The advanced contact angle was measured by applying a drop of 

deionized water onto the magnetite film surface with an instrumental controlled 

microsyringe. The drop size was set as 4 L. The spreading of the liquid drop was 

captured by the CCD camera for 10 s and analysed automatically to give the contact 

angle. For each sample, five to eight readings were recorded by changing the location of 

liquid drop on surface, and the averaged contact angle was estimated. Same procedure 

was repeated after modifying the magnetite surface with Ca ions, silicate and collectors.  
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Figure 2.7 Surface roughness characterization of the dip coated magnetite film: (a) AFM 

top view image of the surface within 10 m  10 m scan window size; (b) AFM top 

view image of the surface within 1 m  1 m scan window size; (c) cross-section AFM 

profile of the surface showing height distribution.    

 
Wilhelmy method. The contact angle measurement was done on synthetic magnetite film 

dip coated on glass slide (26 mm  76 mm  1 mm) using Krüss K100 force tensiometer 

(Figure 2.8(a)). The same film dip coating procedure was used as described for sessile 

drop method. Prior to the contact angle measurement, the surface tension of the deionized 

water used as test liquid was determined with Wilhelmy platinum plate. The vessel 

containing water was raised to immerse the sample into water with speed 3 mm·min-1 via 

a motorized platform. The maximum immersion depth was set as 10 mm. The wetting 

force was measured and a force-position curve was recorded and displayed, from which 

the contact angle could be estimated using Eq. (23), 
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cosPF Lwetting                                                                                                        (23) 

where Fwetting is the wetting force, L is the surface tension of the liquid, P is the perimeter 

of the sample probe and  is the contact angle of the sample. 

 

 
(a) (b)(a) (b)

 

Figure 2.8 Photographic images of Krüss K100 force tensiometer showing (a) the 

Wilhelmy and (b) the Washburn measurements. 

 

Washburn method. The water contact angle of magnetite mineral particles was measured 

using Krüss K100 force tensiometer as well but based on the Washburn method. The 

Washburn method, also called capillary penetration method, is measuring the mass of the 

liquid sorbed by the powder sample with time and therefore is more suitable for 

measuring the contact angle of mineral powder sample compared to the Wilhelmy and 

optical tensiometry methods [34]. According to the Washburn theory as expressed in Eq. 

(24), the contact angle could be calculated. 

cos... 22
Lc

t
m                                                                                                         (24) 

where  is the mass of the liquid sorbed by the sample, t  is time,  is the capillary 

constant of the sample which is dependent on the porous structure of the packed solid 

particles,  is the density of the liquid, L is the surface tension of the liquid,  is the 

viscosity of liquid, and  is the contact angle of the sample.  

m c
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    For each single measurement, 1 g of magnetite mineral powder was weighted and 

packed into the glass sample tube with a piece of filter paper plugged at the bottom 

(Figure 2.8(b)). First, n-Hexane was used in the present work as well characterized and 

perfectly wetting liquid to give the capillary constant of the sample (constant c in Eq. 

(24)). The measurement was repeated three times and an average value was used as the 

capillary constant. Then the same procedure was repeated but changed the liquid to 

water. The mass of liquid penetrated and sorbed by the sample was monitored as function 

of time and plotted as mass2 vs. t. Then the water contact angle of sample could be 

obtained from the slope of the curve. For each sample, the measurement was repeated at 

least three times and the averaged value was recorded.  
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3. Results and Discussion 

3.1 Interaction of soluble silicate with synthetic magnetite (Paper I, II) 

3.1.1 Spectra of sodium silicate in aqueous solution 

To evaluate the spectra of sorbed silicate on magnetite, the spectral features of silicate 

species in aqueous solution were examined first. The ATR-FTIR spectra of 10 mmol·L-1 

sodium metasilicate in aqueous solution at different pH are shown in Figure 3.1. The 

experiment started with the highest pH (pH 11.5) and pH was then lowered step by step 

as indicated in Figure 3.1. Due to the transmission limit of the ZnSe crystal and the strong 

absorption of water, the infrared absorption bands of sodium silicate are shown between 

1300 cm-1 and 850 cm-1.  

 

 
Figure 3.1 Infrared spectra of 10 mmol·L-1aqueous sodium metasilicate solutions in the 

pH range 7.5-11.5. 

 

It can be seen from Figure 3.1 that the absorption bands at 885 and 1023 cm-1 were 

prominent in spectrum collected at pH 11.5, and a shoulder at ~1060 cm-1 was observed. 

Lowering the pH from 11.5 to 9.7, the bands at 885 and 1023 cm-1 decreased in intensity 

whereas the shoulder at 1060 cm-1 grew accompanied by a new broad band emerging at 

 29



higher wavenumber. In addition, a weak band emerged with peak frequency at 945 cm-1. 

At the lowest pH studied (~ 7.5), the line shape of the spectrum was similar to the 

spectrum at pH 8.6 with the dominant band at 1122 cm-1 and shoulders at 1090 and 1175 

cm-1. As expected, the spectra showed that the distribution of silicate species is pH 

dependent.  

The distribution of silicate species with pH and concentration in solution was 

calculated based on a silicate speciation model using the formation constants from Felmy 

et al [52] and the WinSGW program [53]. The formation constants and chemical formula of 

each species used in the modelling are compiled in Table 3.1, and the calculated 

thermodynamic equilibrium distribution is plotted in Figure 3.2. As shown in Figure 3.2, 

below 2 mmol·L-1 (the solubility limit of amorphous silica), monomeric silicate species 

SiO2(OH)2
2-, SiO(OH)3

-, and Si(OH)4 are dominant with protons transferred between 

different species as pH is changed. The distribution of silicates becomes more complex 

when the concentration of silicate in solution increases. Silicate species such as dimers, 

trimers, oligomers and larger aggregates will form by condensation of monomers at 

higher concentration, and even silica precipitates under the thermodynamic equilibrium. 

In 10 mmol·L-1 solution under thermodynamic conditions, dimers existed in the pH range 

9 to 13 and silica precipitates formed at lower pH. However, the formation kinetics of 

silica precipitate is rather slow especially at high pH, low ionic strength, and low silica 

concentration, as shown by Icopini et al [54]. The half-life of molybdate-reactive silica 

was longer than 2700 h at silica concentration of 4.2 mmol·L-1 and pH 8 - 9. A silicate 

solution of 12.5 mmol·L-1 at pH 11 with ionic strength of 0.01 mol·L-1 should exhibit a 

same magnitude half-life of silicate anions. Starting at pH 11 would therefore imply that 

the formation of amorphous silica precipitate during the reaction time of the sorption 

experiments is not significant and can be ignored. The formation of colloidal silica is 

strongly limited at high pH but at pH lower than 7 a small proportion of silicic anions 

could be aggregated as polymers and colloidal silica after several hours in 10 mmol·L-1 

silicate solution.  
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Figure 3.2 Distribution diagram of silicate species as a function of pH in (a) 1 mmol·L-1 

and (b) 10 mmol·L-1 aqueous sodium metasilicate solution. 

 
Table 3.1 Speciation model of dilute silicate aqueous solution based on the reaction: pH+ 

+  qSi(OH)4  Hp(Si (OH)4)q
p+. Formation constants from A. Felmy [52]. LogKsp(SiO2,am)= 

-2.71 [55].  

p q Chemical formula log (K°p,q) 

-1 1 SiO(OH)3
- -9.82 

-2 1 SiO2(OH)2
2- -23.27 

-1 2 Si2[-] -8.50 

-2 2 Si2[2-] -19.4 

-3 3 Si3[3-](cyclo) -29.3 

-3 3 Si3[3-](linear) -29.4 

-4 4 Si4[4-](linear) -39.1 

-4 4 Si4[4-](cyclo) -39.2 

-4 4 Si4[4-](sub) -39.1 

-4 4 Si4[2-] -15.6 

-6 6 Si6[6-] -61.8 
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Referring to the distribution diagram of the silicate species (Figure 3.2), the 

predominant species in solution at pH 11.5 is monomeric anions SiO(OH)3
-. Accordingly, 

the most intense band located at 1020 cm-1 together with the band at 885 cm-1 are 

assigned to Si-O stretching vibration of SiO(OH)3
- species. The relatively weak band 

appearing at ~945 cm-1 mainly involve the stretching of Si-OH in Si(OH)4 monomers. 

The strong bands emerging at ~1065, 1122, and 1180 cm-1 as pH was lowered are 

assigned to the stretching vibrations of Si-O-Si entities. With decreasing pH the 

SiO(OH)3
- anions tend to be protonated and possibly further condensed to oligomers and 

polymers. The shift of bands to higher wavenumber upon lowering pH indicates the 

formation of oligomeric or polymeric species. 

 

3.1.2 Sorption and desorption of silicate  

The modulus of sodium silicate (SiO2:Na2O weight ratio) is an important parameter 

used to describe the nature of silicate in mineral processing and many other industrial 

applications. Sodium silicate with high proportion of silica (for instance silicate3.25) is 

often used in flotation plants. However, considering the high content of impurities in the 

industrial reagent water glass, analytical grade chemical sodium metasilicate with high 

purity was used to investigate the interaction characteristics of soluble silicate species 

with magnetite.  

The ATR-FTIR spectra of silicate species sorbed on magnetite from 1 mmol·L-1 

sodium metasilicate and Silicate3.25 (water glass) solutions are shown in Figure 3.3 (a 

and b), respectively. Each spectrum shown was recorded after 40 min of contact (except 

for the spectrum of 1 mmol·L-1 Silicate3.25 solution at pH 7.6, which was recorded after 

60 min) between the silicate solution and the magnetite film.  
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Figure 3.3 ATR-FTIR spectra of silicate adsorbed on magnetite from (a) 1 mmol·L-1 

aqueous sodium metasilicate solution and (b) 1 mmol·L-1 aqueous water glass solution at 

different pH. Spectra are plotted in the same order as the indicated pH-values. 

 
 

The spectral intensity of sorbed silicate (in Figure 3.3) is much higher than that of 

spectra of 10 mmol·L-1 metasilicate solution without magnetite film (see Figure 3.1), 

indicating a significant sorption of silicate onto magnetite. Moreover, the spectral line 

shape provides information about the configuration of silicate species that were sorbed on 

magnetite surface. In Figure 3.3a, the spectrum of sorbed metasilicate at pH 11.2 showed 

a maximum absorbance located at 955 cm-1 and a shoulder at 1020 cm-1. As pH was 

lowered to 10.2, the shoulder at 1020 cm-1 grew significantly and an additional band 

appeared at ~1120 cm-1. As the pH was further decreased to pH 8.3, the band at 1020 cm-

1 became more and more intense and the band at 950 cm-1 appeared more as a shoulder. 

At pH 7.0, the line shape of spectra almost had no change only the intensity of shoulder 

band at ~950 cm-1 decreased slightly.  

The spectral line shape of sorbed silicate on magnetite from Silicate3.25 solution 

showed similar pH dependent changes, although the spectral intensity was higher than 

that of spectra in Figure 3.3a due to the greater amount of magnetite deposited. It 

indicated that the silicate species formed on magnetite surface under comparable 

conditions (pH and silicate concentration) were similar despite the type of silicate 

sources. Moreover, the pH dependence of the speciation, at least for dilute silicate 
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solutions, indicates that the pH value is a more useful parameter rather than the 

SiO2:Na2O weight ratio to reveal information about the silicate species distribution.  

 

 
Figure 3.4 Integrated intensity of sorbed silicate on magnetite from 1 mmol·L-1 

metasilicate (top) and 1 mmol·L-1 Silicate3.25 (bottom) solutions followed by flushing 

with deionized water at different pH. Filled symbols, integrated absorbance of sorbed 

silicate per mg magnetite; open symbols, integrated absorbance of residual silicate sorbed 

on magnetite during desorption; solid lines, pH of solution during the sorption and 

desorption. 

 
The integrated intensity of the absorbance between 1300 and 800 cm-1 at each pH and 

within the reaction time is plotted in Figure 3.4. As a first approximation, it may be 

assumed here that the integrated absorbance in the 1300 - 800 cm-1 region is proportional 

to the amount of sorbed silicate. This assumption is reasonable as long as the surface 

species formed at different pH are similar or exhibit transition dipole moments of similar 

numerical value. If not so, there is no simple linear relation between the integrated 
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absorbance at different pH and the amount of adsorbed species. However, this difficulty 

does not exclude qualitative interpretations in the following analysis. 

The amount of metasilicate or Silicate3.25 sorbed per mg of magnetite was about the 

same (Figure 3.4). A considerable increase in the integrated absorbance was observed 

when the pH was decreased from 11 to 9, and further decreased the pH to 7 only 

contributed to a minor change. In the current measurements, the maximum sorption of 

silicate was observed between pH 9 and 8. However, previous studies of silicate sorption 

onto iron oxides using batch adsorption experiments showed that the maximum sorption 

of silicate appeared at slightly higher pH (around pH 9.5) [56-59]. Decreasing the pH to 7 

did not cause significant desorption of silicate probably due to the non-equilibrium 

situation of the surface reaction and also implies a relatively high affinity of silicate for 

magnetite. 

Above pH 10, the magnetite surface is negatively charged since the point of zero 

charge of magnetite measured in 0.01 M NaCl is about 7, and in solution silicates exist as 

negatively charged anions. Despite this, the silicate anions are readily adsorbed at the 

magnetite surface, as evident from the fast and significant increase in the surface 

concentration of silicate. At lower pH values, neutral surface hydroxyl groups become 

predominant on the magnetite surface and neutral silicate species begin to dominate in 

solution. However, the sorption of silicate increased clearly up to pH 8 (Figure 3.4). 

Therefore, the negatively charged silicate anions (SiO(OH)3
-) and neutral Si(OH)4 species 

both are active adsorbate species, and inner-sphere silicate surface complexes are formed. 

The observed pH dependent sorption properties are consistent with the ligand exchange 

mechanism between surface hydroxyl groups of magnetite and Lewis-base SiO(H) 

groups of silicate anions.  

Besides, the adsorption equilibrium was not reached after 30 min irrespective of pH, 

although the increase in intensity per minute was considerably lowered with time. 

However, there was no significant change in the spectral line shape after 30min, which 

implied that same types of surface silicate species were formed. Accordingly, the spectra 

in Figure 3.3 which were recorded as the last spectrum at each pH value could be used to 

analyze the configuration of surface silicate species. All the spectral changes observed 
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upon sorption indicated a strong surface reaction implying specific sorption of silicate 

species on magnetite. 

Desorption curves in Figure 3.4 were obtained by flushing the flow-cell with deionized 

water at pH 8.2 and pH 6.2, respectively. Prior to the flushing desorption, the silicate 

solution in the flow-cell was emptied after sorption measurement. The extent of silicate 

desorption from magnetite was influenced by pH. Higher pH implied that more of the 

surface species were desorbed and the desorption curve exhibits an initial fast decrease in 

spectral intensity followed by a slower desorption step. A higher desorption rate and 

extent of desorption under alkaline conditions is reasonable considering the natures of 

ligand-exchange reaction and dissociation of silicates. Even after 1.5 h of desorption, 

more than 50% of the sorbed silicate species were still left on the surface. This indicated 

that a certain amount of surface species were firmly attached to the magnetite surface by 

covalent bonds implying the formation of inner-sphere complexes between magnetite and 

silicate species. 

 

3.1.3 Effect of silicate concentration  

    Sorption of silicates on magnetite from 10 mmol·L-1 sodium metasilicate solution 

was performed and the results are shown in Figure 3.5 (a and b). The spectral line shapes 

of sorbed silicate from 10 mmol·L-1 metasilicate solution (as shown in Figure 3.5a) were 

significantly different from spectra of 1 mmol·L-1 solution (Figure 3.3) and the integrated 

intensity of absorbance in the wavenumber range 1300 – 800 cm-1 per mg magnetite 

(Figure 3.5b) was 4 – 5 times larger than that of 1 mmol·L-1 solution (Figure 3.4). The 

broad absorption at pH 11.1 (Figure 3.5a) was apparently composed of three broad bands 

at ~955, 1029, and ~1120 cm-1 with the most intense band at 1029 cm-1. This band shifted 

to 1060 cm-1 as pH was decreased to 7. Simultaneously, the infrared band at 1120 cm-1 

became much stronger. A higher concentration of silicate in solution could further 

facilitate the condensation of silicate monomers at low pH. It is therefore reasonable to 

suggest that the increase in intensity at 1120 cm-1 and 1060 cm-1 was due to the sorption 

of oligomerized or polymerized silicate monomers and possibly the polymerization was 

enhanced at the magnetite surface.  
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Figure 3.5 (a) ATR-FTIR spectra of sorbed silicate on magnetite from 10 mmol·L-1 

sodium metasilicate solution at different pH; (b) Integrated intensity of absorbance 

between 1300 and 800 cm-1 as a function of time at each pH. Filled squares, integrated 

absorbance of adsorbed silicate per mg magnetite; open squares, integrated absorbance of 

residual silicate adsorbed on magnetite during desorption; line, pH of solution.  

 
To exclude the influence of pH, the concentration effect on silicate sorption onto 

magnetite at fixed pH (pH 8.5) was investigated. Figure 3.6 shows the spectra of silicate 

sorbed on magnetite from pH 8.5 metasilicate solutions of different concentrations. At the 

lowest concentration (0.1 mmol·L-1), the recorded spectra were dominated by the band at 

950 cm-1 which was assigned to bidentate monomeric surface species. A shoulder at the 

high frequency side of this band (~ 1000 cm-1) demonstrates the formation of oligomeric 

species. At the highest silicate concentration (5 mmol·L-1), the dominant band at ~1020 

cm-1 is shifted to ~1050 cm-1 upon increased surface loading with reaction time. 

Accordingly, this spectral shift was an indication of increased polymerization of silicate 

species at the magnetite surface resulting from the formation of oligomeric species with a 

higher degree of polymerization, however may simultaneously reflected a change of the 

structure of the silicate oligomers. In addition, sorption from a 5 mmol·L-1 metasilicate 

aqueous solution also exhibits absorption at much higher intensity, viz. at 1100 -1150 cm-

1, which was assigned to a three dimensional framework such as amorphous silica. 

However, the broadness of this band is significantly larger than the half-width of a 

spectrum of amorphous silica particles (not shown) although the peak frequency is almost 
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the same. This might imply that the three dimensional silica framework structure 

eventually will form a silica layer which infrared spectrum is similar to the spectrum of 

amorphous silica particles. It might be speculated that the appearance of such a broad 

band in this region could be due to the number of Si-O-Si units exposed to different 

environments such as in cyclic trimers, mono-substituted cyclic tetramers, cyclic 

tetramers, bridged cyclic tetramers etc. If these units represented slightly different 

vibrational potentials with low activation energy between them, the result should be a 

broadening of the absorption band caused by Si-O vibrations. 

 

 
 
Figure 3.6 ATR-FTIR spectra of sorbed silicate onto magnetite from metasilicate solution 

of different concentrations (0.1, 1 and 5 mmol·L-1 as indicated in the figure) at pH 8.5 and 

with reaction time. 

 

3.1.4 Effect of pH 

The pH dependence of the formation of surface silicate species was examined using 1 

mmol·L-1 sodium metasilicate solution at the pH values: 10.8, 9.5, 8.5, and 7.0, by 

comparing the spectral features, i.e. line shape and integrated intensity. Same as shown 

previously in Figure 3.3, the spectral line shapes were very similar for pH values lower 
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than 9.5, thus only spectra recorded for solutions at pH 10.8 and pH 8.5 were compared. 

Figure 3.7 and Figure 3.8 show the spectra recorded during sorption from 1 mmol·L-1 

metasilicate solution and followed by flushing the magnetite surface with deionized water 

at pH 10.8 and pH 8.5, respectively. 

 

 
Figure 3.7 ATR-FTIR spectra of silicate sorbed from 1 mmol·L-1 sodium metasilicate 

solution onto magnetite (top panel) and residual silicate during desorption (bottom panel) 

at pH 10.8 and with reaction time (as indicated in the figure).   

 

At pH 10.8 (see Figure 3.7), the strongest absorption had its peak position at 952 cm-1 

with a shoulder at ~1020 cm-1. This shoulder is hardly detectable at the beginning of the 

sorption reaction but grows in intensity with the time of reaction. It also seems that the 

absorbance at ~1020 cm-1 upon sorption increased faster relative to the 952 cm-1 band 

than the absorbance at ~1020 cm-1 decreased relative to the 952 cm-1 band during 

desorption. As already discussed above, silicate anions could form inner-sphere surface 

complexes on magnetite, and these spectral changes indicated that different inner-sphere 

surface complexes appeared at the magnetite surface during sorption. In comparison with 

EXAFS results on iron(III)-silica co-precipitate [60], it strongly indicates that the 952 cm-1 

band should be assigned to bidentate monomeric surface species, ( FeO)2-Si(OH)OH or 
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( FeO)2-Si(OH)O-, whilst the shoulder at ~1020 cm-1 should be assigned to oligomeric 

surface silicate species which desorbed slower than monomeric species.  

 

 
Figure 3.8 ATR-FTIR spectra of silicate sorbed on magnetite from 1 mmol·L-1 sodium 

metasilicate solution (top panel) and residual silicate during flushing desorption (bottom 

panel) at pH 8.5. The time dependence of the spectra is indicated in the figure.   

 

At pH 8.5 (Figure 3.8), the oligomeric species is dominating already in the beginning 

of the sorption reaction although the peak frequency of the absorption band appears at 

lower wavenumber (~1000 cm-1). This might indicate a difference in the degree of 

oligomerization with fewer monomer units in the oligomer at low surface loading of 

silicate. Since oligomeric silicate species were not dominants in aqueous solution at this 

low concentration and pH (1 mmol·L-1, Figure 3.2a), it further indicated that the 

polymerization occurred at the magnetite surface. This conclusion is in accordance with 

results from the literature [61-63], showing that polymerization of silicic acid on iron oxide 

surface was promoted at lower pH. At longer sorption times, infrared absorption at 

wavenumbers higher than 1100 cm-1 evolved. This absorption band is consistent with a 

three dimensional polymeric structure such as colloidal silica [64] and would imply that 
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polymerization of silicate occurred at the magnetite surface also at this low concentration 

of silica in solution (1 mmol·L-1).  

 

 
Figure 3.9 Integrated absorbance of silicate sorbed on per mg magnetite showing the pH 

dependence of silicate sorption and desorption. Filled symbols, sorption from 1 mmol·L-1 

sodium metasilicate solution onto magnetite; open symbols, residual silicate on surface 

during desorption. Infrared spectra were integrated between 1300 and 800 cm-1. 

 

The pH dependent sorption of silicate on magnetite could be evaluated semi-

quantitatively by the integrated intensity of bands. The measured absorbance of the 

infrared spectrum is proportional to the square of the vector product between the electric 

field vector of the evanescent field (E), which mainly depends on the thickness of the 

iron oxide layer in the present case, and the transition dipole moment (M), which should 

relate to the configuration of silicate species at the surface. Using an equation proposed 

by Dobson et al. [49], the absorption may be described as, 

t
dA e

iiiii
'                                                                                                (25) 

where Ai is the measured absorbance of the i-species, i is the molar absorption 

coefficient of sorbed surface species, i is the surface loading, i
’ is the apparent surface 
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loading concentration, t is the thickness of the deposited layer on the crystal, de is the 

effective path length determined by the refractive indices of the internal reflection 

element and the medium outside and by the thickness of the layer, angle of incidence, and 

the wavelength of the infrared radiation.  

Except at extremely high pH (pH 10.8) showing a different line shape, the spectral line 

shapes recorded at pH 7.0, 8.5, and 9.5 were very similar indicating similar silicate 

species formed on the magnetite surface and the relative amount of these species were 

also similar. Then it is reasonable to assume that the molar absorption coefficients of 

silicate surface species formed at these pH values are changing slightly with the surface 

loading or experiencing a comparable extent of changes. Therefore, the integrated 

absorbance intensity should be proportional to the amount of sorbed silicate on 

magnetite. Since for each pH a new magnetite film was used to plot the integrated 

absorbance-time curve in Figure 3.9, the amount of magnetite film varied slightly. The 

mass of the deposited magnetite layer varied from 1.0 mg to 0.3 mg. Thus the integrated 

absorbance per mg magnetite was adopted.  

Despite of the uncertainty of the de/t ratio in Eq. (25) that restricted the application of 

accurate quantitative comparison between spectra recorded at different pH, the observed 

time dependent trend of silicate sorption onto magnetite should be true in this pH range. 

It should be noticed that the line shape and peak frequency position of the absorption 

bands at pH 10.8 is different from the ones at lower pHs (Figure 3.9) and therefore a 

direct comparison of sorbed amounts between high (10.8) and low (9.5 – 7.0) pH values 

in Figure 3.9 is more uncertain. However, it seems still plausible to suggest that the 

highest pH value imply a lower amount of sorbed silica, which is also supported by 

results from others.  

Desorption experiments were carried out directly after sorption at each pH. It is clear 

that more silicate was desorbed at pH 10.8 than lower pHs (Figure 3.9), which is 

consistent with previous observation (Figure 3.4). High pH would imply an enhanced 

detachment of sorbed silicate as ions in accordance with the silica dissociation 

mechanism [65] and an increased electrostatic repulsion between magnetite surface and 

silicate species which should facilitate the desorption and inhibit the resorption as well. 

However, the formation of oligomeric surface silicate species at low pH implied stronger 
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interaction with the magnetite surface since each species may offer many Fe-O-Si bonds 

with the surface. Although the desorption rate seemed to be higher in the beginning of the 

desorption reaction, an equilibrium plateau value was not reached within 1.5 hours. 

 

3.1.5 Effect of calcium ions 

The effect of calcium ions on silicate sorption onto magnetite surface was investigated 

using ATR-FTIR spectroscopy. The magnetite film was firstly exposured to 10 mmol·L-1 

CaCl2 solution for 1 h, and then an aliquot of metasilicate stock solution was added to the 

electrolyte solution. The sorption started at the highest pH (pH 10.6) and then lowered to 

pH 4.5 in several steps. The spectra of sorbed silicate at each pH are plotted in Figure 

3.10a, and the integrated absorbances of sorbed silicate during sorption are shown in 

Figure 3.10b. Comparing the spectral features of sorbed silicate on magnetite with 

presence of 10 mmol·L-1 CaCl2 (Figure 3.10a) to calcium free sodium silicate systems 

(Figures 3.3 and 3.7), it is clear that the polymerization of silicate at the surface was 

enhanced at pH 10.6, as evidenced by the appearing of the most intense band around 

1015 cm-1. At lower pH, same as in the Ca free silicate solution, the degree of silicate 

polymerization on the surface of magnetite was further increased.  

    In Figure 3.10 (b), the integrated intensity of silicate bands at pH 10.6 increased much 

more significantly compared to the calcium free system (Figure 3.4) indicating a 

promoted sorption of silicate. Lowering the pH from 10.6 to 9.4 only resulted in a minor 

increase in the integrated intensity, and further decreasing pH to 4.5 the integrated 

intensity almost remained constant. Earlier studies have shown that the presence of 

calcium ions, especially at high pH, promotes the adsorption of oxyanions, such as 

orthophosphate, sulfate and carbonate at the surface of metal oxides [66-69]. This observed 

calcium effect was attributed to the reduction of electrostatic repulsion between surface 

and oxyanions upon adsorption of positively charged calcium. The adsorption of Ca-

oxyanion ion pairs to the already adsorbed oxyanion at surface was also an explanation, 

which was supported by the fact that calcium could be adsorbed at much lower pH. 

However, the favourable sorption pH for silicate species is in alkaline range same as for 

calcium ions. Therefore, at high pH the presence of calcium ions promoted the 
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oligomerization of silicates at the surface possibly due to the increased local surface 

concentration of silicate by additional sorption of deprotonated silicate species to the 

adsorbed calcium. At acidic pH range the calcium effect on silicate sorption was less 

significant.  

 

 
Figure 3.10 (Unpublished data) (a) ATR-FTIR spectra of 10 mmol·L-1 CaCl2 solution 

containing 1 mmol·L-1 sodium metasilicate in contact with magnetite at different pH (as 

indicated along the spectra) and 500 times scaled second derivative spectra at pH 10.6 

and 4.5 respectively at the bottom. (b) Integrated intensity between 1250 and 800 cm-1 

per mg magnetite as a function of time at each pH. Filled symbols: integrated absorbance 

of adsorbed silicate per mg magnetite; lines: solution pH.  

 

3.1.6 Comparison between magnetite and maghemite 

An often appearing question is whether the surface of the magnetite particles, which 

during experimental handling may be exposed to air, represents magnetite or is to some 

extent oxidized to maghemite, especially for synthetic magnetite nano-particles. The 

crystal structure of magnetite and maghemite are similar both representing cubic spinel 

structure with tetrahedral and octahedral sites. However, all or most of the octahedral 
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Fe(II) in magnetite are deficient in maghemite implying a slightly smaller unit cell 

volume as compared with magnetite [46]. 

 

 
 
Figure 3.11 ATR-FTIR spectra of sorbed silicate onto maghemite from metasilicate 

solutions of different concentrations (0.4, 1, and 5 mmol·L-1) at pH 8.5 and with reaction 

time as indicated in the figure. 

 

The spectra of silicate sorbed on maghemite from 1 and 5 mmol·L-1 metasilicate 

solutions respectively at pH 8.5 are plotted in Figure 3.11. The spectra were very similar 

to the spectra of silicate sorbed on magnetite in Figure 3.6. The surface species assigned 

for magnetite are also valid for maghemite, that is to say, monomeric silicate species 

dominated at low silicate surface concentration whereas oligomeric species became more 

frequent at higher concentration and longer reaction times. Similar spectra of silicate 

sorbed at the surface of ferrihydrite were reported by Swedlund et al [62, 70]. It seems to be 

silicate sorbed to iron oxide in a very similar way, however the formation of surface 

species was dependent on the surface loading or surface concentration of silicate.   
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Figure 3.12 Normalized spectra of silicate sorbed on magnetite and maghemite from 5 

mmol·L-1 metasilicate solution at pH 8.5 and after 150 min of reaction.  

 

A closer comparison between the normalized spectra of silicate sorbed onto magnetite 

and maghemite from 5 mmol·L-1 solution shows slight changes in spectral features (see 

Figure 3.12). The spectrum of silicate sorbed onto maghemite was slightly shifted to 

higher wavenumber. In addition, the relative intensity of the bands was also different. A 

higher intensity of the band at 1150 cm-1 for the silicate-maghemite system than that for 

silicate on magnetite suggested that the three dimensional silica phase was more readily 

formed on maghemite as compared with magnetite. 

The amount of silicate sorbed on magnetite was higher by a factor of 3 - 5 as compared 

with maghemite. The large difference in the silicate sorption capacity reflects the 

difference of surface reactivity. However, the measured N2 sorption BET surface area is 

98 m2·g-1 for magnetite and 87 m2·g-1 for maghemite, and the particle sizes of the two 

synthesized iron oxides are also similar. In addition, the points of zero charge of both 

types of iron oxide particles are also close (~ pH 7, see Figure 2.3). As determined by the 

potentiometric titrations, the number of proton active surface sites is about 0.8 sites·nm-2 

for maghemite [45, 56] and 5.2 sites·nm-2 for magnetite [71]. It is therefore proposed here 

that the number of active surface sites is the main cause of magnetite being a more 

efficient sorbent for silicate species than maghemite.  
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Figure 3.13 Integrated absorbance of silicate sorbed per mg iron oxide showing at pH 8.5 

the sorption of silicate from metasilicate solutions of different silicate concentrations (as 

indicated in the figures) and desorption by flushing with deionized water: (a) magnetite, 

(b) maghemite. Filled symbols, sorption; open symbols, residual silicate on surface 

during desorption. Infrared spectra were integrated between 1300 and 800 cm-1. 

 

3.2 Competitive sorption of silicate and oleate collector onto magnetite (Paper III) 

3.2.1 Substitution of silicate for oleate 

    Sodium silicate anions were first allowed to sorb onto magnetite from solutions at 

various concentrations for 100 min. Then an aliquot of oleate stock solution was added to 

the silicate solution to make a 0.1 mmol·L-1 oleate solution. The solution was 

continuously circulated through the flow cell monitoring the infrared spectra of surface 

species and the spectra recorded after 80 min are shown in Figure 3.14a, and the 
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corresponding integrated absorbances of oleate in the C-H stretching region are plotted 

versus the initial silicate concentration in Figure 3.14b. As evidenced by the spectral 

results, oleate could still be adsorbed on the silicate modified magnetite surface but the 

amount of adsorbed oleate decreased with increasing concentration of silicate (0.1 - 5 

mmol·L-1). This depression effect became much more significant when the concentration 

of sodium silicate was higher than 0.4 mmol·L-1 above which more dimers or oligomeric 

silicate species were formed at the magnetite surface.   

 

 
Figure 3.14 (a) Spectra of sodium silicate (0.1, 0.4, 1, and 5 mmol·L-1, as indicated along 

the individual spectrum) and sodium oleate (0.1 mmol·L-1) solutions in contact with 

silicate pre-treated magnetite at pH 8.5; (b) Integrated absorbance of C-H stretching 

between 3000 and 2800 cm-1 for spectra in panel (a) (Line is guide for the eye).  

  

3.2.2 Substitution of oleate for silicate 

    Similar experiments as described above were carried out to examine the competitive 

behavior between silicate and oleate for the magnetite surface by using the inverted 

addition sequence of silicate and oleate. Figure 3.15 shows that the effect of addition of 

silicate on oleate adsorption to magnetite surface which was already pretreated with 0.1 

mmol·L-1 of sodium oleate solution for ca. 80 min. It is clear from Figure 3.15 that the 

amount of adsorbed oleate only decreased a little upon addition of silicate, implying that 

silicate could not easily replace oleate at the magnetite surface. This results also supports 

the conclusion that oleate was chemisorbed at the magnetite surface under the current 

conditions. In addition, the spectral intensities in the wavenumber range 1200 – 850 cm-1, 
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due to silicate sorption, also increased with increasing silicate concentration, however the 

band shape and peak positions were slightly different as compared with spectra recorded 

from oleate free silicate solutions (see Figure 3.6). For 1 and 5 mmol·L-1 silicate 

solutions, the bands in this region clearly appeared at lower wavenumber and the 

intensity of the band at about 1120 cm-1 was strongly diminished relative to the most 

intense band in the spectrum. These differences in spectral features indicated a less 

extensive or slower rate of oligomerization or polymerization of silicate when the surface 

was pre-treated with oleate.  

 

 
Figure 3.15 (a) Infrared spectra of adsorbed sodium oleate (0.1 mmol·L-1) and silicate 

(0.01, 0.06, 0.2, 1, and 5 mmol·L-1, as indicated along the individual spectrum) on oleate-

pretreated magnetite at pH 8.5; (b) integrated absorbance of C-H stretching between 3000 

and 2800 cm-1 for spectra in panel (a) (Line is guide for the eye).  

 

3.3 Surface properties of modified magnetite (Paper IV) 

3.3.1 Zeta potential of surface modified magnetite  

The zeta potential values of synthetic magnetite particles treated with different 

solutions are plotted as a function of pH in Figure 3.16. The pH has effect on silicate 

speciation at the magnetite surface and consequently affects the surface charge of 

magnetite. In 1 mmol·L-1 of sodium metasilicate solution, the PZC value of magnetite 

was shifted from pH ~7 to pH ~5.5, indicating a specific sorption of silicate on magnetite. 

This is consistent with conclusion from the spectral results and also from literature [72-74]. 
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However, as can be seen in Figure 3.16, at pH between 3 and 5 the magnetite surface was 

still positively charged, although the surface was more negatively charged due to the 

sorption of silicate species. This indicates that the surface was not completely covered by 

silicate species which are supposed to be either neural or negatively charged. According 

to the spectral evidence, under similar conditions, oligomeric and monomeric silicate 

species should be formed at the surface. Therefore, it implies that the oligomerization or 

polymerization was developed either by sorption of monomeric silicates onto a sorbed 

silicate species at the surface before saturation of surface sites (monolayer coverage) or 

by sorption of dimeric or oligomeric species directly from solution.  

 

 
Figure 3.16 Zeta potential of synthetic magnetite as a function of pH in solutions 

containing NaCl, CaCl2 and sodium metasilicate as indicated in the Figure. The lines 

connecting experimental data points are guides for the eye.  

 

Calcium ions made the magnetite surface positively charged above the PZC of as-

synthesized magnetite (pH ~ 7) and the extent of this charging increased with pH (Figure 

3.16, filled circles), due to the enhanced adsorption of calcium ions on magnetite at high 

pH [66, 75]. Furthermore, the positive surface charge of magnetite particles in the lower pH 

range (pH 3 – 7) was also slightly increased by calcium ions (Figure 3.16, filled circles) 
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indicating the interaction between calcium and magnetite surface at pH even below PZC, 

at which the surface and the calcium ions were both positively charged. Similar results 

were reported for magnetite [5, 75], hematite [76], and alumina [77]. This is an indication of 

specific adsorption of calcium, although the adsorption is limited at lower pH than PZC 

due to the unfavorable electrostatic environment [66, 78].  

When sodium silicate and calcium ions were together in solution (Figure 3.16, open 

symbols), above pH 6.5 the negative surface charge of magnetite was reduced compared 

to  only sodium silicate modified surface. The zeta potential remained almost constant 

until the pH was increased to higher value than pH 9.5 where a slight increase in surface 

charge was observed. This increase of net surface charge is attributed to the increased 

adsorption of calcium and decreased sorption of silicate species at pH > 9.5. In addition, 

the reduction of negative zeta potential was enhanced with a larger molar ratio of calcium 

ions to sodium silicate in solution. Below pH 6.5, the surface charge increased with pH 

decreasing, although the surface charge was still less positively charged between pH 6.5 

and 4 compared with clean magnetite surface. Therefore, a high concentration of calcium 

would seriously affect the efficiency of sodium silicate dispersing agent in flotation, 

especially at high pH. 

    When the maleate model collector compound was added to the CaCl2 and metasilicate 

mixture solution to a concentration of 25 mg·L-1, the measured zeta-potential of 

magnetite particles decreased to -15.5 mV and remained almost constant in the pH range 

between 5.5 and 10 (shown in Figure 3a, Paper IV). This is due to the adsorption of the 

anionic surfactant on magnetite and the anionic surfactant was probably adsorbed via the 

already adsorbed calcium ions at the surface. Although the magnetite particles became 

more negatively charged than in a surfactant free system, the surface charging efficiency 

of sodium silicate at high pH was still depressed.   

 

3.3.2 Water contact angle

1) Sessile drop method 

The effects of surface modification by calcium, sodium silicate and surfactants on 

water contact angle of magnetite films were examined. The static contact angle of the 

magnetite film was measured by static sessile drop method using 6.5 stroke pulse and 4.0 
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L liquid drop size. The average values of 10 measurements with standard deviation are 

plotted in Figure 3.17, and the corresponding surface modifications are described in 

Table 3.2.  

 
Figure 3.17 (Unpublished data) Contact angles of synthesized magnetite at various 

modification steps, according to Table 3.2. Modification step 5 refers to the adsorption of 

maleate model collector (filled triangles) and Atrac (open squares), respectively. The 

surface modification steps are described in Table 3.2.  

 

Table 3.2 Consecutive surface modifications as referred in Figure 3.17. 

Step Surface modification 

0 As-synthesized magnetite 

 Ca 
4mM 

Silicate 
0.4 mM 

Collector 
25 mg/L Duration 

1 +   2 hours 
2 + +  5 min 
3 + +  10 min 
4 + +  15 min 
5 + + + 20 min 
6 + +  1 day 

+ denotes the species present in the aqueous solution (pH 8.5). 

 



The measured water contact angle of the as-synthesized magnetite film was about 14 ± 

2° (Figure 3.17). This low contact angle is characteristic of a hydrophilic and high energy 

surface deriving from the polar (acid-base) interaction including hydrogen bonding 

between abundant Fe-O(H) surface groups and water molecules. However, the value 

measured for the magnetite film prepared by spread coating was slightly higher, viz 21 ± 

2° (Paper IV). A value of  12 ± 2° for spherical nano-particles with a mean size of 11 ± 2 

nm was found in the literature [79]. This small difference may be associated with the 

surface roughness of the films and the surface imperfections. Water contact angle of the 

as-synthesized magnetite was concluded to be in the range of 12 - 23°.   

Exposure of the magnetite film to CaCl2 and metasilicate solution for 15 min (surface 

modification step 4) increased the water contact angle slightly to 22 ± 3°. However, the 

sorption of Ca and silicate species was expected to increase the surface hydrophilicity by 

increasing the polarity of the surface and/or the amount of surface hydroxyl groups. The 

measuring method used seems not to be accurate enough to reveal this effect. After 

surface modification step 5, Atrac or model collector was adsorbed onto the magnetite 

film. The water contact angle values were increased significantly to 49 ± 3° by adsorption 

of Atrac and 42 ± 2° by adsorption maleate model collector.  

Conditioning the magnetite film after modification step 5 with solution of CaCl2 and 

metasilicate in step 6 for 1 day, the contact angle was lowered to ~21°. This is an 

indication of increased surface hydrophilicity due to either desorption of surfactant or 

substitution of surfactant for soluble silicate species. This finding implies that the 

restoration of collector contaminated magnetite concentration is possible by conditioning 

the magnetite particles with sodium silicate, which will be beneficial for the subsequent 

balling of magnetite concentrate to green pellets after flotation.  

 
2) Wilhelmy method 

    Both advancing and receding contact angles can be measured by the Wilhelmy 

method. The measured Wilhelmy force-position curves for one magnetite film after 

consecutive surface modifications are shown in Figure 3.18. The lower curve line was 

obtained when immersed the film into water and used to calculate the advancing contact 

angle from Eq. (23), and the upper curve line was obtained when pulling out the sample 
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from water and used for calculation of receding contact angle. The difference between the 

advancing angle and receding angle is a measure of the contact angle hysteresis. The 

irregularities in the advancing curves, especially for magnetite film before any surface 

modification, are probably associated with the surface roughness of the film. Thus, only 

the smooth portion of the force-position curve was taken for the calculation of contact 

angle. The measurements carried out on bare glass slides were used to exclude the 

possible substrate influence. 

 
Figure 3.18 (Unpublished data) The Wilhelmy force-position curves of a magnetite film 

dip-coated on glass slide after consecutive surface modifications as indicated in the 

figure.  

 
The average values of the measured advancing contact angles are plotted in Figure 

3.19. All the measured receding angles were zero, same as observed by others [35, 80], 

probably due to the films were still wetted by the water imbibed into the porous of the 

film. The water contact angle of as-synthesized magnetite film ranged from 13 to 33°, 

and the average value of 8 measurements was 23°. This average value is close but slightly 

higher than the values measured by the sessile drop method (12 - 23°). After exposure the 

film to 1 mmol·L-1 metasilicate and 4 mmol·L-1 CaCl2 solution for 10 min, the contact 

angle decreased about 7°. After 14 hours of exposure, the contact angle further decreased 

to below 10°, indicating the surface became more hydrophilic. The following exposure of 
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the film to 25 mg·L-1 maleate model collector solution for only 10 min resulted in an 

increase of the contact angle to about 30°. With longer exposure time (14 h) to the 

collector, the contact angle of the magnetite film increased up to about 70°. However, the 

contact angle of the same surface measured by the sessile drop method reached 42º after 

20 min exposure and 45º after 60 min exposure (see Figure 4 in Paper IV). Therefore, it 

seems that the Wilhelmy method is more sensitive to the changes in hydrophilicity at low 

contact angle.  

 
Figure 3.19 (Unpublished data) Contact angle of bare glass slide and synthetic magnetite 

film dip coated on glass slide after consecutive modifications with 4 mmol·L-1 CaCl2 and 

1 mmol·L-1 metasilicate (a) and 25 mg·L-1 maleate model collector (b) measured by the 

Wilhelmy method. The data points and error bars were the average values ± standard 

deviations of measurements. (Line connecting the experimental data points is guide for 

the eye.)  

 
Adsorption of anionic surfactants with long hydrocarbon chain makes the surface more 

hydrophobic because the polar interaction between surface and water is decreased. 

Somasundaran et al. found that adsorption of sodium dodecyl sulphate (SDS) made 

alumina more negatively charged and more hydrophobic with increased surface excess of 

SDS but below the critical micelle concentration [81]. Likewise, flotation recovery of 

hematite was found to be correlated with the adsorption density of oleate on hematite [82]. 
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The adsorption density of surfactant reveals the aggregation degree of the surfactant 

species at the surface and consequently determines the hydrophobicity of the surface [83]. 

The formation of a bilayer structure of surfactant at the surface results in a decrease in the 

hydrophobicity. In the present work, no decrease in contact angle was observed for the 

collector modified surface, possibly indicating a monolayer structure of collector was 

formed at the surface of magnetite film under current conditions.  

Furthermore, the larger the advancing contact angle is, the greater hysteresis observed 

(Figure 3.18). The significant contact angle hysteresis implies the chemical heterogeneity 

of the surface upon sorption of surfactant. The hydrophobic micro-domains formed at the 

surface resulted in an increased advancing contact angle but seems to have insignificant 

effect on the receding angle for a hydrophilic surface.  

The tendency of contact angle changes upon sorption of calcium, sodium silicate and 

collector determined by the Wilhelmy method is in good agreement with the results of 

sessile drop method. The collector modified magnetite surface is still hydrophilic (  < 

90°), however, the hydrophobic domains formed at the surface may result in a poorer 

wetting and easier attachment of air bubbles.  

In the industrial flotation process, the adsorption density of silicate and collector on the 

magnetite concentrate particles should be lower than the density on the studied magnetite 

nano-particles. Thus the wettability of the magnetite mineral particles may be different 

from the synthesized magnetite particles. However, the tendency of changes in 

wettability upon interaction with flotation reagents is expected to be the same. 

Accordingly, an interesting implication of the results for magnetite flotation and 

agglomeration is that the decreased hydrophilicity of magnetite by attachment of 

collector could be improved by further chemical conditioning with sodium silicate (water 

glass).     

 

3.4 Wettability of magnetite concentrate 

The wet strength of agglomerates is influenced by the wettability of particles [19, 30]; 

however, no reliable correlation between the wet strength of agglomerates and the contact 

angle of agglomeration feed has been determined experimentally yet. Therefore, in this 

section, the wettability of magnetite concentrate obtained from the LKAB Kiruna 
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pelletizing plant was assessed and also the changes in wettability upon surface 

modifications.   

 
 

Figure 3.20 (Unpublished data) Washburn water contact angles of magnetite concentrate 

as received, NaOH cleaned, and water glass modified. The water glass modification was 

carried out on the as received magnetite concentrate and the sorption amount of water 

glass was shown by the right Y-axis. Line connecting data points is guide for the eye. 

 

The Washburn water contact angles of magnetite concentrate as received, NaOH 

cleaned and water glass modified are plotted in Figure 3.20. The water glass modification 

was carried out on the as received magnetite concentrate directly by exposure to 

Silicate3.25 in 0.01 M NaCl solution at pH 9.0 for 9 hours. The contact angle of the as-

received magnetite concentrate is about 40º. The value increased to an even higher value 

(57 ± 15º) after washing the sample with 0.1 M NaOH solution and deionized water. 

Likewise, upon washing the magnetite with 0.01 M NaCl at pH 9.0 (dosage of 

Silicate3.25 = 0), a contact angle of 57 ± 5º was also observed. Sorption of water glass to 

magnetite clearly decreased its contact angle and this decreasing effect increased with 

silicate surface loading on magnetite. At the highest water glass dosage (3 mg / g Magn), 

the contact angle is 28 ± 3º.  
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Since the magnetite concentrate had been earlier subjected to flotation, the surface of 

the as-received concentrate is supposed to be contaminated by the residues of water glass 

and collector and other ions or molecules in the process water. The sorbed water glass 

and collector can be partly removed by alkaline washing. The removal of collector should 

increase the surface hydrophilicity, while desorption of water glass should instead 

decrease the hydrophilicity. Infrared spectral results showed silicate was desorbed from 

the magnetite surface at pH 8.5 faster than the maleate model collector [84]. Thus it is 

possible that the overall outcome results in an increased contact angle of magnetite 

mineral particles.  

The water contact angle of this NaOH washed magnetite concentrate sample is 57 ± 

15°. However, a much higher Washburn water contact angle value (72 – 76º) for 

magnetite mineral (MagniF25, Minelco) with particle size in the range of  0 - 146 m and 

irregular particle shape was reported [85]. Water contact angle of 46° for magnetite 

concentrate with particle size 86% - 74 m was also found in the literature [86]. Iveson et 

al. measured the water contact angle of iron ore with different composition of hematite 

and goethite and found the contact angle of iron ore increased with increased portion of 

hematite [30, 87]. They suggested the contact angles of pure hematite (53 ± 10º) and 

goethite (8 ± 10º) and attributed the better wettability of goethite mainly to the greater 

density of surface hydroxyl groups of goethite than hematite. Shang et al. found that the 

water contact angles of synthetic goethite (~ 1.8 m) and hematite (~ 0.15 m) colloids 

measured by sessile drop method and Wilhelmy plate method varied and suggested 

values of 25º and 45º for goethite and hematite, respectively [35].  

The contact angle of particles was found to be independent of particle size for micro-

particles [36, 85, 88], however, the wettability of magnetite micro-particles can be 

significantly different from synthetic nano-particles due to the higher surface free energy 

caused by the extremely small particles size of the latter. Comparing the contact angles 

measured for synthetic magnetite (12 - 23º, ~ 20 nm) and magnetite concentrate particles 

(57 ± 15°, 85% - 45 m), a larger contact angle was observed for the larger particles.  

At fixed dosage level of Silicate3.25 (1.0 mg/g magnetite, or ca. 1.1 mmol L-1 [Si]) and 

pre-conditioning for 1 h, the magnetite particles were exposed to Atrac in NaCl or CaCl2 

solution for 20 min. The measured Washburn water contact angles are plotted in Figure 
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3.21. The presence of calcium ions increased the contact angle of magnetite due to the 

enhanced adsorption of collector via calcium in accordance with the spectral evidence 

reported by Potapova et al. [84].  

 
Figure 3.21 (Unpublished data) Washburn water contact angle of magnetite mineral 

particles upon modification of the surface with Silicate3.25 and collector Atrac in NaCl 

or CaCl2 solution at pH 9.0. Line connecting the data points is guide for the eye. 

 

The industrial dosages of water glass and collector Atrac at the Kiruna flotation plant, 

for instance, normally are about 300 - 500 g/t magnetite concentrate and 30 - 70 g/t 

magnetite concentrate, respectively, which are within the studied concentration range 

here. A higher amount of sorbed water glass per unit surface area is expected to result in 

a better wetting, whereas a high adsorption amount of collector (before bilayer structure 

formation) has opposite effect. With a contact angle of 60°, the surface still remained in 

the hydrophilic domain (  < 90 º) which implies that the particles may not be 

hydrophobic enough to be floatable. However the relatively high contact angle implies a 

poor wetting and may result in air inclusions inside the structure of the magnetite 

agglomerates. The embedded air inclusions reduce the wet strength of the agglomerates 

due to the breakage of the agglomerates along the pore structures [7]. 
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3.6 Interaction of bentonite with synthetic magnetite (Paper V, VI) 

Diluted bentonite suspension (~ 0.0125 wt %) was used to obtain well delaminated 

bentonite platelets. The interaction of bentonite with magnetite was investigated by 

means of settling of these platelets onto a layer of magnetite nano-particles. The 

magnetite layer was deposited on a horizontal ZnSe crystal to be able to examine the 

orientation of the platelets by polarized ATR-FTIR. Bentonite suspensions at pH 5.6 and 

pH 9.5 were used to examine the pH effect on the orientation of bentonite platelets. Also, 

the magnetite layer was modified with calcium ions and sodium silicate, which is likely 

to be the case of industrial agglomeration process, to further reveal the possible function 

of surface charge in the interaction between bentonite and magnetite.   

3.6.1 Spectra of bentonite and estimation of film thickness 

A volume of 1 - 2 mL bentonite suspension at pH 5.6 or pH 9.5 was spread on a bare 

ZnSe crystal or crystal coated with magnetite nano-particles and poured away after 5 h of 

settling. After rinsing with deionized water and gentle blow-drying with argon gas, a thin 

bentonite film was deposited on the substrate. The ATR-FTIR spectrum of a dry 

bentonite film is shown in Figure 3.22, having the most intense bands in the wavenumber 

region 1150 - 950 cm-1. With the help of second derivative spectrum, four bands were 

distinguished in this wavenumber region, viz. at 1119, 1085, 1044, and 1015 cm-1. These 

bands were assigned to the Si-O stretching vibrations. In addition, weak bands at 917, 

884, and 844 cm-1 were observed due to bending vibration of the metal-OH entities 

within the bentonite structure [64, 89]. Moreover, the most important assignments for 

polarized infrared measurements are the directions of the dipole moments caused by Si-O 

vibrations. The band located around 1085 cm-1 was assigned to a transition dipole 

moment perpendicular to the (001) surface of bentonite (out-of-plane Si-O stretching) [89-

92] (see Figure 1.8). The intensities of this band in As and Ap spectra were used for 

dichroic ratio calculation. The intensity of the most intense band at 1044 cm-1 was used 

for estimation of the film thickness.  

 

 60



 
Figure 3.22 Infrared spectrum of dry bentonite film deposit on horizontal ZnSe ATR 

crystal and the corresponding second derivative spectrum (multiplied by a factor of 200).  

 

The thickness of the bentonite deposit on the horizontal ZnSe crystal or on the 

magnetite film was estimated using transmission IR spectroscopy. The intensity of the 

(Si-O) band at 1044 cm-1 was utilized to estimate the film thickness by using an already 

measured absorption coefficient for Wyoming montmorillonite [89]. Although the used 

bentonite clay contains only about 80% montmorillonite, the absorption coefficient of 

montmorillonite is assumed to be sufficiently good to make an estimation of the thickness 

of the bentonite film. The thickness of the bentonite film, d, was calculated by,  

1044
1044 )10ln( Aa

Ad                                                                                                  (26) 

where A is the peak absorbance of the Si-O band at 1044 cm-1, and a is the linear 

absorption coefficient as in Eq. (8), and  is the Napierian attenuation coefficient of the 

Si-O band [93]. According to Johnston et al. [89], the experimentally determined coefficient 

 is 3.60  104 cm-1 for Wyoming montmorillonite. The thickness of the bentonite film 

deposited on the bare ZnSe crystal varied within the range 9 - 16 nm. In corresponding 

experiments with bentonite deposited on magnetite coated crystal, the thickness of the 

bentonite film varied between 53 and 79 nm. These thicknesses of the bentonite film are 

far below the penetration depth of the infrared radiation, which could easily be checked 

by recording a spectrum of water on the bentonite film. The effective penetration depth of 
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s-polarized light into water on a 13-reflection crystal at 1635 cm-1 was calculated to be 

420 nm, using Eq. (9) and a molar absorption coefficient of 22.1 L mol-1 cm-1. The 

penetration depth for p-polarized light is even larger. A Gibb’s surface excess of water at 

the bentonite surface was not considered since it has been shown that this quantity is 

negligible even if the absorption coefficient of interfacial water would be 10 times larger 

than in bulk water [94]. Thus, the bentonite film is thin enough to be penetrated by the 

infrared light and the thin layer approximation seems reasonable.   

 

3.6.2 Orientation of bentonite platelets on ZnSe 

The polarized ATR-FTIR spectra of bentonite platelets in wet film, i.e. covered by the 

aqueous suspension, and in dry film settled onto the ZnSe crystal are shown in Figure 

3.23 (a,b). The spectral intensity of the wet film increased with time, indicating the 

settling of platelets onto the crystal surface. The spectra are sensitive to the polarization 

of the incident infrared beam. The resolved band positions in the wavenumber range of 

1000 – 1150 cm-1 of the polarized spectra are slightly left shifted (2 cm-1) compared to 

the normal infrared spectrum (Figure 3.22). The most prominent difference between the 

two directions of polarization is the significantly higher intensity of the band at ~1082 

cm-1 in the Ap spectrum (Figure 3.23). This implies a low dichroic ratio (As/Ap) and 

indicates that the bentonite platelets are oriented on the ZnSe crystal with their (001) 

surfaces preferentially parallel to the surface of the crystal. Curve fitting of the As and Ap 

spectra in Figure 3.23 was accomplished by using component bands with peak positions 

at 1117, 1084, 1042, 1013, 917, 884, and 840 cm-1. The shape (Gauss or Lorentz shape) 

and position of the component bands were optimized by the OPUS program using the 

Levenberg–Marquardt algorithm. The band positions varied slightly within 2 to 5 cm-1. 

The dichroic ratio of the 1084 cm-1 band calculated from the simulated band intensities 

are summarized in Table 3.3. 
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Figure 3.23 Polarized infrared spectra of (a) wet bentonite film with time and (b) dry 

bentonite film deposited on ZnSe ATR crystal from aqueous suspension at pH 9.5 and the 

corresponding second derivative spectra. The second derivative spectra were multiplied 

by a factor of 200.  

 

    The tilt angle of the bentonite plates was calculated using the measured dichotic ratio 

and Eqs. (18)-(20) and (22). An order parameter, S, which is frequently used for polymer 

and liquid crystals is introduced here, to described the degree of order of bentonite 

platelets. The order parameter S is given by [95], 

5.0cos5.1 2S                                                                                                          (27) 
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where  is the tilt angle. The larger the S value is, the better are the bentonite platelets 

ordered to the substrate surface. The measured dichroic ratios and calculation results are 

listed in Table 3.3. In all these calculations, a refractive index of 1.15 was used for dry 

bentonite film [96], and for wet film the value of refractive index was deduced to be within 

1.15 and 1.248 [97-98].  

    The dichroic ratio is larger for platelets in wet bentonite film and decreased when the 

film was dried. The larger D value gives a higher tilt angle and indicates more disordered 

platelets when water is both outside and between bentonite platelets. The presence of 

water may result in a broader distribution of orientation and higher average tilt angle due 

to the possible card-house structure of platelets in suspension.  

    The dichroism value of dry bentonite film prepared from a suspension at pH 5.6 or pH 

9.5 is considerably larger than the value of 0.12 obtained by Johnston et al. [89] for a 

monolayer of sodium Wyoming montmorillonite on ZnSe. This difference may be due to 

the film preparation method applied. In the latter case where the platelets were prealigned 

at the water-air interface using a cationic amphiphile and subsequently compressed at 

various surface pressures in a Langmuir-Blodget trough before deposition on the ZnSe 

crystal. The settling method used in the present work should admit of a more card-house-

type structure in the bentonite multilayers. Furthermore, the mentioned authors also 

found a higher dichroic ratio (0.28) for the calcium exchanged sample as dry film [89] 

which is rather close to the value of dry bentonite film settled from a suspension at pH 

5.6 (0.27). The dichroic ratio would have been around 0.675 in order to imply randomly 

oriented bentonite platelets. 

 

3.6.3 Settling of bentonite platelets on magnetite film 

    The tilt angles of bentonite platelets settled on magnetite layer are calculated assuming 

the three layer model is also valid although there are actually four layers, viz. ZnSe-

Magnetite-Bentonite-Solution phase. Thus, a refractive index for the combined bentonite- 

magnetite layer is needed to describe the x, y, and z components of the E-vector of the



 

Ta
bl

e 
3.

3 
D

ic
ho

ric
 ra

tio
 o

f 1
08

4 
cm

-1
 b

an
d 

of
 w

et
 b

en
to

ni
te

 fi
lm

 a
nd

 d
ry

 fi
lm

 se
ttl

ed
 o

n 
ba

re
 Z

nS
e 

cr
ys

ta
l (

n 1
=2

.4
1)

 o
r m

ag
ne

tit
e 

co
at

ed
 c

ry
st

al
 a

nd
 th

e 
re

fr
ac

tiv
e 

in
di

ce
s u

se
d 

fo
r t

ilt
 a

ng
le

 c
al

cu
la

tio
n.

   

65

n
su

bs
tra

te
  

pH
 

n 2
(1

08
4)

*  
3(

10
84

) 
Se

ttl
in

g 
tim

e 
(h

) 
D

a  
 (°

) 
Sb  

Zn
Se

 (w
et

 fi
lm

) 
(1

.1
5,

 1
.2

48
‡ ) 

1.
24

8 
3 

0.
38

 
54

 - 
49

 
 0

.1
3 

   
   

   
(d

ry
 fi

lm
) 

5.
6 

1.
15

 
1 

--
--

 
0.

26
 

34
 

0.
53

 
0.

5 
0.

49
 

59
 - 

54
 

 0
.0

1 
Zn

Se
 (w

et
 fi

lm
) 

(1
.1

5,
 1

.2
48

) 
1.

24
8 

1.
25

 
0.

45
 

57
 - 

53
 

 0
.0

5 
   

   
   

(d
ry

 fi
lm

) 

9.
5 

1.
15

 
1 

--
--

 
0.

26
 

34
  

 0
.5

3 
Zn

Se
-M

ag
n 

(w
et

 fi
lm

) 
(1

.1
5,

 1
.7

3† ) 
1.

24
8 

4 
0.

46
 

57
 - 

35
 

 0
.5

1 
   

   
   

   
   

   
  (

dr
y 

fil
m

) 
5.

6 
(1

.1
5,

 1
.6

7† ) 
1 

--
--

 
0.

30
 

36
 –

 1
9 

0.
47

 - 
0.

 8
4 

1.
5 

0.
47

 
58

 - 
35

 
 0

.5
0 

Zn
Se

-M
ag

n 
(w

et
 fi

lm
) 

(1
.1

5,
 1

.7
3)

 
1.

24
8 

2.
5 

0.
44

 
57

 - 
34

 
 0

.5
3 

   
   

   
   

   
   

  (
dr

y 
fil

m
) 

9.
5 

(1
.1

5,
 1

.6
7)

 
1 

--
--

 
0.

27
 

35
 –

 1
8 

0.
52

 –
 0

.8
6 

0.
5 

0.
54

 
60

 - 
38

 
 0

.4
3 

Zn
Se

-M
ag

n(
1m

M
C

a+
2m

M
Si

)  
(w

et
 fi

lm
) 

(1
.1

5,
 1

.7
3)

 
1.

24
8 

1.
3 

0.
45

 
57

 - 
34

 
 0

.5
2 

 

9.
5 

 
 

17
 

0.
43

 
56

 - 
33

 
 0

.5
4 

(d
ry

 fi
lm

) 
 

(1
.1

5,
 1

.6
7)

 
1 

--
--

 
0.

25
 

33
 –

 1
7 

0.
55

 –
 0

.8
7 

 

*  I
f 

th
e 

ac
cu

ra
te

 r
ef

ra
ct

iv
e 

in
de

x 
of

 th
e 

de
po

si
te

d 
la

ye
r 

(b
en

to
ni

te
 a

nd
 m

ag
ne

tit
e)

 w
as

 n
ot

 a
va

ila
bl

e,
 e

st
im

at
ed

 v
al

ue
s 

w
er

e 
us

ed
 

(a
s d

es
cr

ib
ed

 in
 th

e 
te

xt
). 

  
a 
D

, t
he

 m
ea

su
re

d 
D

ic
hr

oi
c 

ra
tio

 (A
s/A

p)
; b 

S,
 th

e 
or

de
r p

ar
am

et
er

 (
); 

5.0
co

s
5.1

2
S

‡
 [9

7]
 

24
8

.1
)

10
84

(
2O

Hn
†

73.1
26.0

74.0
2

4
3

4
3

)
(

O
H

O
Fe

w
et

fil
m

O
Fe

n
n

n
, 

67.1
26.0

74.0
4

3
4

3
)

(
ai

r
O

Fe
dr

yf
ilm

O
Fe

n
n

n
[5

0]
, 

9.1
3

2
4

3
O

Fe
O

Fe
n

n
[9

8]
 

 



 

evanescent field in Eqs. (18)–(20). Considering that the objective of the present work is 

to determine the preferred orientation of the platelets but not the exact value of the tilt 

angle, this approximation should be reasonable. Still, the dichroic ratio could be used 

alone to evaluate the orientation tendency of platelets under the same conditions.  

The refractive index of pure montmorillonite is about 1.15, and the estimated value for 

magnetite should not exceed 1.9 [99-100]. Thus, for a magnetite layer packed with spherical 

particles with 0.26 volume fraction of water, the estimated maximum refractive index is 

1.73 [50, 98]. Accordingly, the refractive index for the combined wet magnetite-bentonite 

film is estimated to be between the index for dry bentonite (1.15) and the index for a thin 

porous layer of magnetite particles (1.73). Likewise, the refractive index for a dry 

magnetite-bentonite film is between 1.15 and 1.67, as calculated and shown in Table 3.3. 

The dichroic ratios and the calculated tilt angles and S values are summarized in Table 

3.3.  

The measured D value of the bentonite platelets decreased with time in wet film and 

approached a minimum value in the dry film regardless of the pH of the bentonite 

suspension. This tendency is in good agreement with the results observed for settling on 

bare crystal, indicating a more ordered structure of platelets upon evaporation of water. 

Furthermore, the calculated average tilt angle of bentonite platelets is very sensitive to the 

refractive index of the sample layer (n2) according to the calculation model (see Eq. (19)). 

A larger n2 will result in a smaller tilt angle. However, irrespective of the refractive 

index, the bentonite platelets in a dry film are evidently tending to orient with their basal 

plane surfaces towards the magnetite layer.  

Moreover, there seem to be no significant effect of pH on the orientation of bentonite 

platelets in neither wet film nor a dried film was observed. The basal surfaces of the 

bentonite platelets are always negatively charged and the positive surface charge of the 

edge surfaces reversed at high pH [101]. Accordingly, the well delaminated bentonite 

platelets are expected to form card-house structures in a bulk suspension at acidic pH, 

whilst at pH 9.5 would rather like to be arranged in a face-to-face configuration. The 

magnetite surface is positive charged at pH 5.6 and negatively charged at pH 9.5. 

Previous work found that the heteroaggregation of magnetite nano-particles and sodium 

montmorillonite particles are enhanced at acidic pH due to electrostatic attraction [79, 102]. 
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Besides, the electrolyte concentration also influences the particle interaction in 

suspension, including coagulation and heteroaggregation, due to the suppression effect on 

the electric double layer [1, 102]. In the bentonite platelets orientation measurements, an 

average dichroic ratio of many platelets is calculated. The average dichroic ratios for the 

platelets in wet films at pH 5.6 (0.46 after 4 h) or pH 9.5 (0.44 after 2.5 h) are rather 

close, suggesting the platelets were oriented in much the same way at these pH values in 

wet state. In the dried films, the dichroic ratios decreased indicating the platelets were 

oriented more parallel toward the substrate surface with their basal faces. In this state, the 

water was evaporated and the double layer character of the edges and faces was lost as 

well as most of the solvating water molecules. Therefore, no difference in the orientation 

of bentonite platelets was detected from the dichroic ratio measurements for pH 5.6 and 

pH 9.5 in neither wet films nor dry films.  

The assessment of the orientation of bentonite platelets on magnetite film modified by 

calcium chloride and sodium silicate at pH 9.5 was also compiled in Table 3.3. The 

dichroic ratio of the bentonite platelets in wet film decreased from 0.54 after 30 min of 

settling to 0.45 after 80 min. However, this value only slightly reduced to 0.43 after 17 h 

of settling though the spectral intensity still increased. When the film was dried, the 

platelets were ordered with a much lower dichroic ratio value of 0.25. This tendency is 

consistent with the dichroic values obtained for the non-modified magnetite. It indicates 

that the bentonite platelets in the wet film were rather randomly ordered toward the 

magnetite layer.  

The orientation and distribution of bentonite platelets in suspension or in the wet films 

examined are expected to influence the viscosity of the water phase between magnetite 

particles during the balling of magnetite concentrate to green pellets. In a disordered wet 

bentontite film the platelets are more randomly structured, implying a higher possibility 

of face-to-edge orientation between bentonite platelets. This structure is expected to give 

a high viscosity and contribute to the effectiveness of bentonite binder which improves 

the agglomeration. On the contrary, in a highly ordered bentonite film, the bentonite 

platelets are preferentially oriented with their basal plane surfaces parallel to the substrate 

surfaces, implying a face-to-face orientation between the bentonite platelets. This 
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structure may be an advantage for the formation of strong dry pellets because of the 

strong solid bridges formed at the larger contact areas [12].  
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4. Conclusions

Sodium silicate anions have relatively high affinity to the magnetite and the sorption of 

silicate species on magnetite surface were affected by the silicate concentration and pH. 

A maximum sorption was observed in the pH range 8.5 - 9.5. At high pH (pH > 9.5) or 

low silicate concentration (  0.1mM), the surface loading of silicate was low and 

monomeric silicate species were dominants on the surface. The surface loading of silicate 

was increased at lower pH or increased silicate concentration. Oligomeric or polymeric 

silicate species were formed and dominated the surface at high surface loading. The 

polymerized species had a stronger affinity for the magnetite as compared to monomeric 

species, resulting in a slower and less extent of desorption and implying a higher 

depressing efficiency in flotation.  

Sodium silicate made the magnetite surface more negatively charged, while adsorbed 

calcium ions on the surface could compensate this negative surface charge. Calcium ions 

promoted the oligomerization of silicate on the surface of magnetite at high pH (pH > 10) 

possibly due to the increased local silicate concentration by additional sorption of silicate 

on adsorbed calcium at the surface.  

The sorption of sodium silicate on magnetite and maghemite was compared due to the 

magnetite nano-particles could be gradually oxidized to maghemite by exposure in air. 

Sodium silicate was sorbed onto magnetite and maghemite in similar manner, although 

magnetite seems to be more reactive than maghemite due to the larger number of surface 

reactive sites.  

The competitive sorption between sodium silicate and collector (sodium oleate) for the 

magnetite surface showed that oleate could still be adsorbed onto a sodium silicate 

modified magnetite surface but the amount of adsorbed oleate decreased with increasing 

concentration of silicate (0.1 - 5 mmol·L-1). This depression effect became much more 

significant when the concentration of sodium silicate was higher than 0.4 mmol·L-1 above 

which more dimers or oligomeric silicate species were formed at the magnetite surface. 

However, when the magnetite surface was pre-treated firstly with sodium oleate, the 

addition of sodium silicate only slightly reduced the adsorption of oleate. Meanwhile, the 
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sorption of silicate anions was depressed and resulted in a lower degree of 

oligomerization or polymerization at high silicate concentration.  

The synthesized magnetite exhibted lower contact angle compared to the mineral 

concentrate particles. Nevertheless, similar tendency of changes in surface wettability 

upon sorption of calcium, sodium silicate and collector was observed for synthesized 

magnetite and magnetite concentrate. Sorption of calcium and silicate increased the 

wettability of the surface, while adsorption of collector made the surface more 

hydrophobic. Further exposure of the collector adsorbed magnetite surface to sodium 

silicate could restore the surface wettability. Therefore, an interesting implication for 

magnetite flotation and agglomeration is that the decreased hydrophilicity of magnetite 

by attachment of collector could be improved by further chemical conditioning the 

concentrate with sodium silicate (water glass). 

The measured dichroic ratio of the bentonite platelets decreased with time in wet 

bentonite film and approached a minimum value in the dried film regardless of the pH of 

the bentonite suspension and the surface properties of the magnetite layer. The calculated 

average tilt angle of bentonite platelets was very sensitive to the refractive index of the 

sample layer (n2). A larger n2 resulted in a smaller tilt angle. However, irrespective of the 

refractive index, the bentonite platelets in dry film were evidently tending to orient with 

their basal plane surfaces toward the magnetite layer, whilst wet films adopted a much 

more disordered structure. The structure of disordered platelets in wet state is expected to 

contribute to a high viscosity and accordingly to the effectiveness of bentonite as a binder 

which improves the agglomeration. On the contrary, the well ordered structure of 

platelets in the dry bentonite layer may be an advantage for the formation of strong dry 

pellets because of the strong solid bridges formed at the larger contact areas. 
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5. Future work

Some suggestions for future work: 

The magnetite concentration particles are heterogeneous with respect to both particle 

size and surface properties. The surface properties, especially wettability of the 

magnetite concentrate should be further characterized to be able to establish a 

correlation between the surface properties and the ballability.  

The adhesion forces between particles are important in the agglomeration of iron ore. 

Direct force measurement between magnetite particles as well as between magnetite 

and bentonite particles using Atomic Force Microscope (AFM) would provide 

additional information to clarify the correlation of binding forces with the surface 

properties of particles.  

The binding effectiveness of the bentonite is related to the orientation or distribution of 

bentonite platelets in the water phase between magnetite particles. Is it possible and 

worth to modify the bentonite clay in order to improve their binding properties? Cryo-

SEM, which allows direct observation of the microstructures of wet agglomerate, may 

provide evidence and information for better understanding of the agglomeration 

mechanisms.  
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The sorption of sodium silicate by synthetic magnetite (Fe3O4) at different pH conditions (pH 7–11) and
initial silicate concentrations (1 × 10−3 and 10 × 10−3 mol L−1) was studied using in situ attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. The analysis of infrared spectra of
sodium silicate in solution as well as adsorbed on magnetite nano-particles clearly showed the evolution
of different silicate species depending on pH and silica concentration. The silicate concentration studied
(10× 10−3 mol L−1) contained polymeric or condensed silicate species at lower pH as well as monomers
at high pH, as evident from infrared spectra. Condensation of monomers resulted in an increased
intensity of absorptions in the high frequency part (>1050 cm−1) of the spectral region, which contains
information about both silicate in solution and sorbed silicate viz. 1300 cm−1–850 cm−1. In the pH
range studied, infrared spectra of sorbed silicate and sorbed silicate during desorption both indicated
the presence of different types of surface complexes at the magnetite surface. The sorption mechanism
proposed is in accordance with a ligand exchange reaction where both monodentate and bidentate
complexes could exist at low surface loading level, the relative proportion of the complexes being due
to both pH and concentration in solution. Oligomerization occurred on the magnetite surface at higher
surface loading.

© 2008 Published by Elsevier Inc.

1. Introduction

Soluble sodium silicates are probably one of the oldest and
most widely used industrial chemicals. Because of its unique
chemical properties, e.g. buffering ability, surface charges modi-
fying ability, heat and chemical stability, polymerizing capability,
and viscosity regulating ability, sodium silicates have been used
as cleaners and detergents, modifying reagents in flotation, and
binders in agglomeration just to name a few applications [1,2].
Among a wide variety of applications where these properties are
utilized, an important one is the use of sodium silicate as a de-
flocculation agent in clay mining processes and ore flotation. In
ore flotation, sodium silicate is often used as depressant or disper-
sant to improve the selectivity in the flotation of salt-type miner-
als such as apatite, calcite and fluorite, from sulfides and oxides,
siliceous minerals, and also other salt-type minerals [3]. It is al-
ready known that in the flotation process soluble sodium silicates,
also known as ‘water-glass,’ can adsorb onto the target particle sur-

* Corresponding author at: Division of Chemistry, Department of Chemical Engi-
neering and Geosciences, Luleå University of Technology, SE-97187 Luleå, Sweden.
Fax: +46 0 920 491199.

E-mail address: xiaofang.yang@ltu.se (X. Yang).

faces and disperse the agglomerates into fine particles by charging
the surfaces. However, sodium silicates showed different selectiv-
ity, dispersing activity, and efficiency depending on the mineral
system and silicate dosage. In the flotation of apatite from cal-
cite, Rao et al. [4] found for example that at pH 8 and 9 sodium
silicate at concentrations higher than 1.3 × 10−3 mol L−1 exhib-
ited a certain depression effect on calcite, but had no such effect
at lower concentration. At higher pH values, however, polymeric
silicates selectively adsorbed onto calcite surfaces rather than on
apatite even at this low silicate concentration (1.3×10−3 mol L−1).
Gong et al. concluded that the role of sodium silicate (10−3 to
10−2 mol L−1) in the selective flotation of apatite from iron ox-
ides was attributed to the adsorption of moderately polymerized
silicate species, which were responsible for the depression of the
iron oxide [5,6]. However, in the reversed flotation of apatite from
magnetite, Su et al. observed that the selectivity of sodium silicate
as depressant decreased when the dosage increased from 300 g t−1

(2.4 × 10−4 mol L−1) to 500 g t−1 (4 × 10−4 mol L−1) resulting in
a less efficient dephosphorization of magnetite fines and proposed
that the dispersion effect of sodium silicate played a key role at
such a low concentration rather than the depressant effect [7].
Knowledge about silicate–metal oxide reactions is of course also
important to better understand other industrial applications than

0021-9797/$ – see front matter © 2008 Published by Elsevier Inc.
doi:10.1016/j.jcis.2008.08.061
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flotation such as the synthesis of zeolites and iron oxide-silicate
composites as well as interfacial reactions in environmental sys-
tems [8–10].

During the past decades, a lot of experimental work was per-
formed to specify silicate anion species in aqueous solution. These
efforts were based on potentiometric titrations as well as infrared,
Raman and 29Si NMR spectroscopy [11–17]. From these studies, it
became clear that aqueous silicate solutions is a mixture of an-
ions and that the distribution of various silicate species mainly
depended on the SiO2:Na2O ratio, SiO2 concentration, pH, temper-
ature and aging. Combining results from 29Si NMR and infrared
spectroscopy, Bass et al. [17] confirmed that more of polymeric sil-
icates were present in the silicate solutions at higher SiO2:Na2O
ratio and higher SiO2 concentration. In alkaline and diluted solu-
tions (SiO2:Na2O < 1.65, 0.4 mol L−1), monomer, dimer, and cyclic
trimer silicate species are dominant. Quit recently, Halasz et al.
assigned the infrared and Raman bands for the silicate species ex-
isting in sodium metasilicate solutions and claimed that silicate
monomers predominated in 0.2–3 mol L−1 aqueous metasilicate
solutions [18].

Many publications about the adsorption of silicate anions on
iron oxides have used batch experiments and ex situ spectroscopy
methods. Stumm and colleagues were among the pioneers, who
elaborated a ligand-exchange model to explain and predict the
adsorption of H4SiO4 on goethite [8]. Other authors [10,19,20]
have used but also developed this ligand-exchange model. Very
recently, Hiemstra et al. modelled silicate sorption onto goethite
from 1.0 × 10−4 to 1.0 × 10−3 mol L−1 solutions using a modi-
fied surface complex model (CD-MUSIC distribution model) [21].
They concluded that a bidentate surface complex (≡Fe2O2Si(OH)2)
is favoured at low surface loading while at high surface load-
ing polymerized species are more likely. Jordan et al. [22] used
titration and sorption data along with the Fiteql 4.0 code to
model the surface complexes formed when dilute silicate solutions
(<2.0 × 10−4 mol L−1) were sorbed on three different iron ox-
ides, viz. goethite, hematite, and magnetite. Their results indicated
the formation of two types of monodentate surface complexes,
≡FeH3SiO4 and ≡FeH2SiO

−
4 .

Attenuated total reflection Fourier transformed infrared (ATR-
FTIR) spectroscopy has been proven to be a powerful in situ tech-
nique to study solid–liquid interface reactions, where various in-
organic anions (such as arsenate, sulfate, phosphate) and organic
compounds interacts with metal oxides and minerals [23–26]. Al-
though there are some IR, XPS and EXAFS studies on the interac-
tion of silicate with iron oxides or polymers [27,28], no in situ
spectroscopy study monitoring the sorption of silicate from di-
lute solutions, viz. the concentrations used in mineral flotation
(<10 mmol L−1), onto the surface of magnetite could be found
in the literature. The one most closely resembling our study is
an investigation by Gong et al. who applied ATR-IR spectroscopy
to study silicate solutions and used XPS to analyse the adsorbed
species on hematite after drying. Their results show that polymer-
ized silicate species were formed at the hematite surface [6].

Therefore, in the present paper, the ATR-FTIR technique was
used to obtain molecular information about sodium silicate in
solution as well as adsorbed onto magnetite particles in situ.
The effects of pH and concentration of silicate in solution on
silicate species distribution and adsorption characteristics was
monitored. Possible interfacial reactions and formed surface com-
plexes were analyzed by comparing the spectra of silicate ad-
sorbed on the magnetite particles with those of silicate in solu-
tion.

2. Experimental

2.1. Materials

Two types of sodium silicates were used. Stock solutions of
sodium metasilicate (Na2SiO3·9H2O) from J.T. Baker were prepared
with Milli-Q water as solvent. Silicate3.25 was an industrial wa-
ter glass reagent with a SiO2/Na2O weight ratio of 3.25 and ob-
tained from Luossavaara–Kirunavaara AB (LKAB) in Kiruna, Sweden.
The pH of the stock solutions was >11.5 and sample solutions
were prepared just before the in situ measurements. To avoid the
ionic strength effects, no extra ionic medium was used. All other
reagents were of analytical grade, and all solutions were prepared
from Milli-Q water as solvent. NaOH and HCl solutions were used
for pH adjustments.

2.2. Preparation of magnetite films

Magnetite films were prepared from the colloidal dispersion of
fresh made magnetite which was synthesized by coprecipitation of
Fe(II) and Fe(III), a method described by Julivet et al. and Kim et al.
[29,30]. Briefly, 5 mL deoxygenated FeCl2 and FeCl3 solution (molar
ration 1:2) at a total iron concentration of 1.2 mol L−1 was added
to 40 mL 0.9 M NH4OH solutions. All solutions were carefully
kept under argon atmosphere at room temperature, and vigorously
stirred. The precipitation was separated from the supernatant by
decantation after stirring for 20 min, and then rinsed 4 times with
deoxygenated Milli-Q water. Finally, the resulting magnetite paste
was dispersed again and kept in a closed vessel. Although all possi-
ble precautions were taken to avoid the oxidation of the magnetite
particles, a partial oxidation of the particle surfaces to maghemite
cannot be completely excluded.

Powder XRD pattern confirmed the crystal structure as mag-
netite and the broad lines indicated small particle size. TEM im-
ages showed aggregated spherical particles with an average size of
10 nm. The specific surface area estimated from particle size was
around 115 m2 g−1 (ρFe3O4 = 5.2 gcm−3), and the BET surface area
was 97.7 m2 g−1. By spreading certain amount of magnetite sus-
pension over the substrate with a pipette, magnetite was evenly
deposited onto the ZnSe crystal and subsequently dried in a vac-
uum desiccator. After rinsing the deposit with Milli-Q water and
allowing it to dry again, the weight of deposited magnetite was
calculated from the weight difference.

2.3. ATR-FTIR measurements

All spectra were recorded on a Bruker IFS 66v/S FTIR spectrom-
eter equipped with a DTGS detector and a vertical ATR accessory.
The vertical ATR accessory consisted of a trapezoidal-shaped ZnSe
IRE (45◦ , 50 mm × 20 mm × 2 mm) with totally 25 internal re-
flections mounted in a ∼3.5 mL flow-through stainless steel cell.
Spectra of aqueous silicate and of silicate adsorbed on magnetite
were recorded by averaging 200 scans at a resolution of 4 cm−1.
Data evaluation and spectra simulation were performed with OPUS
software from Bruker Optics.

2.4. Spectra of sodium silicate in solution and on magnetite

In situ ATR infrared measurements were performed using the
flow cell technique described elsewhere [23,24,26]. The pH of
the reaction solutions were monitored by a combined pH elec-
trode and adjusted when needed. A peristaltic pump was used
to pump reaction solution through the flow cell at a flow rate of
∼4.7 mLmin−1.

A calculated amount of silicate stock solution was added to
the MilliQ-water after solvent (water) background spectrum was
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Fig. 1. Infrared spectra of 10 mmol L−1 aqueous sodium metasilicate solutions in the
pH range 7.5–11.5.

recorded. The diluted silicate solution was then adjusted to desired
pH using NaOH. All experiments were commenced at pH > 11. Af-
ter the spectrum of silicate in solution at a desired pH has been
collected, the pH was lowered to next level by addition of HCl,
and the spectrum at the new pH was recorded.

Spectra of adsorbed silicate were recorded with ZnSe, magnetite
deposit and water as background. After the background spectrum
had been recorded, sodium silicate was added to the reaction ves-
sel and adjusted to highest pH studied before begin the adsorption
experiment. The effect of pH on sorption was measured by col-
lecting spectra of silicate sorbed on magnetite at each pH step
during about 30 min. All experiments were performed under am-
bient temperature (22 ± 1 ◦C).

3. Results and discussion

3.1. Spectra of aqueous sodium silicate

Fig. 1 shows the spectrum of 10 mmol L−1 sodium metasili-
cate in aqueous solution at different pH. Due to the transmission
limit of the ZnSe crystal and the strong absorption of water, the
infrared absorption bands of sodium silicate are shown between
1300 cm−1 and 850 cm−1. For a 10 mmol L−1 solution at pH
11.5, spectrum showed two prominent absorption bands at 885
and 1023 cm−1, and a shoulder at ∼1060 cm−1. Lowering the pH
to 9.7, the bands at 885 and 1023 cm−1 decreased in intensity
whereas the shoulder at 1060 cm−1 grew in intensity accompa-
nied by a new broad band emerging at higher frequency. In ad-
dition, a weak band emerged with peak frequency at 945 cm−1.
At the lowest pH studied (∼7.5), the line shape of the spectrum
was similar to the spectrum at pH 8.6 with the dominant band at
1122 cm−1 and shoulders at 1090 and 1175 cm−1. As expected, the
spectra show that the distribution of silicate species is pH depen-
dent. The shift to higher frequency upon lowering the pH indicates
the formation of polymeric species.

Although there are a number of studies on the assignments of
vibration bands of silica solids, glasses and gels [31,32], the as-
signments related to the distribution of anionic species in sodium
silicate solution, especially very dilute solutions, are still unclear
and some even incompatible [16–18]. To obtain the distribution
of silicate species with pH and concentration, a silicate speciation
model was set up using WinSGW program [33]. Formation con-
stants are given by Sjöberg et al. [34] for dilute solution ([Si]<
48 × 10−3 mol L−1) and also by Felmy et al. [35]. Constants given
by Sjöberg et al. are valid at 25 ◦C and 0.6 M NaCl medium but
since the silicate speciation is influenced by ionic strength, the
thermodynamic constants given by Felmy et al. were preferred.

Table 1
Speciation model of dilute silicate aqueous solution based on the reaction: pH+ +
qSi(OH)4 ⇔ Hp (Si(OH)4)

p+
q . Formation constants from Felmy [35]. log Ksp(SiO2,am) =

−2.71 [34]

p q Chemical formula log(Kp,q)

−1 1 SiO(OH)−3 −9.82
−2 1 SiO2(OH)

2−
2 −23.27

−1 2 Si2[–] −8.50
−2 2 Si2[2–] −19.4
−3 3 Si3[3–](cyclo) −29.3
−3 3 Si3[3–](linear) −29.4
−4 4 Si4[4–](linear) −39.1
−4 4 Si4[4–](cyclo) −39.2
−4 4 Si4[4–](sub) −39.1
−4 4 Si4[2–] −15.6
−6 6 Si6[6–] −61.8

Fig. 2. Distribution diagram of silicate anions as a function of pH in (a) 1 mmol L−1

and (b) 10 mmol L−1 aqueous sodium metasilicate solution.

In the modelling the precipitation of amorphous silica under ther-
modynamic conditions was included. In this context it should be
mentioned that the kinetics of the formation of silica precipitate
is rather slow especially at high pH, low ionic strength, and low
silica concentration, as shown by Icopini et al. [36]. The half-life
of molybdate-reactive silica was >2700 h at a silica concentra-
tion of 4.2 mM at pH 8–9 and silicate concentration of 12.5 mM
at pH 11 with ionic strength of 0.01 M. Starting at pH 11, would
therefore imply that the formation of amorphous silica precipitate
during the period of solution spectra collection or sorption can be
ignored. The formation of nanocolloidal silica is strongly limited at
high pH although at pH 7 and 10 mM silicate concentration about
10% of the silicic acid could be formed to nanocolloidal silica af-
ter 1 h [36], since the solution becomes supersaturated when pH
is lowered [13]. Equilibrium protonation/deprotonation parameters
and the formation constants are shown in Table 1 along with the
chemical formula of each species and the calculated equilibrium
distributions are plotted in Fig. 2. Below 2 mmol L−1 (the solu-
bility limit of amorphous silica [34]), the monomers SiO2(OH)

2−
2 ,

SiO(OH)−3 , and Si(OH)4 are dominant with protons transferred be-
tween different species as pH was changed. The distribution of
silicates becomes more complex when the concentration of sili-
cate in solution increases, because dimers, trimers, oligomers and
higher aggregates will form by condensation of monomers at high
concentration. In 10 mmol L−1 solution, more dimers and trimers
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Fig. 3. Results from curve fitting of spectra in Fig. 1. The integrated absorbance of
each component band resolved from spectra of 10 mmol L−1 sodium metasilicate
solution in Fig. 1 is plotted vs wavenumber. It shows the effect of pH on the infrared
absorption in the 1200 cm−1–875 cm−1 region.

but even tetramers and polymers are formed between pH 9 to 13,
and at low pH colloidal SiO2 might be formed. The distribution di-
agram in Fig. 2 is a support in our interpretation of infrared spectra
of silicate species in solution.

Curve fitting of the absorption bands was utilized in an at-
tempt to distinguish the spectral features of the various silicate
anions from each other. Considering the spectral intensity and sig-
nal to noise problems at low concentrations only spectra in Fig. 1
(10 mmol L−1) were curve fitted using the OPUS program (Fig. 3).
Each spectrum was resolved into six or seven component bands. It
is clear that the variation of spectral features in the wavenumber
region 1250–850 cm−1 can be explained by the change in relative
contributions from component bands at different pH. As shown in
Fig. 3, the most intense component band at 1020 cm−1 (pH 11.5)
together with the band at ∼890 cm−1 decreased in intensity with
decreasing pH, whilst the intensity of the bands at ∼1065, 1122,
and 1180 cm−1 showed a significant increase becoming the three
most intense bands at low pH. An additional band showed up at
945 cm−1 as pH was changed to lower values than 9.7.

Halasz et al. reported infrared spectra of sodium silicate solu-
tions dissolved from Na2SiO3 and Na2SiO3·9H2O at pH >13 [18].
The spectral features of 0.05 mol L−1 Na2SiO3 were similar to
our spectrum of a 0.01 mol L−1 solution at pH 11.5 where bands
at ∼1020 and ∼890 cm−1 are the most prominent ones. They
assigned these two bands to the fully dissociated SiO2(OH)

2−
2

species. However, according to the distribution diagram in Fig. 2,
the prominent species in 10 mmol L−1 solution at pH 11.5 is
SiO(OH)−3 rather than SiO2(OH)

2−
2 . Accordingly, the bands observed

here at 1020 and 890 cm−1 are assigned to SiO(OH)−3 species. Ap-
parently, this assignment seems also to be consistent with the
spectra reported by the same authors concerning a 0.2 mol L−1

solution of Na2SiO3·9H2O. However, when the alkaline condi-
tion changed by adding NaOH to the latter system (0.2 mol L−1

Na2SiO3, 0.4 mol L−1 NaOH), the two bands at 1020 and 890 cm−1

shifted to 1001 and 934 cm−1 caused by undissociated Na-silicate
species, although a shoulder still appeared at 890 cm−1. In an-
other study, Bass and Turner also observed a similar shift of in-
frared bands from 1020 and 890 cm−1 to 1000 and 930 cm−1,
respectively (0.4 mol L−1 sodium silicate solution), when the ra-
tio of silica to alkali decreased from 3.3 to 0.2 [17]. Considering
the two main factors determining the properties of sodium sili-
cate solutions, namely silica to alkali ratio and silicate concentra-
tion, a solution with lower ratio of silica to alkali should imply
a higher pH value. Thus, it seems clear that the bands at ∼1000

Fig. 4. Sorption and desorption of sodium silicate as a function of pH and time.
Filled circles, integrated absorbance of adsorbed silicate per mg magnetite; open
circles, integrated absorbance of residual silicate adsorbed on magnetite during
desorption; lines, solution pH during sorption (filled circles) and desorption (open
circles). Infrared spectra were integrated between 1300 cm−1 and 800 cm−1.

and ∼930 cm−1 correspond to partly undissociated SiO2(OH)
2−
2 .

Since the concentration of silica in the present study is much lower
(10 mM), the effect of undissociated sodium silicate species can be
omitted indicating that the wavenumber distance between these
two bands become larger when SiO2(OH)

2−
2 anions are forming

SiO(OH)−3 species through protonation.
Based on the fractional distribution of silicate anions in aqueous

solution (Fig. 2), analysis of our infrared spectra, and comparison
with previous studies, the infrared bands at ∼890 and 1020 cm−1

could be assigned to Si–O stretching vibration of SiO(OH)−3 species.
The band at ∼945 cm−1 seems to mainly involve the stretching of
Si–OH in Si(OH)4 monomers, since it appears at low pH, whereas
the band at 1070 cm−1 may originate from stretching vibrations
involving the Si–O–Si entity. With decreasing pH of the silicate so-
lutions, the SiO(OH)−3 anions tend to be protonated and possibly
further condensed since more OH function groups are available.
Hence the bands appearing in the 1050–1200 cm−1 range and
showing an increased intensity upon lowering the pH are assigned
to stretching vibrations involving the Si–O–Si entities.

3.2. The effect of pH on sorption and desorption of the silicates

The effect of pH on the amount of silicate adsorbed on mag-
netite is shown in Fig. 4, where the integrated intensity of the
absorbance from 1300 to 800 cm−1 was plotted versus pH and
time. As a first approximation, it may be assumed here that the in-
tegrated absorbance in the 1300–800 cm−1 region is proportional
to the amount of adsorbed silicate [37]. This assumption is reason-
able as long as surface species formed at different pH are similar
or exhibit transition dipole moments of similar numerical value. If
not so, there is no simple linear relation between the integrated
absorbance at different pH and the amount of adsorbed species.
However, this difficulty does of course not exclude qualitative in-
terpretations of Fig. 4.
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(a)

(b)

(c)

Fig. 5. Infrared spectra of silicate adsorbed on magnetite from (a) 10 mmol L−1,
(b) 1 mmol L−1 aqueous sodium metasilicate solutions, and (c) 1 mmol L−1 aqueous
Silicate3.25 solutions at different pH. Spectra are plotted in the same order as the
indicated pH values.

As evident from Fig. 4, the adsorption equilibrium was not
reached after 30 min independent of pH value although the in-
crease in intensity per minute was considerably lowered with time.
However, there was no significant change in the spectral line shape
with time, which implies that the same types of surface complexes
are formed at a certain pH. Therefore, only the last spectrum at
each pH value is shown in Fig. 5 and used in the following dis-
cussion about formed surface complexes on magnetite at different
pH, but at constant silicate concentration in solution. As shown in
Fig. 4, the integrated intensity for silicate adsorbed from 1 mmol

L−1 metasilicate and Silicate3.25 solutions (Figs. 4b and 4c) were
about the same, whilst the adsorption from 10 mmol L−1 metasili-
cate solution was 4 to 5 times larger. A considerable increase in the
adsorption of silicate occurred from pH 11 to 9, whereas a decrease
in pH from 9 to 7 only contributed a minor change in spectral
intensity. It is well known that silicate sorption onto iron oxyhy-
droxides has a maximum at a pH value around 9 [8,10,21,22], but
this is not reflected in our spectra. The observed sorption should
already have passed its maximum when reaching pH 7. However,
sorption at pH 7 for 30 min was not enough time to desorb the sil-
icate from the surface. Probably this is reflecting a non-equilibrium
situation where both the silicate species sorbed at the magnetite
surface and the protonation state of the surface itself must change
as pH is lowered.

In the pH range 11–9, the magnetite surface should be dom-
inated by both negatively charged surface sites and neutral sur-
face hydroxyl groups as the point of zero charge of magnetite is
about 6 [38]. In solution silicate exists as negatively charged an-
ions. Despite this, the silicate anions are readily adsorbed at the
magnetite surface, as evident from the fast and large increase in
the surface concentration of silicate. At lower pH values, neutral
surface hydroxyl groups become predominant on the magnetite
surface and neutral silicate species begin to dominate in solu-
tion as well (pH < 9.5). Therefore, the negatively charged silicate
anions (SiO(OH)−3 ) and neutral Si(OH)4 species both are active ad-
sorbate species. The observed pH dependent adsorption properties
are consistent with the ligand exchange of protonated as well as
deprotonated surface hydroxyl groups with SiO–H groups having
Lewis base properties [39].

To further assess the properties of the adsorbate, desorption ex-
periments were performed by flushing the flow-cell with Milli-Q
water at a certain pH. It can be seen from Fig. 4 that the extent of
silicate desorption from magnetite was influenced by pH. Higher
pH implied that more of the surface species were desorbed and
the desorption curve exhibits an initial fast decrease in spectral in-
tensity followed by a slower desorption step. A higher desorption
rate and extent of desorption under alkaline conditions is reason-
able considering the nature of a ligand-exchange reaction. Even
after long desorption time, it was a significant amount of surface
species left. This indicates that a certain amount of surface species
are firmly attached to the magnetite surface by covalent bonds im-
plying that inner-sphere complexes are formed between magnetite
and silicate species.

3.3. Spectra of sodium silicate at the magnetite surface

Figs. 5a, 5b, and 5c show the spectra of silicates on magnetite
sorbed from 10 mmol L−1 and 1 mmol L−1 sodium metasilicate
solution (Figs. 5a and 5b) and 1 mmol L−1 Silicate3.25 solution
(Fig. 5c) at different pH. A comparison of the spectra of sorbed
silicates with those of silicate in aqueous solution (Fig. 1) shows
that the absorbance of the surface species is significantly higher.
This is because of the strong affinity of magnetite for the silicate
species resulting in a higher concentration of these species at the
magnetite surface. The spectral line-shape for silicates sorbed from
1 mmol L−1 solutions (Figs. 5b and 5c) is rather similar, whilst the
line-shapes obtained from 10 mmol L−1 solution are clearly differ-
ent changing with pH (Fig. 5a).

It can be seen from Figs. 5b and 5c that the spectra of sorbed
silicate from 1 mmol L−1 sodium silicate solutions are similar al-
though they have different silica to alkali ratio. In Fig. 5b, at
pH 11.2, the maximum absorbance is located at 955 cm−1 and
the peak frequency remained constant in position with decreas-
ing pH. However, as solution pH was lowered to 9.3, the band at
∼1020 cm−1 increased in intensity becoming the strongest band
in the spectral region (800–1300 cm−1) and simultaneously an ap-
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Fig. 6. Results from curve fitting of spectra in Figs. 5a, 5b and 5c. The figure
shows the integrated absorbance of each component band resolved from spectra of
(a) 10 mmol L−1, (b) 1 mmol L−1 sodium metasilicate solution, and (c) 1 mmol L−1

Silicate3.25 solution.

parent increase in the intensity of the band at 1120 cm−1 can be
observed. When pH was decreased from 8.3 to 7.0, there was no
remarkable change in the lines-shape. Similarly, spectra of sorbed
Silicate3.25 on magnetite (Fig. 5c) at pH 9.9 to 6.6, were domi-
nated by a sharp band centred at 1020 cm−1 with shoulders on
each side viz. at ∼930 and ∼1120 cm−1.

The broad absorption at pH 11.1 (Fig. 5a) is apparently com-
posed of three broad bands at ∼955, 1029, and ∼1120 cm−1

with the most intense band at 1029 cm−1 shifting to 1060 cm−1

as pH was decreased to 7. Simultaneously, the infrared band at
1120 cm−1 became much stronger. The only experimental differ-
ence between Figs. 5a and 5b is the concentration of the aqueous
silicate solution. A higher concentration should facilitate the con-
densation of silicate monomers at low pH, as supported by the
results shown in Fig. 2. It is therefore reasonable to suggest that
the increase in intensity at 1120 cm−1 and 1060 cm−1 is due to the
sorption of dimerized silicate monomers and possibly the dimer-
ization is enhanced at the magnetite surface.

Thus these clear spectral changes upon sorption indicated a
strong and specific surface reaction implying the formation of
inner-sphere surface complexes. Depending on sorption conditions,
viz. pH and adsorbate concentration, the formed surface–silicate
complexes varies from monomers to dimers or possibly polymers.

3.4. Surface complexation of silicate on magnetite

Fig. 6 shows the resolved component bands from spectra of
sorbed silicate on magnetite. Each spectrum of sorbed silicate was
curve fitted using a minimum of component bands. For the two
1 mmol L−1 silicate solutions, the position of component bands
was similar as shown in Figs. 6b and 6c, even though pH was
changed. Figs. 6b and 6c also show that the absorbance at
∼1020 cm−1 is the most intense band in the pH range 10–7. In

contrast to the situation in solution, this band continued to be the
strongest one also at low pH.

The possible surface complexes can be postulated to be ≡Fe–
OSi(OH)2OX or (≡FeO)2–Si(OH)OX for the reactions between sili-
cate monomers and the magnetite surface. The following ligand-
exchange reactions are proposed:

≡Fe–OX + H–OSi(OH)2OX ⇔ ≡Fe–OSi(OH)2OX + HO–X (1)

or/and

2(≡Fe–OX) + (H–O)2Si(OH)OX ⇔ (≡Fe–O)2–Si(OH)OX + 2HO–X,
(2)

where X represents a negative charge or proton. Comparing with
FTIR and EXAFS data on the iron(III)–silica coprecipitate [9,28], the
infrared band at ∼950 cm−1 in the present work would be related
to the FeO–Si stretching in the bidentate surface complex (≡FeO)2–
Si(OH)OX. Therefore, at high pH and low surface concentration,
the SiO(OH)−3 species in solution should be sorbed onto magnetite
although the magnetite surface at this pH is negatively charged
resulting in a bi-dentate complexe, (≡FeO)2–Si(OH)OX, whilst at
lower pH oligomeric surface species should be formed. The lat-
ter species corresponds to the increase in intensity of the infrared
band observed at ∼1020 cm−1, an assignment that is supported
by thermodynamic modelling [21].

Fig. 6a shows the pH effect on the frequency positions and in-
tensities of resolved bands obtained upon sorption from a 10 mmol
L−1 silicate solution. The sharp band at ∼1030 cm−1 (pH 11.1)
is the most intense band in the pH range studied. A compari-
son of the spectral intensity of resolved bands for sorbed silica
in the 1100 cm−1–1200 cm−1 region (Fig. 6a) with those obtained
for aqueous silicate solution in the same region (Fig. 3) shows a
similar tendency i.e. increasing intensity with decreasing pH. All
resolved bands of silicate sorbed at pH 11.1 shifted to higher fre-
quency with lower pH, which indicate that silicate species sorbed
onto the magnetite surface take part in polymerization reactions
forming a three dimensional framework such as amorphous sil-
ica [40]. It is therefore suggested that the strong broad band
growing with decreasing pH at high frequency (1100–1200 cm−1,
Fig. 6a) and appearing with much lower intensity when sorbing
from a 1 mmol L−1 solution (Figs. 5b and 5c), should at least partly
be due to the surface polymerization of sorbed silicate. The re-
sults here show that the pH value and the concentration of silicate
in solution are very important parameters determining the type
of complexes that will be formed on the magnetite surface and if
polymeric species should be expected.

4. Conclusions

In situ ATR-FTIR spectroscopy was used to monitor the silicate
species in solution as well as sorbed on magnetite surfaces. The
spectral changes observed for sodium silicate solutions at different
pH were analyzed in detail and showed the variation of dominat-
ing silicate anions in solution. As evident from infrared spectra, the
silicate concentration studied (10 × 10−3 mol L−1) contained poly-
meric or condensed silicate species. Infrared spectra of the aqueous
silicate solutions admitted the assignments of spectral absorption
regions to monomers as well as oligomers. The information ob-
tained for the silicate solutions was then used to facilitate the
interpretations of spectra recorded for silicate species sorbed on
a thin layer of magnetite nano-particles. Within a reaction time of
30 min, the sorption of silicate onto magnetite from 1 × 10−3 and
10 × 10−3 mol L−1 solutions was significant at each pH step from
11 to 9. At lower pH, the reaction slowed down and only a minor
amount of additional silicate species were attached to the mag-
netite surface. In the pH range studied (11–7) infrared spectra of
sorbed silicate indicated the presence of different types of surface
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species at the magnetite surface, whereas desorption of sorbed sil-
icate indicated species firmly attached to the magnetite surface.
At least for dilute silicate solutions, the value of pH seems to be
a more useful parameter rather than the silica to alkali ratio in
order to reveal information about species distribution facilitating
the interpretation of infrared spectra. The adsorption mechanism
proposed is in accordance with a ligand exchange reaction where
both monodentate and bidentate complexes could exist simulta-
neously at low surface loading level. Subsequent polymerization
occurred on surface with pH lowering and further surface accu-
mulation.
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a b s t r a c t

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy was used to monitor the in
situ sorption of sodium metasilicate from aqueous solution onto synthesized magnetite and maghemite
particles in the pH range of 10.8–7.0 using silicate concentrations between 0.1 mM and 5 mM. The spec-
tral data showed that both pH and silicate concentration had great influence on the interfacial reaction
between soluble silicate and the iron oxide surfaces, regarding the amount adsorbed per unit mass of iron
oxide and the surface species formed. A pH dependent sorption of silicate on iron oxides was observed,
implying that a maximum sorption took place in the pH range of 9.5–7.0. All experiments showed a fast
initial increase in the absorption intensity followed by a slower sorption stage which was strongly depen-
dent on the concentration of silicate in solution and the pH value. The amount of sorption onto magnetite
was 3–5 times larger than onto maghemite, but there was no significant difference in the line shape of
corresponding absorption bands. At pH 8.5 and low concentration (≤0.1 mM), the silicate monomers dom-
inate in solution and on the iron oxide surface also monomeric species were dominating as evident from
the infrared band at 950 cm−1. However, at higher concentration (0.4–5.0 mM), the dominating absorp-
tion band at about 1000 cm−1 shifted to higher frequency during the sorption indicating that oligomeric
surface silicate species were formed on the iron oxide surface. Desorption of silicate from the surface of
the iron oxides was easier to accomplish at low silicate concentration, whilst the highest concentration
showed a comparatively low relative amount of desorbed silicate, suggesting that polymerized species
had a stronger affinity for the iron oxide surface as compared to monomeric species.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Interfacial reactions between soluble silicates and iron oxide
surfaces are of great importance in the natural environment con-
sidering the content of dissolved silicate in natural waters from
mineral weathering [1–3] as well as in industrial applications, e.g.,
flotation of salt-type minerals from metal oxides and other salt-
type minerals where sodium silicate is usually used as dispersion or
depressant agent [4]. Concretely, in the dephosphorizing flotation
of magnetite particles, sodium silicate with modulus 3.25 (weight
ratio of SiO2 to NaO2) is used mainly to disperse the agglomer-
ated particles [5], whereas in the flotation of apatite from hematite
sodium silicate may be utilized as a selective depressing agent to
reduce the flotation of the gangue mineral (hematite) [6]. It is well
known that the concentration, modulus, and pH of sodium silicate

∗ Corresponding author at: Division of Chemistry, Department of Chemical Engi-
neering and Geosciences, Luleå University of Technology, SE-97187 Luleå, Sweden.
Tel.: +46 0 920492284; fax: +46 0 920491199.

E-mail address: xiaofang.yang@ltu.se (X. Yang).

solutions are the main factors determining selective silicate sorp-
tion on mineral surfaces and that the properties of the modifying
agent is strongly influenced by the distribution of silicate species in
solution viz. monomers, oligomers, higher polymers, and colloidal
silica [6–9].

During the past decades, the study of interaction between sili-
cate and iron oxides as well as other minerals was mainly carried
out by batch adsorption experiments, modeling methods, and ex
situ spectroscopy techniques [1,3,7,10–12]. However, there are very
few if any in situ studies on the sorption of silicate species onto
magnetite showing the formation of surface complexes with time.
Another topic is the often appearing question whether the surface of
the magnetite particles, which during experimental handling may
be exposed to air, represents magnetite or to some extent are oxi-
dized to maghemite although the structure of the two iron oxides
is similar both representing a spinel structure with tetrahedral and
octahedral sites [13]. In maghemite, all or most of the octahedral Fe
(II) in magnetite are oxidized to trivalent implying a Fe (II)-deficient
structure with a slightly smaller unit cell volume as compared with
magnetite. From a surface chemical point of view, the important
question is whether the sorption behaviour of sodium silicate onto

0927-7757/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2009.01.041
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the two mentioned iron oxides is the same or if the oxidization
state of the iron atoms has a significant influence on the affinity of
the surfaces for silicates. Moreover, a molecular level investigation
of silicate species sorbed on iron oxide surfaces and especially the
time dependence of the sorption is critical in industrial processes
with limited conditioning times but also important in geochemical
systems.

Accordingly, in the present study attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy was utilized to
monitor the sorption of sodium silicate onto a thin layer of synthetic
magnetite (Fe3O4) nanoparticles as compared with the sorption
onto a corresponding layer of synthetic maghemite (�-Fe2O3). The
study encompassed different pH and silicate concentration. Of spe-
cial interest here was the possible change of sorbed species at the
iron oxide surfaces with time and the possible difference in the
amount sorbed under similar experimental conditions. In addition,
desorption of the already adsorbed silicate species was studied,
possibly revealing the type of surface complexes formed and the
affinity of different silicate species for the surfaces.

2. Experimental

2.1. Chemicals and materials

Sodium metasilicate (Na2SiO3·9H2O) from Sigma was dissolved
in Milli-Q water and prepared as a stock solution (0.5 M, pH > 11.5).
Magnetite used in this study was synthesized based on a coprecip-
itation of Fe (II) and Fe (III) chlorides method described by Jolivet et
al. and Jarlbring et al. [14,15]. Briefly, Fe (II)/Fe (III) chloride salt mix-
ture (1:2 molar ratio) was hydrolyzed using NH4OH, purified with
deoxygenated Milli-Q water, and stored under argon atmosphere.
Maghemite was prepared by heating magnetite in an oven at 240 ◦C
overnight. The BET surface area of magnetite was 97.7 m2 g−1 and
that of maghemite was 87.3 m2 g−1.

All other reagents were of analytical grade and all solutions were
prepared from Milli-Q water as solvent. NaOH and HCl solutions
were used for pH adjustments.

2.2. FTIR measurements

Spectral data were acquired with a Bruker IFS 66v/S FTIR spec-
trometer equipped with a deuterated triglycine sulphate (DTGS)
detector and a vertical ATR accessory. The vertical ATR accessory
consisted of a trapezoidal-shaped ZnSe internal reflection element
(45◦, 50 mm × 20 mm × 2 mm, totally 25-reflections) and a single-
chamber (∼3.5 mL) flow-through stainless steel cell. Spectra of
silicate sorbed on iron oxide were recorded by averaging 100–200
scans at a resolution of 4 cm−1. All spectral data evaluations were
performed with the OPUS program from Bruker Optics.

2.3. Preparation of iron oxide films on the ATR crystal

A visually evenly distributed magnetite or maghemite film was
deposited on one side of the ATR crystal by spreading a certain
amount of the iron oxide dispersion on the crystal surface and sub-
sequently evaporate the dispersion medium in a desiccator under
vacuum. After rinsing the deposited film gently with Milli-Q water
and let it dry in the desiccator again, the mass of deposited film
was weighted. Since the dispersion was allowed to stand for a while
after stirring to let the larger particles settle down, the concentra-
tion of the dispersion dispensed using a pipette varied to a certain
extent. Thus the mass of the film was not exactly controlled but only
weighted and amounted to generally less than 1 mg. Accordingly,
the bulk silicate concentration can be assumed to be effectively
constant during the experiments.

2.4. ATR-FTIR spectra of sorbed silicate

In situ ATR infrared measurements were performed using the
flow-cell technique described by Peak and others [16,17]. The small
amount of iron oxide used (<1 mg) assures that the depth of pene-
tration is much larger than the thickness of the evenly distributed
oxide layer. The pH of the silicate solution was monitored by
a combined pH electrode and adjusted when needed. The solu-
tion (100 mL) was pumped from a beaker into the flow-cell by
a peristaltic pump at a flow-rate of ∼4.7 mL min−1. Single beam
background spectra of the solvent (Milli-Q water) were recorded
at each pH. Sodium silicate was added into the vessel at a desired
concentration and pH adjusted with NaOH/HCl. Spectra of sorbed
silicate were recorded as a function of time. Desorption experi-
ments were carried out by flushing flow-cell with Milli-Q water at
desired pH. All experiments were performed under ambient tem-
perature (22 ± 1 ◦C).

3. Results and discussion

3.1. pH dependent silicate sorption/desorption kinetics onto
magnetite

According to Fig. 1a and b, infrared spectra recorded upon sorp-
tion from a 1 mM silicate solution at pH 10.8 is quite different from
corresponding spectra at pH 8.5. At pH 10.8 the strongest absorption
had its peak position at 952 cm−1 with a shoulder at ∼1020 cm−1.
This shoulder is hardly detected at the beginning of the sorption
reaction but grows in intensity with the time of reaction. At this pH
value, the dominant species in solution is SiO(OH)3

− (Fig. 2, Table 1)
[18] and the magnetite surface should be negatively charged since
its point of zero charge is ∼6.0 [19]. These spectral changes indicate
different inner-sphere surface complexes appear at the magnetite
surface during sorption. Comparing the sorption and the desorp-
tion it also seems that the absorbance at ∼1020 cm−1 upon sorption
increases faster relative to the 952 cm−1 band than the absorbance
at ∼1020 cm−1 decreases relative to the 952 cm−1 band during
desorption. These in situ ATR-FTIR results were compared with
EXAFS results of Pokrovski et al. [20] on iron(III)–silica coprecipi-
tate, strongly indicating that the 952 cm−1 band should be assigned
to the bidentate monomeric surface species, ( FeO)2–Si(OH)OH
or ( FeO)2–Si(OH)O−, whilst the shoulder at ∼1020 cm−1 should
be assigned to oligomeric surface silicate species which desorbed
slower than monomeric species.

At pH 8.5, it is interesting to notice that the oligomeric species
is dominating already at the beginning of the sorption reaction
although the peak frequency of the absorption band appears at
lower wavenumber (1000 cm−1). This might indicate a difference
in the degree of oligomerization with fewer monomer units in
the oligomer at the beginning of the sorption reaction. Since
these oligomers do not dominate in aqueous solution at this low
concentration (1 mM, Fig. 2), it further indicates that the polymer-
ization occurs at the magnetite surface. This latter suggestion is
in accordance with results from the literature [2,7], showing that
polymerization of silicic acid on an iron oxide surface is promoted
at lower pH. At longer sorption times, it is also evident from the
experiments at pH 8.5 that an infrared absorption at wavenum-
bers > 1100 cm−1 evolves. This absorption band is consistent with a
three-dimensional polymeric structure such as colloidal silica [21]
and would imply that the polymerization of silica occur at the mag-
netite surface also at this low concentration of silica in solution
(1 mM).

The pH dependence of silicate sorption from 1 mM sodium
silicate solution onto magnetite was determined by collecting ATR-
FTIR spectra of sorbed silicate with time at the pH values; 10.8, 9.5,
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Fig. 1. ATR-FTIR spectra of silicate sorbed onto magnetite from 1 mM sodium
metasilicate aqueous solutions. The time dependence of the sorption is shown for
(a) pH 10.8 and (b) pH 8.5.

8.5, and 7.0 (Fig. 3). In Fig. 3, the infrared absorbance caused by sili-
cate was integrated between 1300 cm−1 and 800 cm−1 and divided
by the mass of magnetite deposited as a thin layer on the ATR crys-
tal and then this ratio was plotted versus the reaction time. It can
be clearly seen that from pH 10.8 to pH 8.5, the integrated intensity

Fig. 2. The diagram shows the distribution of silicic acid/silicate anions in aque-
ous solution as a function of pH. The total silica concentration was 1 mM and the
thermodynamic equilibrium constants are listed in Table 1.

Fig. 3. Sorption of silicate from 1 mM sodium metasilicate aqueous solution at differ-
ent pH onto magnetite followed by desorption. Filled circles, integrated absorbance
of sorbed silicate per mg magnetite; open circles, integrated absorbance of resid-
ual silicate on surface during desorption. Infrared spectra were integrated between
1300 cm−1 and 800 cm−1.

of sorbed silicate increased with decreasing pH. However, when
pH was lowered to 7.0 the integrated intensity decreased imply-
ing that there is a maximum in the amount of sorbed silica. This
pH dependent silicate sorption behaviour of magnetite is consis-
tent with previous studies [1,7,11,12] where thermodynamic models
have been used to explain the observed maximum. The decreased
amount of sorbed silicate between pH 8.5 and pH 7.0 occurred in
a pH interval where the charge of the silicate species in solution is
neutral (Fig. 2) and that of the magnetite surface is still negative
although decreasingly so with pH. However, the condensation of
silicate monomers is promoted at the magnetite surface at lower
pH [2,7,22]. The decreased sorption of silicate from pH 8.5 to pH 7.0
could therefore be attributed to the decreased availability of surface
sites caused by condensation reactions masking otherwise available

Fe–OH sites and/or the decrement of ionic silicate species which
are essential to the sorption reaction. The measured absorbance
of the infrared spectrum is proportional to the square of the vector
product between the electric field vector of the evanescent field (E),
which mainly depends on the thickness of the iron oxide layer in the
present case, and the transition dipole moment (M), which should
relate to the structure of formed surface silicate species. Using an
equation proposed by Dobson et al. [23], the absorption may be
described as:

Ai = εi�
′
i

de

t
(1)

where Ai is the measured absorbance of the i-species, εi is the molar
absorption coefficient of sorbed silicate species, � ′

i
is the apparent

surface loading concentration, t is the thickness of the deposited
layer on the crystal, de is the effective path length determined by the
refractive indices of the internal reflection element and the medium
outside, by the thickness of the layer, angle of incidence, and the
wavelength of the infrared radiation.

As a first approximation, it is assumed that the molar absorp-
tion coefficients of sorbed silicate species formed at different pH
are not changing with the amount sorbed or are experienced to the
same relative change. This assumption is reasonable, at least for pH
9.5–7.0, considering the similarities in line shapes of the infrared
spectra of sorbed silicate within this pH range (not shown here, but
in [22]). Except at extremely high pH (pH 10.8), showing a differ-
ent line shape, the spectral line shapes recorded at pH 7.0, 8.5, and
9.5 were very similar indicating similar silicate species on the iron
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oxide surface at each pH value and that the relative amount of these
species were also similar. Between different series of spectral data
at a certain pH, the mass of the deposited magnetite layer varied
from 1.0 mg to 0.3 mg. For the experiments at pH 7.0 and pH 8.5, the
mass of the magnetite layer was close to 0.3 mg, and at pH 9.5 and
pH 10.8 the amount of magnetite was close to 1.0 mg. However, the
integrated intensity of infrared absorption should be proportional
to the mass of the magnetite layer. Despite of the uncertainty of the
de/t ratio in Eq. (1) that restricted the application of accurate quanti-
tative comparison between different experimental series, the time
dependent trend of silicate sorption onto magnetite, as shown in
Fig. 3, should be true in this pH range. It should be noticed that the
line shape and peak frequency position of the absorption bands at
pH 10.8 is different from the ones at lower pH (Fig. 1) and there-
fore a direct comparison of sorbed amounts between high (10.8)
and low (9.5–7.0) pH values in Fig. 3 is more uncertain. However,
it seems still plausible to suggest that the highest pH value imply
a lower amount of sorbed silica, which is also supported by results
from others [1,7,11,12]. Desorption experiments carried out directly
after sorption at a certain pH were used to assess the sorption affin-
ity of silicate for the magnetite surface. The residual silicate on
the magnetite surface was monitored during the time the flow-
cell was flushed with Milli-Q water. ATR-FTIR spectra are shown
in Fig. 1 and desorption results are plotted in Fig. 3. During the
time of desorption used here (∼2 h) it is clear that silicate is more
easily desorbed at high pH than at low pH. This might be caused
by the formation of oligomeric surface silicate species at low pH.
Formation of such species would imply stronger interaction with
the magnetite surface since each species may offer many Fe–O–Si
bonds with the surface and therefore it takes longer time to desorb
these species. On the other hand high pH would imply an enhanced
detachment of sorbed silicate as ions in accordance with the sil-
ica dissolution mechanism and an increased electrostatic repulsion
between magnetite surface and silicate species which should facili-
tate the desorption and inhibit the resorption as well. Although the
desorption rate seemed to be higher in the beginning of the desorp-
tion reaction, an equilibrium plateau value was not reached within
2 h.

3.2. Effect of silicate concentration on sorption

In Figs. 4 and 5, the sorption of silicate from aqueous solution
onto magnetite (Fig. 4) and maghemite (Fig. 5) is shown at pH 8.5
and different silicate concentration. Clearly, the concentration as
well as pH is important for the type of surface complexes formed.
At the lowest concentration (0.1 mM, Fig. 4), the recorded spectra
reminds very much of spectra recorded at pH 10.8 but for a higher
silicate concentration (1 mM, Fig. 1a). Accordingly, the 950 cm−1

band is due to bidentate monomeric surface species, whilst the
shoulder at the high frequency side of this band demonstrates
the formation of oligomeric species. At the highest silicate con-
centration (5 mM), the dominant band at ∼1020 cm−1 for a 1 mM
solution is shifted to ∼1050 cm−1 upon increased surface load-
ing. This is an interesting spectral shift because a higher silicate
concentration is expected to result in more of polymeric species.
Accordingly, the shift from 1020 cm−1 to 1050 cm−1 is an indication
of increased polymerization at the magnetite surface resulting in
oligomeric species with a higher degree of polymerization but may
simultaneously reflect a change of the structure of the oligomers
since infrared spectra are well-known to be sensitive to changes in
molecular structure. Sorption from a 5 mM aqueous silicate solu-
tion also imply a much higher intensity at 1100–1150 cm−1, which
was assigned to a three-dimensional framework such as amorphous
silica. However, the broadness of this band is significantly larger
than the half-width of a spectrum of amorphous silica particles (not
shown) although the peak frequency is almost the same. This might

Fig. 4. ATR-FTIR spectra showing the time dependence of silicate sorption on mag-
netite at pH 8.5 and different silica concentration.

imply that the three-dimensional silica framework structure even-
tually will form a silica layer which infrared spectrum is similar to
the spectrum of amorphous silica particles. It might be speculated
that the appearance of such a broad band in this region could be
due to the number of Si–O–Si units exposed to different environ-
ments such as in cyclic trimers, mono-substituted cyclic tetramers,
cyclic tetramers, bridged cyclic tetramers etc. If these units rep-
resent slightly different vibrational potentials with low activation
energy between them, the result should be a broadening of the
absorption band caused by Si–O vibrations.

Fig. 5 shows that vibrational spectra of silicate sorbed on a
maghemite surface at pH 8.5 are very similar to the correspond-

Fig. 5. ATR-FTIR spectra showing the time dependence of silicate sorption on
maghemite at pH 8.5 and different silica concentration.
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Fig. 6. Sorption and desorption of sodium silicate at pH 8.5 and different silica con-
centration: (a) magnetite and (b) maghemite. Filled circles; integrated absorbance
of sorbed silicate per mg magnetite; open circles, integrated absorbance of resid-
ual silicate on surface during desorption. Infrared spectra were integrated between
1300 cm−1 and 800 cm−1.

ing spectra for silicate on magnetite. Spectra recorded for sorption
from a 1 mM solution are similar in line shape compared to cor-
responding spectra obtained for magnetite (Fig. 4). The surface
species assigned for magnetite are also valid for maghemite and
they appear at almost the same peak frequencies for the two iron
oxide surfaces. However, for silicate sorbed from a 5 mM solu-
tion, the absorbance ratio A1150/A1020 is somewhat larger for the
maghemite/silicate system than for silicate on magnetite suggest-
ing that the three-dimensional silica phase is more readily formed
on maghemite as compared with magnetite.

The experiments involving maghemite were also encompassing
sorption from a 0.4 mM silicate solution (Fig. 5). At this silicate con-
centration, being in between 1 mM and 0.1 mM (Fig. 4), the band
at 950 cm−1 had slightly higher intensity in the beginning of the
sorption reaction, relative to the absorption at ∼1000 cm−1. The
latter band shifts gradually to 1020 cm−1 and increases in intensity
as the sorption reaction proceeds. These findings are in accordance
with the spectral results discussed above, showing that monomeric
silicate species dominates at low silicate concentration whereas
oligomeric species become more frequent at higher concentration
and at longer reaction times.

3.3. A comparison between sorption onto magnetite and
maghemite

Another interesting question addressed in this study was the
possible difference between magnetite and maghemite concerning
their sorption behaviour. The results so far have shown that their
qualitative sorption behaviour is rather similar. However, compar-
ing the amount of silicate species sorbed on the two iron oxide
surfaces (Figs. 4, 5 and 6), the difference is apparent. The amount

Table 1
Speciation model of dilute silicate aqueous solution based on the reaction:
pH+ + qSi(OH)4 ⇔ Hp(Si(OH)4)q

p+. Formation constants from Felmy [18].

p q Chemical formula log (K
◦
p,q)

−1 1 SiO(OH)3
− −9.82

−2 1 SiO2(OH)2
2− −23.27

−1 2 Si2[−] −8.50
−2 2 Si2[2−] −19.4
−3 3 Si3[3−](cyclo) −29.3
−3 3 Si3[3−](linear) −29.4
−4 4 Si4[4−](linear) −39.1
−4 4 Si4[4−](cyclo) −39.2
−4 4 Si4[4−](sub) −39.1
−4 4 Si4[2−] −15.6
−6 6 Si6[6−] −61.8

of silicate sorbed on magnetite is higher by a factor of 3–5 as com-
pared with maghemite although the structure of the two iron oxides
is similar both representing a spinel structure with tetrahedral and
octahedral sites. The main physical difference between the two is
the unit cell volume being slightly smaller for maghemite caused
by the oxidation of the Fe (II) atoms. Both minerals have about the
same point of zero charge as determined by Sun et al. and Jarlbring
et al. using zeta potential measurements on iron oxide samples pre-
pared by applying a similar synthesis routine as here, viz. at about
pH 6.0 for magnetite and at about pH 6.2 for maghemite [15,19].
The measured BET areas are also rather similar viz. 98 m2/g for
magnetite and 87 m2/g for maghemite, at least partly due to the
similarities between the particle sizes of the two synthesized iron
oxides. However, the number of measured proton active adsorp-
tion sites is very different for the two iron oxides. As determined
by potentiometric titrations, the number of proton active surface
sites is about 0.8 sites/nm2 for maghemite and 5.2 sites/nm2 for
magnetite [15,19]. It is therefore proposed here that the number
of active surface sites is the main cause of magnetite being a more
efficient sorbent for silicate species than maghemite. According to
Fig. 6a and b, about 3 times more is sorbed at 5 mM silicate concen-
tration and 5 times more at 1 mM silicate concentration after the
iron oxide have been exposed to the silicate solutions for about 2 h.
It should be noticed that in neither of these two cases, a sorption
equilibrium plateau value was reached.

4. Conclusions

The sorption of silicate from aqueous solution onto magnetite
and maghemite was monitored by in situ ATR-FTIR spectroscopy.
From the infrared absorption of silicate species versus time it was
concluded that a maximum absorption appeared between pH 7.0
and pH 9.5. Below pH 9.5, a sorption equilibrium value could not
be reached within 2 h. Desorption of already sorbed silicate on a
magnetite surface was easier to accomplish at high pH (10.8) than
at low pH (9.5–7.0). One reason could be the more extensive for-
mation of oligomeric surface silicate species at low pH. At high pH
or low silicate concentration, the dominant surface species were
a bidentate monomeric surface complex assigned to the infrared
band at 950 cm−1. Decreasing pH or increasing the concentration of
silica implies more of oligomeric surface silicate species assigned
to the infrared absorption at 1000–1050 cm−1. At the highest sil-
icate concentration (5 mM) this band shifted from 1020 cm−1 to
1050 cm−1 as the surface loading increased with the time of reac-
tion. Simultaneously, a broad band at 1150 cm−1 grew in intensity,
a band that was assigned to a three-dimensional silica framework.
The gradual shift from 1000 cm−1 to higher frequency indicated
that the degree of polymerization increased with the sorption time
and silicate concentration.

The main difference between magnetite and maghemite con-
cerning silicate sorption was the amount sorbed. The amount of
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silicate sorbed onto magnetite was 3–5 times larger than the cor-
responding sorption onto maghemite.

Acknowledgments

This research was financially supported by funds donated by
LKAB to the Hjalmar Lundbom Research Centre (HLRC) at Luleå Uni-
versity of Technology. Xiaofang Yang thanks the National Natural
Science Foundation of China (Grant No. 20537020) for providing
the possibility to perform this work in Sweden within a visiting
PhD student program.

References

[1] L. Sigg, W. Stumm, The interaction of anions and weak acids with the hydrous
goethite (�-FeOOH) surface, Colloids Surf. 2 (1981) 101–117.

[2] L. Carlson, U. Schwertmann, Natural ferrihydrites in surface deposits from Fin-
land and their association with silica, Geochim. Cosmochim. Acta 45 (1981)
421–429.

[3] C.C. Davis, H.-W. Chen, M. Edwards, Modeling silica sorption to iron hydroxide,
Environ. Sci. Technol. 36 (2002) 582–587.

[4] H.L. Shergold, Flotation in mineral processing, in: K.J. Ives (Ed.), The Scientific
Basis of Flotation, NATO ASI series, Martinus Nijhoff, Hague, 1984, pp. 229–287.

[5] F.W. Su, K.H. Rao, K.S.E. Forssberg, P.-O. Samskog, Dephosphorization of mag-
netite fines. 2. Effect of reagents and other chemical variables on apatite
flotation kinetics, Trans. Inst. Min. Metall. 107 (1998) C103–C110.

[6] W.Q. Gong, C. Klaober, L.J. Warren, Mechanism of action of sodium silicate in
the flotation of apatite from hematite, Int. J. Miner. Process. 39 (1993) 251–273.

[7] P.J. Swedlund, J.G. Webster, Adsorption and polymerization of silicic acid on fer-
rihydrite and its effect on arsenic adsorption, Water Res. 33 (1999) 3413–3422.

[8] J.W. Phair, J.S.J. van Deventer, J.D. Smith, Interaction of sodium silicate with
zirconia and its consequences for polysialation, Colloids Surf. A: Physicochem.
Eng. Aspects 182 (2001) 143–159.

[9] J.L. Bass, G.L. Turner, Anion distributions in sodium silicate solutions. Character-
ization by 29Si NMR and infrared spectroscopies, and vapor phase osmometry,
J. Phys. Chem. B 101 (1997) 10638–10644.

[10] H.C.B. Hansen, T.P. Wetche, K. Raulund-Rasmussen, O.K. Borggaard, Stability
constants for silicate adsorbed to ferrihydrite, Clay Miner. 29 (1994) 314–
350.

[11] T. Hiemstra, M.O. Barnett, W.H. van Riemsdijk, Interaction of silicic acid with
goethite, J. Colloid Interf. Sci. 310 (2007) 8–17.

[12] N. Jordan, N. Marmier, C. Lomenech, E. Giffaut, J.-J. Ehrhardt, Sorption of silicates
on goethite, hematite, and magnetite: experiments and modeling, J. Colloid
Interf. Sci. 312 (2007) 224–229.

[13] R.M. Cornell, U. Schwertmann, The Iron Oxides: Structure, Properties, Reac-
tions, Occurrences and Uses, 2nd completely rev. and extended ed., Wiley-VCH,
Cambridge, 2003.

[14] J.-P. Jolivet, E. Tronc, Interfacial electron transfer in colloidal spinel iron oxide.
Conversion of Fe3O4–�–Fe2O3 in aqueous medium, J. Colloid Interf. Sci. 125
(1988) 688–701.

[15] M. Jarlbring, L. Gunneriusson, B. Hussmann, W. Forsling, Surface complex char-
acteristics of synthetic maghemite and hematite in aqueous suspensions, J.
Colloid Interf. Sci. 285 (2005) 212–217.

[16] D. Peak, R.G. Ford, D.L. Sparks, An in situ ATR-FTIR investigation of sul-
phate bonding mechanisms on goethite, J. Colloid Interf. Sci. 218 (1999) 289–
299.

[17] A. Fredriksson, A. Holmgren, An in situ ATR-FTIR study of the adsorption kinetics
of xanthate on germanium, Colloids Surf. A: Physicochem. Eng. Aspects 302
(2007) 96–101.

[18] A.R. Felmy, H. Cho, J.R. Rustad, M.J. Mason, An aqueous thermodynamic model
for polymerized silica species to high ionic strength, J. Solution Chem. 30 (2001)
509–525.

[19] Z.X. Sun, F.W. Su, W. Forsling, P.-O. Samskog, Surface characteristics of magnetite
in aqueous suspension, J. Colloid Interf. Sci. 197 (1998) 151–159.

[20] G.S. Pokrovski, J. Schott, F. Farges, J.-L. Hazemann, Iron (III)–silica interactions in
aqueous solution: insights from X-ray absorption fine structure spectroscopy,
Geochim. Cosmochim. Acta 67 (2003) 3559–3573.

[21] V.C. Farmer, Orthosilicate, pyrosilicates and other finite-chain silicates, in: V.C.
Farmer (Ed.), Infrared Spectra of Minerals, Mineralogical Society, London, 1974
(Monograph No. 4).

[22] X. Yang, P. Roonasi, A. Holmgren, A study of sodium silicate in aqueous solu-
tion and sorbed by synthetic magnetite using in situ ATR-FTIR spectroscopy, J.
Colloid Interf. Sci. 328 (2008) 41–47.

[23] K.D. Dobson, P.A. Connor, A.J. McQuillan, Monitoring hydrous metal oxide sur-
face charge and adsorption by STIRS, Langmuir 13 (1997) 2614–2616.



Paper III 

Competition between sodium oleate and sodium silicate for a silicate 

/oleate modified magnetite surface studied by in-situ ATR-FTIR 

Spectroscopy

Payman Roonasi, Xiaofang Yang, Allan Holmgren  

Journal of Colloid and Interface Science, 343 (2010) 546-552 





Competition between sodium oleate and sodium silicate for a silicate/oleate
modified magnetite surface studied by in situ ATR-FTIR spectroscopy

Payman Roonasi a,*, Xiaofang Yang a,b, Allan Holmgren a

aDivision of Chemistry, Department of Chemical Engineering and Geosciences, Luleå University of Technology, SE-97187 Luleå, Sweden
bResearch Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

a r t i c l e i n f o

Article history:
Received 30 August 2009
Accepted 2 December 2009
Available online 6 December 2009

Keywords:
ATR-FTIR spectroscopy
Magnetite
Oleate
Silicate
Depressive effect
Adsorption kinetics

a b s t r a c t

Attenuated Total Reflection (ATR) IR spectroscopy was utilized to monitor adsorption of sodium oleate
and sodium silicate onto synthetic magnetite at pH = 8.5, both individually and in a competitive manner.
Oleate was adsorbed within a concentration range of 0.01–0.5 mM. It was observed that adsorption of
oleate increased linearly with increasing concentration of oleate in solution up to a concentration of
0.1 mM. The infrared spectrum of oleate showed a broad single band at 1535 cm�1 assigned to the asym-
metric stretching vibration of carboxylate, implying chemisorption of oleate to the magnetite surface. The
kinetics of oleate adsorption followed a pseudo first-order reaction with an apparent rate constant of
k1 = 0.030 ± 0.002 min�1. Competitve adsorption of silicate and oleate was performed either by adding
silicate solution to a magnetite film initially equilibrated with 0.1 mM oleate or adding oleate solution
to magnetite treated with silicate solutions in the concentration range 0.1–5 mM. It was shown that sil-
icate, within reasonable time, had only minor effect on the amount of oleate already adsorbed on mag-
netite. On the other hand, oleate did not efficiently compete with silicate if the latter substance was
already adsorbed on the iron oxide.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

The agglomeration of finely ground iron ore concentrates into
magnetite pellets is a complex surface chemical process involving
a mixture of various components such as magnetite, bentonite,
water-glass, olivine, as well as ions dissolved in the process water.
In addition it may be necessary to use a collector for reversed flo-
tation of apatite frommagnetite, as is the case at Luossavaara-Kiru-
navaara AB (LKAB) in Sweden. This reagent is applied to minimize
the apatite content by froth flotation, but a small amount of the
collector may also adsorb at the magnetite particle surfaces and
such a wetting modification was recently shown to affect the
strength of the green pellets formed in the pelletizing process
[1]. Thus, it is important to reduce the adsorption of this collector
in order to further improve the strength of the pellets. Although
the chemical structure of the collector is unspecified by the manu-
facturer, from NMR and IR spectra of this compound it was clear
that the collector contains a number of carbonyl groups, double
bond(s), methyl (CH3) and methylene (CH2) entities. In this study
we have used sodium oleate as a model collector molecule. Oleate,
which is a well known surfactant and collector, consists of a car-
boxylate head group, a hydrocarbon chain, and a double bond at

the C:9 position of the C 18 alkyl chain. Attenuated Total Reflection
(ATR) infrared spectroscopy was utilized, a technique that has been
widely applied to study surface adsorption from aqueous solution
onto finely dispersed solids including metal oxides e.g. [2–8]. ATR
spectroscopy has also been used to study surface reactions related
to flotation [9–15]. Especially the in situ method is advantageous
since it admits the adsorbed species to be monitored while the
mineral is in contact with the solution. This advantage not only al-
lows one to acquire information regarding the nature of the spe-
cies, but also the rate of adsorption can be studied in situ i.e. in
real time [3,8–10].

The aim of the present study was primarily to investigate the
adsorption properties of oleate on the magnetite particle surfaces
including the adsorption kinetics and the competition between
oleate and sodium silicate for the magnetite surface. Silicate spe-
cies adsorbed at magnetite will make the iron oxide surface hydro-
philic, which is advantageous for the particle agglomeration
process, whilst adsorbed collector would have the opposite effect.
Sodium silicate (known as water-glass) is one of the mostly used
modifying reagents in flotation. It is well known that the speciation
of silicate species in aqueous solution depends on SiO2:Na2O ratio,
SiO2 concentration, pH, temperature, and aging [16–20]. These
parameters therefore play a significant role in its application in
surface modification processes. Here pH was adjusted to interme-
diate value (8.5), close to the pH of the process water at LKAB. Poly-

0021-9797/$ - see front matter � 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2009.12.002

* Corresponding author. Fax: +46 920 49 13 99.
E-mail address: Payman.roonasi@ltu.se (P. Roonasi).

Journal of Colloid and Interface Science 343 (2010) 546–552

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

www.elsevier .com/locate / jc is



merization of silicate is known to be more extensive at intermedi-
ate pH values than at higher pH [20].

2. Materials and methods

2.1. Materials and reagents

Magnetite was synthesized as previously described [3,20,21].
The small magnetite particles implied a high surface area
(97.7 m2/g), which is advantageous for spectroscopic measure-
ments and these particles were used as a model system for magne-
tite from the iron ore.

Sodium oleate (�99%) was obtained from Sigma. Fresh solutions
of oleate were prepared by dissolving sodium oleate in water.
Water-glass reagent with a modulus (SiO2/Na2O ratio) of 3.3 was
used as the silicate solution source. The water-glass solutions were
diluted to a desirable concentration just before the experiment.
Analytical grade of NaOH and HCl were used for pH adjustment.
Milli-Q water (Millipore Corp.) was used in all stages for prepara-
tion of sodium oleate and water-glass solutions and adsorption
measurements.

2.2. ATR-FTIR measurements

2.2.1. Instrumentation and experimental set up
The internal reflection element (IRE) was thoroughly rinsed

with ethanol and Milli-Q water before deposition of a magnetite
layer. The magnetite particles were deposited over the ZnS–IRE
(50 mm � 20 mm � 2 mm) by evenly spreading a few drops of an
as-synthesized magnetite suspension over the crystal and drying
it in a vacuum desiccator. A single sided rectangularly shaped flow
through cell, made of stainless steel, was used. The cell was con-
nected to a 250 ml reservoir containing 150 ml solution via Viton
tubings and the solutions were circulated through the cell at a rate
of 5 ml/min (for further details, see Ref. [3]). All experiments were
performed at room temperature and the reservoir was protected
from air by a flow of argon. The pH value was probed during the
experiment using a glass electrode. The IR spectra were recorded
on a Bruker IFS 66v/S equipped with a DTGS detector and typically
350 co-added scans were recorded at a resolution of 4 cm�1. Data
acquisition as well as data processing and analysis were carried out
by means of the OPUS software.

2.2.2. Adsorption measurements
2.2.2.1. Oleate adsorption. Milli-Q water at pH = 8.5 was continu-
ously circulated through the cell for 30 min before the background
spectrumwas collected. Afterwards, a known volume of the freshly
prepared sodium oleate solutionwas added to the reaction vessel to
acquire the desired spectra. The sample spectrawere recordedusing
the repeated measurements facility until no significant increase in
intensityof theCAHstretching frequencywasobserved. Thiswasas-
sumed to represent the adsorption maximum at the given concen-
tration. The same procedure was repeated for oleate
concentrations between 0.01 mM and 0.5 mM. Although the re-
portedcriticalmicellization concentration (CMC)of aqueoussodium
oleate solutions varies a lot in the literature (0.7–4.8 mM), [22,23]
the concentration range used should be below the CMC value.

A new magnetite film was deposited on the IRE for each kinetic
experiment and after the background spectrum had been recorded.
The background solution (Milli-Q water at pH = 8.5) was then re-
placed by oleate solution (further details can be found in Ref. [3]).

Experiments were also performed using aqueous oleate solu-
tions in the concentration range 0.05–0.5 mM and a bare ZnS crys-
tal (without deposited magnetite) to make sure the observed
intensity was not due to oleate adsorbed onto the bare ZnS–IRE

or from oleate in aqueous solution. Only negligible IR absorption,
due to oleate, was detected in these experiments.

2.2.2.2. Adsorption of water-glass on oleate modified magnetite. The
effect of water-glass on oleate adsorption at the magnetite surface
was performed as follows:

An aqueous solution of 0.1 mM oleate was equilibrated with the
magnetite surface and spectra were recorded until adsorption
equilibrium (ca. 80 min), in the same way as described in Sec-
tion 2.2.2.1. Then, a given amount of water-glass was added to ob-
tain a silicate concentration of 0.01 mM and subsequently spectra
of adsorbed silicate were monitored with time. The experiment
was continued by increasing the concentration of silicate to
0.06 mM, 0.2 mM, 1 mM, and 5 mM. Spectra were recorded
75 min after each addition. The pH of the aqueous solutions
(Milli-Q water) was 8.5.

2.2.2.3. Adsorption of oleate on silicate modified magnetite. A 0.1 mM
aqueous silicate solution was prepared (pH = 8.5). This silicate
solution was circulated for 100 min in contact with the magnetite
surface while the spectra were collected in the same way as de-
scribed under Section 2.2.2.1. Subsequently, sodium oleate was
added to this solution to obtain a 0.1 mM solution with respect
to oleate. This procedure was repeated with initial silicate concen-
trations of 0.4 mM, 1 mM, and 5 mM before adding sodium oleate
(0.1 mM). The latter sequence of silicate/oleate addition is natural
since silicate work both as a depressor and as a dispersing agent.

3. Results and discussion

3.1. Adsorption of oleate onto magnetite

Fig. 1 shows IR spectra of oleate adsorbed on magnetite at dif-
ferent concentrations and Fig. 2 depicts the plot of integrated
absorbance in CAH stretching region (2800–3000 cm�1) versus
equilibrium oleate concentration in solution. As evident from
Figs. 1 and 2, the adsorption increased nearly proportional to oleate
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Fig. 1. Infrared spectra of oleate adsorbed on magnetite from 0.01–0.5 mM aqueous
oleate solutions. The insert shows the bulk oleate concentration in mM and spectra
were shifted along the absorbance axis for clarity.
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concentration in solution at low concentrations but the slope of the
curve decreased at higher concentration although not reaching an
equilibrium plateau value within the concentration range studied.
No kink was observed in the absorbance versus concentration iso-
therm (Fig. 2). However, this does not exclude the formation of a
second layer of physisorbed oleate simultaneously as the mono-
layer is formed.

It should be noticed that the observed intensity is due to oleate
adsorbed on magnetite since the adsorption onto the ZnS crystal is
negligible (Section 2.2.2.1) and so is absorption due to oleate in
solution. A similar trend in oleate adsorption onto hematite was
observed by Ofor [24], who studied oleate concentrations up to
1.07 mM. Likewise, Shibata and Fuerstenau [25] found increased
oleate adsorption with increasing concentration up to 10�4 M.

The band assignments of oleate and oleic acid are well estab-
lished in the literature [26]. There are four main regions in the IR
spectrum of oleate which are commonly considered to determine
and characterize the nature of adsorbed oleate at mineral surfaces:

Region I comprises CAH stretching including symmetric and
asymmetric stretching of CH2 and CH3 entities between
2800 cm�1 and 3000 cm�1 and the vinylic @CAH band above
3000 cm�1. The bands in this region (either the integrated absor-
bance over the whole CH range or only the CH2 asymmetric
stretching intensity) are frequently used for quantitative measure-
ments of adsorbed organic substances [11,27–29]. The frequency
position of the asymmetric CH2 stretch has also been used as indi-
cator of the conformation of the alkyl chains e.g., [30–33].

Regions II, III and IV comprise the carboxylic function, where
the carbonyl vibration appears around 1710 cm�1 (II), the carbox-
ylate asymmetric (III), and the symmetric (IV) stretching frequen-
cies are located at about 1550 cm�1 and 1420 cm�1, respectively.
Within the latter region (region IV) also bands due to the symmet-
ric and asymmetric bending of methylene and methyl groups ap-
pear. The frequency distance between the two carboxylate
vibrations has been proposed as an aid to distinguish between
the structure of the surface complexes formed between organic
acids and metal oxides [34,35].

The CH2 and CH3 stretching bands are the most intense (Fig. 1)
at all concentrations studied. A closer look at the frequency posi-
tion of the asymmetric and symmetric CH2 stretching bands at dif-
ferent concentrations demonstrates a shift toward lower frequency
with increasing concentration up to 0.1 mM (�2 cm�1) but be-
comes nearly constant at higher concentrations (Fig. 3). This
behavior indicates a decrease in the number of gauche conformers
up to 0.1 mM, where after the alkyl chain packing becomes almost
constant. The transfer of the alkyl chain from an aqueous environ-
ment at low concentration to a hydrocarbon environment at the
mineral surface could be responsible for the frequency shift. Both

an increased packing of the alkyl chains during monolayer forma-
tion and the formation of a second physisorbed layer of oleate mol-
ecules are therefore in accordance with this change in frequency.

The single broad feature at 1535 cm�1 (Fig. 1) was assigned to
the asymmetric carboxylate stretching vibration, whilst the weak
band at 1711 cm�1 is assigned to the carbonyl vibration of oleic
acid. The latter band became more prominent in the spectra at
higher (P0.2 mM) oleate concentration, indicating formation of
carboxylic groups. An asymmetric carboxylate stretching at about
1535 cm�1 has been used as a proof of chemisorbed oleate on cal-
cium minerals [36]. The configuration of carboxylate bonded to
magnetite is determined using the frequency difference between
symmetric and asymmetric COO� stretching vibrations (Dt)
[34,35,37]. The observed Dt = 110 cm�1 in this work (1425–
1535 cm�1) is less than 135 cm�1 obtained for non-adsorbed oleate
in accordance with a bidentate mononuclear configuration. In our
previous work on oleate adsorbed on magnetite using DRIFT spec-
troscopy [21], it was concluded that the configuration of adsorbed
oleate at the magnetite surface is predominantly a chelate with a
small contribution from bidentate bridging, which is in accordance
with the present result.

The fact that significant adsorption occurred at alkaline pH
(pH = 8.5 in this case) which is higher than the PZC of magnetite
(�6.5) clearly indicates chemisorption, although PZC varies some-
what in the literature with pKa1 � 5 and pKa2 � 8 [38]. The majority
of sodium oleate in solution is in the form of Ol� at the pH and con-
centrations used here although other species such as Ol2�2 , HOl�2
and HOl may also coexist but in non-detectable concentration.
The magnetite surface is negatively charged at this pH implying
that the surface sites represent a distribution of („FeO�) and neu-
tral entities („FeOH). Oleate is therefore assumed to replace sur-
face hydroxyl groups. The reaction might be expressed as follows:

½BFeðII; IIIÞ � OH� þ Ol� () ½BFeðII; IIIÞ � Ol� þ OH�ðOl ¼ oleateÞ;
ð1Þ

Thus, the charge of the magnetite surface at pH 8.5 and the
infrared band assignments both indicate that oleate forms a chem-
isorbed layer at the magnetite surface with possible contribution
from physisorbed oleate. Physisorption should be more probable
at oleate concentrations approaching the CMC value.

3.1.1. Kinetics of oleate adsorption onto magnetite
The kinetics was studied by in situ monitoring the adsorption of

oleate onto the magnetite surface with time. The integrated absor-
bance over the CAH stretching range was assumed to be propor-
tional to the amount of oleate adsorbed. Fig. 4 shows the
increase in adsorption with time. Assuming pseudo-first-order
kinetics, the following equation can be derived:
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Fig. 2. A plot of the integrated absorbance in the CAH stretching region (2800–
3000 cm�1) versus equilibrium oleate concentration in solution showing a nearly
linear correlation with adsorbed oleate.
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ln½Am=ðAm � AtÞ� ¼ k1:t; ð2Þ

where k1 = k2�Cb, is the pseudo-first order rate constant, and Cb is
the concentration of oleate in the bulk, t is time, Am and At are
absorbances at equilibrium and at time t, respectively [9,39].

According to Eq. (2), a plot of ln[Am/(Am � At)] versus time might
confirm first-order behavior and from the gradient of the straight
line, k1 can be determined. As shown in Fig. 5, the reaction was
confirmed to be first-order with R2 = 0.9961, which demonstrates
a good correlation with first-order kinetics. An apparent rate con-
stant of k1 = 0.030 ± 0.002 min�1 was obtained, which was constant
within experimental error for all concentrations studied (0.01 mM,
0.02 mM, 0.05 mM, and 0.1 mM).

It has been shown that adsorption of a number of collectors on
mineral surfaces follows (pseudo)first-order kinetics with respect
to availability of surface sites. Drelich et al. [13] modeled the
adsorption of 10-undecenoic acid and 10-undecyonic acid on fluo-
rite as pseudo-first-order kinetics. Free and Miller [14] used this ki-
netic model to fit their data on oleate adsorption onto fluorite.
Fredriksson et al. [11] showed that the adsorption of heptyl xan-
thate on a layer of zinc sulfide also followed pseudo-first-order
behavior. A similar model was used by Chiem et al. [10] for adsorp-
tion of polyacrylamide on a talc surface. Ofor studied adsorption of
oleate on hematite and reported that the reaction was first order
with respect to oleate concentration in bulk solution and consider-
ing the high activation energy, the chemical process was the rate
determining step [40].

The good correlation between experimental data for different
concentrations and pseudo-first-order kinetics presented here
indicates that the adsorption process at the surface controls the

rate of adsorption. In this process the oleate molecules replace sur-
face hydroxyl groups and also associated water molecules, so
hydrogen bonding interaction should play an important role in
the initial step. However, van der Waals interactions between
hydrocarbon chains may also affect the reaction rate since already
adsorbed oleate molecules should facilitate the adsorption of the
next molecule close to the first one thereby possibly building is-
lands of oleate at the surface, islands that grows with time and
eventually forms a monolayer. The rate of collector adsorption is
of course important in selective flotation. Since the separation of
apatite from magnetite seems to work well in practice, the rate
of collector adsorption onto apatite should be much larger. How-
ever, in the real process it might be more efficient to add the col-
lector step by step since this would reduce high local
concentrations of the collector in the flotation pulp. A high local
concentration might imply that more of the collector is first ad-
sorbed on magnetite and redistribution of the collector from mag-
netite surfaces to apatite is probably a comparatively slow process.
This will be the subject of further investigations.

3.2. Adsorption of silicate onto magnetite

Fig. 6 shows spectra from the adsorption of sodium silicate onto
magnetite from 0.1 mM, 0.4 mM, 1 mM, and 5 mM silicate solu-
tions at pH = 8.5. As evident from these infrared spectra, the
absorption bands typical for adsorbed silicate species shift to high-
er frequency with increasing concentration of silicate in solution.
This shift caused by higher concentration was recently ascribed
to the formation of condensation products between silicate species
at the mineral surface [20]. In this context it may be noticed that
the adsorption of silicate did not reach an equilibrium plateau va-
lue during the time used for equilibration with magnetite
(100 min). Silicate was shown to be chemisorbed at magnetite
since adsorption was evident at high pH values (pH = 10.8) where
both the adsorbent and the adsorbate are negatively charged
[20,41]. The rate of adsorption varies with pH and concentration
as shown in Ref. [41].

The pH and concentration of silicate in addition to SiO2/Na2O
ratio (modulus of sodium silicate), temperature, and aging are
the main factors determining the properties of silicate species in
solution. The distribution diagram of silicate anions in solution as
a function of concentration and pH is available [20,42,43]. Accord-
ing to equilibrium calculations at various pH, the monomers
SiO2ðOHÞ2�2 , SiOðOHÞ�3 , and Si(OH)4 are dominant at concentrations
below 2 mM. At pH < 9, the monomer Si(OH)4 is the major specie in
solution. At concentrations higher than 2 mM and moderate pH
(7 < pH < 9), however, amorphous silica will start to precipitate.
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Fig. 4. Kinetics of oleate adsorption on magnetite shown as a plot of integrated
absorbance in the 2800–3000 cm�1 region versus time. The bulk concentration of
oleate was 0.1 mM.

y = 0.0302x
R2 = 0.9961

0

0.5

1

1.5

2

2.5

3

0 20 40 60 80 100
time (min)

ln
[A

m
ax

/(A
m

ax
-A

t)]

Fig. 5. A plot of ln(Amax/(Amax � At)) versus time showing that the rate of adsorption
of oleate onto magnetite followed a pseudo-first-order reaction. The straight-line is
a linear least square fit of the experimental points.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

900950100010501100115012001250
Wavenumber (cm-1)

A
bs

or
ba

nc
e

5
1

0.4
0.1

Fig. 6. Infrared spectra of silicate adsorbed on magnetite from aqueous solution.
The insert shows the bulk silicate concentrations in mM. Spectra were recorded
after equilibration for 100 min.

P. Roonasi et al. / Journal of Colloid and Interface Science 343 (2010) 546–552 549



In previous contributions we studied the silicate adsorption on
magnetite at different pH and concentrations [20,41]. It turned out
that the highest and strongest adsorption took place at moderate
pH and high silicate concentrations where more oligomerized/
polymerized silicates form at the surface. According to the litera-
ture [20,41,44], the formation of such species has a stronger affin-
ity for the iron oxide surface due to contribution from many Fe–O–
Si segments to the strength of adsorption.

Upon adsorption of silicate onto magnetite from a 0.1 mM solu-
tion, a prominent IR band appeared at �950 cm�1. This band was
assigned to FeO–Si stretching in inner-sphere bidentate mono-
meric surface complexes, („FeO)2ASi(OH)2 or („FeO)2ASi(OH)O�

[20]. Increasing the silicate concentration in aqueous solution from
0.4 mM to 5 mM implied that this band was shifted to higher wave
numbers. At 0.4 mM, a new band appeared above 1000 cm�1, a
band that grew in intensity with time. At 1 mM the strongest band
was located at �1020 cm�1 with two distinct shoulders at
�955 cm�1 and �1120 cm�1. The band at �955 cm�1 was attrib-
uted to bidentate monomeric surface species, whilst the bands at
higher frequency viz. 1020 cm�1 and 1120 cm�1 were assigned to
oligomeric and/or polymeric surface species. At 5 mM, the latter
band was strongly enhanced and shifted to still higher frequency.
The latter infrared absorption was suggested to be related to a
three dimensional silica framework such as amorphous silica
particles.

Fig. 7 shows the development of the spectral feature upon
adsorbing silicate onto magnetite from 0.4 mM silicate solution.
The growth in intensity of the band above �1000 cm�1 is clear
and eventually this band became the strongest one in this spectral
region. A similar trend occurred at higher concentration viz., 1 mM
and 5 mM, and was described as oligomerization or polymerization
of silicate at the surface with time [41].

3.3. Competitive adsorption between oleate and silicate for magnetite

In the reversed flotation of apatite from magnetite, silicate is
used as a dispersing agent i.e. to hinder agglomeration. The collec-
tor is preferentially adsorbed by apatite, but a small fraction is also
adsorbed by magnetite. Since silicate and collector will modify the
magnetite surfaces differently, the former making the surface
hydrophilic whereas the latter makes it hydrophobic, it is interest-
ing to know whether one of the species already adsorbed can be
substituted for the other one. This is interesting because it is
known in practice that in the agglomeration of magnetite it is
advantageous to have hydrophilic magnetite surfaces. In a process
such as pelletizing, the rate of substitution is also very important.
To obtain information about such competitive adsorption, the
influence of already adsorbed oleate on silicate adsorption was
studied in order to evaluate the possibility of substitution of oleate

for silicate anions. Subsequently, the substitution of already ad-
sorbed silicate for oleate was investigated.

3.3.1. Substitution of oleate for silicate
Fig. 8 shows the effect of addition of water-glass to magnetite

initially equilibrated with an aqueous solution of 0.1 mM oleate.
It is clear from Fig. 8a that the intensity of the methylene stretch-
ing vibrations only decreases a little upon increase of the silicate
concentration, implying that silicate can not easily replace oleate
at the magnetite surface. This result also supports the conclusion
that oleate is chemisorbed at the magnetite surface, which was
suggested in a previous section. Notice that the aqueous solution
is all the time 0.1 mM with respect to oleate in these experiments.

The peak intensity due to silicate adsorption also increased with
increasing silicate concentration (Fig. 8b), which shows that an in-
creased amount of silicate was adsorbed although magnetite had
been made more hydrophobic by oleate. However, the band shape
and peak positions are slightly different as compared with spectra
recorded for the same time and concentration of silicate in the
bulk, but adsorbed onto non-modified magnetite. This is reason-
able since the environment of the adsorbed silicate species is dif-
ferent. For 1 mM and 5 mM silicate solutions, the peak position
for the SiAO stretch at �1020 cm�1 and �1040 cm�1 from ad-
sorbed species at the non-modified magnetite surface, is detected
at about 6 cm�1 to lower frequency at the modified surface,
although a high frequency shift should be expected because of
the hydrophobic environment. However, simultaneously the inten-
sity of the shoulder at �1120 cm�1 is strongly diminished relative
to the intensity of this shoulder for a non-modified surface. This
difference in band shape and intensity of silicate absorption indi-
cates less extensive or slower rate of polymerization of silicate
when the surface of magnetite was treated with oleate. In addition,
the results indicate that Si(OH)4 units (pH = 8.5) have reached
adsorption sites at the magnetite surface although it was first mod-
ified by equilibration with a 0.1 mM oleate solution.
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3.3.2. Substitution of silicate for oleate
Sodium silicate was first allowed to adsorb onto magnetite from

various concentrations of aqueous silicate solutions for 100 min.
For each of the so prepared magnetite–silicate surfaces, the solu-
tion was made 0.1 mMwith respect to sodium oleate and this solu-
tion was continuously circulated through the flow cell monitoring
the infrared spectra of oleate in situ. Fig. 9 shows the integrated
absorbance of oleate in the CAH stretching region versus the bulk
silicate concentration used to modify the magnetite surface.
Clearly, the amount of adsorbed oleate decreased with increasing
amount of silicate on the magnetite surface, especially for magne-
tite prepared using silicate concentrations higher than 0.4 mM. As
mentioned earlier, the pH of all solutions investigated was 8.5. The
results show that oleate can adsorb on the silicate modified mag-
netite surface, but the extent of oleate adsorption is considerably
lower above the bulk concentration where silicate species at the
magnetite surface is supposed to form dimers or possibly poly-
mers. The dimerization and polymerization of silicate at the mag-
netite surface seems to strengthen the attraction between silicate
and iron oxide although increased surface coverage and thickness
of the adsorbed silica layer may also be important.

It has been shown by others that pH and silica concentration are
two important factors affecting the efficiency of water-glass as
depressant in selective separation of apatite from iron oxide
[44,45]. However, at lower sodium silicate concentrations than
0.4 mM, the adsorbed silicate species seemed to work mainly as
a dispersing agent [46]. Already at this low concentration, the ad-
sorbed silicate species tend to take part in condensation reactions
at the magnetite surface (Fig. 7). Increasing the silicate concentra-
tion in the bulk from 0.1 mM to 0.4 mM strongly reduced the
amount of adsorbed oleate (Fig. 9), whilst the intensity from
CAH stretching was only slightly reduced upon increasing the sil-
icate concentration to 1 mM. Condensation of adsorbed silicate
species seems therefore to be more efficient in order to avoid
adsorption of oleate although adsorption was strongly prohibited
already for magnetite treated with 0.1 mM silicate solution.

4. Conclusions

Competition between sodium oleate and sodium silicate for a
silicate/oleate modified magnetite surface was studied at
pH = 8.5 using in situ ATR-FTIR spectroscopy. This technique al-
lowed the detection of the adsorbate from low concentrations in
Milli-Q water as solvent. Adsorption of oleate and silicate from
aqueous solution was first studied separately. When oleate was ad-
sorbed on magnetite, a broad infrared band was observed at
1535 cm�1 due to the asymmetric stretching of carboxylate,
although the surface of magnetite is negatively charged at this
pH (PZC � 6.5). This indicated preferentially chemisorption of ole-

ate onto the magnetite surface. The adsorption was shown to in-
crease linearly with oleate concentration in the bulk up to
0.1 mM, with a contribution of physisorbed oleate at higher con-
centrations. The rate of oleate adsorption on magnetite showed a
good correlation with pseudo-first-order kinetics at all concentra-
tions studied with an apparent rate constant of
k1 = 0.030 ± 0.002 min�1.

The IR spectra of silicate adsorbed on magnetite showed a con-
tinuous shift to higher frequency with increasing concentration of
silicate in the bulk. At a silicate concentration of 0.4 mM, a new
band appeared above �1000 cm�1, a band that grew in intensity
and shifted to higher frequency with time. The shift toward higher
frequency was assigned to oligomerization of silicate at the mag-
netite surface, which might affect the depressive properties of sil-
icate. It was shown that silicate in solution could not easily replace
oleate already adsorbed at the surface although silicate was clearly
adsorbed, but the polymerization/oligomerization of these silicate
units were less extensive on magnetite initially treated with oleate
as compared to an untreated magnetite surface. It was also shown
that magnetite modified by silicate, even at low concentration,
effectively reduced the adsorption of oleate from aqueous solution.
Already at a silicate concentration of 0.4 mM, the amount of ad-
sorbed sodium oleate was reduced to 10% of the amount adsorbed
on a non-modified magnetite surface.
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Abstract

Consecutive adsorption of sodium silicate and an anionic surfactant on synthetic magnetite 

modified with calcium ions was studied at pH 7.5-9.5 using in-situ ATR-FTIR spectroscopy. The 

effect of these chemicals on the zeta-potential and wetting properties of magnetite was also 

investigated and utilized to interpret the spectroscopic results. While adsorption of silicate increased 

with increasing pH, subsequent surfactant adsorption went through a maximum at pH 8.5. 

Surfactant adsorption was not affected by the amount of silicate adsorbed on magnetite suggesting 

that in the presence of calcium ions silicate and surfactant adsorbed independently on different 

surface sites. Calcium ions were found to render the magnetite surface positive in the pH range 3-

10. Conditioning of magnetite with calcium chloride and sodium silicate resulted in less negative 

zeta-potential as compared to conditioning with silicate alone suggesting that calcium ions could 

reduce the dispersing effect of silicate in e.g. flotation of apatite from magnetite. The water contact 

angle measurements showed that treatment with calcium chloride and sodium silicate made 

magnetite more hydrophilic. Subsequent adsorption of the anionic surfactant increased the water 

contact angle of the magnetite surface from about 10° to 40-50°. Although the latter values are not 

high enough to make magnetite float, the hydrophobic areas on the magnetite surface could result in 

incorporation of air bubbles inside the iron ore pellets produced by wet agglomeration, lowering the 

pellet strength. 

Keywords: adsorption, ATR-FTIR, calcium, contact angle, magnetite, silicate, surfactant, zeta-

potential 
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1. Introduction 

Surfactant adsorption on mineral surfaces is important for many industrial applications including 

detergency, dispersion of pigments, stabilization of colloidal suspensions in cosmetics and 

pharmaceuticals, flocculation of fine mineral particles, and ore flotation. 

Separation of two minerals by flotation can occur if they have different affinity for air and water. A 

mineral can be flotated only if the work of adhesion between a particle and an air bubble is high 

enough to prevent the disruption of the particle-bubble interface. The work of adhesion between a 

particle and an air bubble increases with increasing contact angle at the surface-air interface 

implying that the floatability of a mineral improves as the mineral surface gets more hydrophobic. 

Most mineral surfaces are highly polar and thus have a high surface free energy, which makes them 

hydrophilic. To make the mineral float with the air bubbles, the surface of such minerals has to be 

modified by a suitable surfactant in order to reduce the surface free energy. Providing that 

surfactant adsorption in a flotation system occurs selectively, good separation of the minerals can be 

achieved.  

Interactions at the mineral-water interface are to a large extent controlled by the charge density of 

the mineral surface [1]. Adsorption of different species as well as pH of the process water can alter 

the charge density enhancing or reducing the interactions between the mineral and the surfactant 

and therefore affect flotation performance. It is thus very important to know the effects that various 

species dissolved in the process water may have on the charge density of a mineral surface. The 

effect of adsorption on the charge density of mineral particles can be determined from 

electrophoretic measurements and then expressed in terms of changes in the zeta-potential. 

Another phenomenon that is highly dependent on the charge density of the mineral surface is 

dispersion of the mineral particles, which is required to maximize mineral recovery and flotation 

selectivity [2]. Dispersion is facilitated by increasing the net surface charge density of the mineral 

particles causing an increased electrostatic repulsion between them. Increase of the charge 

magnitude can be achieved by adsorption of compounds forming charged complexes on the mineral 

surface.  

One of the important parameters in flotation that affects both the surface properties of the minerals 

and the speciation of the flotation chemicals as well as species naturally occurring in the process 

water is pH. The net charge of a mineral surface and adsorption of ionic collectors on the surface 

are dependent on pH, which has also been shown to have a certain effect on natural wettability of 

minerals [3, 4]. In the recent paper by Puah et al. [5], the variation of the contact angle of titania as 

a function of pH was explained by the ionization of the surface hydroxyl groups above and below 

the point of zero charge of the surface resulting in increased surface charge and, consequently, 
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surface wettability. Together with the reagent dosing, pH determines to a large extent the selectivity 

in separation of minerals by flotation [4]. 

In the reverse flotation of the iron ore rich in apatite, fatty acid based surfactants are used as 

flotation collectors and sodium silicate as a dispersing agent [6]. Sufficiently high concentrations of 

sodium silicate have been shown to have a depressing effect on the iron oxides [7]. Flotation of 

apatite from the iron oxides is typically conducted at pH > 7 whereas the optimum pH in any 

specific process depends on the type of apatite mineral which is to be flotated [8].  

If the iron ore concentrate is pelletized by wet agglomeration, it is important that the surface of the 

iron oxide after flotation is sufficiently hydrophilic to ensure efficient balling and high strength of 

the iron ore pellets in both wet and dry state [9]. Contamination of magnetite with flotation collector 

renders magnetite hydrophobic and reduces pellet strength [10, 11, 12]. While sodium silicate can 

to some extent protect magnetite surface from collector adsorption, calcium ions present in the 

process water enhance undesired adsorption and precipitation of the collector on magnetite [13, 14]. 

In our previous work [15] we have also shown that calcium ions increase dramatically the 

adsorption of an anionic surfactant on magnetite even in the presence of sodium silicate. The results 

further emphasize the importance of taking into account the influence of additives and ions in the 

process water on the adsorption of flotation collectors on mineral surfaces in order to better 

understand the phenomena in real flotation systems. 

The scope of the present work is to show the effect of pH and sodium silicate on the adsorption of 

an anionic surfactant onto magnetite in the presence of calcium ions and to investigate how the 

adsorption of the different constituents in this system affects magnetite surface properties relevant 

to flotation and agglomeration, namely, surface charge and wettability. 

 

2. Experimental 

2.1. Materials 

Magnetite nanocrystals were synthesized and purified as described earlier [15]. The obtained 

suspension of magnetite in distilled water was further diluted with methanol and degassed distilled 

water to give a working suspension containing 25 vol. % methanol and ca 1.1 mg mL-1 magnetite. 

The suspension was stored in a refrigerator in order to minimize oxidation of magnetite.  

Stock solutions of dodecyloxyethoxyethoxyethoxyethyl maleate (Sigma-Aldrich) used as a model 

flotation collector, sodium silicate (Na2SiO3·9H2O,  98 %, Sigma) and calcium chloride 

(CaCl2·2H2O, 95 %, Riedel-de Ha n) were prepared by dissolving appropriate amounts of the 

corresponding chemicals in 0.01 M aqueous solutions of NaCl (per analysis, Riedel-de Ha n), 

which was used as a background electrolyte.  
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Figure 1. Chemical structure of dodecyloxyethoxyethoxyethoxyethyl maleate. R represents the 

linear alkyl chain CH3(CH2)11. 

 

All aqueous solutions were prepared using distilled water degassed under 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. 

The pH of working solutions was adjusted using aqueous solutions of sodium hydroxide (NaOH, 

per analysis, Merck) and hydrochloric acid (HCl, 37 %, per analysis, Merck). 

 

2.2. Methods 

2.2.1. Zeta-potential measurements 

The zeta-potential measurements were performed using a ZetaCompact instrument equipped with a 

charge-coupled device (CCD) tracking camera. The collected electrophoretic mobility data was 

further processed by the Zeta4 software applying the Smoluchowski equation. Six different aqueous 

dispersions of synthetic magnetite crystals were prepared in: (a) 10 mM NaCl as ionic medium; (b) 

3.3 mM CaCl2; (c) 10 mM NaCl and 1 mM Na2SiO3; (d) 3.3 mM CaCl2 and 1 mM Na2SiO3; (e) 3.3 

mM CaCl2 and 0.4 mM Na2SiO3; and (f) 3.3 mM CaCl2, 0.4 mM Na2SiO3 and 25 mg L-1 maleic 

acid ester. The concentration of magnetite in the dispersion was ca 5 mg L-1. The ionic strength of 

different samples was assumed to be constant since the contribution of Na2SiO3 and the surfactant 

to the ionic strength is insignificant. Additionally, the zeta-potential of 15 mg L-1 maleic acid ester 

was measured in aqueous solutions containing (a) 10 mM NaCl, and (b) 10 mM NaCl and 2.4 mM 

CaCl2. The samples spanned the pH range from 3 to 11. The pH of the samples was adjusted using 

aqueous solutions of NaOH and HCl. For each sample, the measurement was repeated three times 

and the final zeta-potential was calculated as an average of the obtained values. 

 

2.2.2. Contact angle measurements 

Contact angle measurements were performed using a Fibro 1121/1122 DAT-Dynamic Absorption 

and Contact Angle Tester equipped with a CCD camera. A magnetite film was prepared by 

spreading 0.5 mL of the magnetite dispersion on a ZnSe crystal and letting it dry in air. Thereafter, 

the film was rinsed with distilled water and dried in a vacuum desiccator for 30 min. The contact 

angle was measured by applying a 4 μm drop of distilled water onto the film using a microsyringe. 

A series of images were taken at different time points and analysed using the DAT 3.6 software. 

Eight fresh drops placed at different sample locations were measured, and the average contact angle 
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value was calculated. After the measurement, the film was immersed for 60 min in an aqueous 

solution containing 4 mM of CaCl2 and 10 mM of NaCl, then rinsed with distilled water and dried 

in a vacuum desiccator for 30 min. Thereafter, the contact angle was measured again. The 

measurement was repeated in the same manner twice after subsequently adding 0.4 mM of sodium 

silicate and 25 mg L-1 of the maleic acid ester to the solution already containing CaCl2 and NaCl. 

The pH of the solutions was kept constant at 8.5. 

 

2.2.3. ATR-FTIR spectroscopy 

Infrared spectra were recorded on a Bruker IFS 66v/S spectrometer equipped with a liquid nitrogen 

cooled mercury-cadmium-telluride (MCT) detector and a vertical ATR accessory. A trapezoidal 

ZnSe crystal (Crystran Ltd.), with the dimensions 50x20x2 mm and 45° cut edges, was coated with 

a magnetite film as described earlier [15] and mounted in a stainless steel flow cell. In-situ 

adsorption measurements were performed by pumping the working solution continuously through 

the cell at a rate of 10 mL min-1 with recirculation and recording infrared spectra every 5 min.  

All adsorption experiments were performed at room temperature. The pH was adjusted and 

controlled either by a Mettler Toledo T70 titrator or manually using a conventional pH-meter. The 

concentration of the background electrolyte was 10 mM NaCl in all the experiments. Prior to 

adsorption, the magnetite film was rinsed for 30 minutes by pumping a 10 mM aqueous solution of 

NaCl at the pH of adsorption through the flow cell and thereafter a single beam background 

spectrum of the solution in contact with the magnetite coated ZnSe substrate was recorded. After 

that, calcium chloride was added to give a 4 mM aqueous solution that was pumped through the cell 

for 1 h. Thereafter, a new single beam background spectrum was recorded and then sodium silicate 

was added to the solution to give a 0.4 mM aqueous solution. The adsorption of silicate was 

monitored during 20 min by recording a spectrum every five minutes. After silicate adsorption, 

another single beam background spectrum was recorded and finally the adsorption of the maleic 

acid ester from a 25 mg L-1 solution was monitored for 1 h. 

All spectra were acquired by averaging 500 scans at a resolution of 4 cm-1. Spectra evaluation was 

performed using the Bruker Opus 4.2 software. 

3. Results and discussion 

3.1. Zeta-potential measurements  

The results of the zeta-potential measurements presented in Figure 2 illustrate that the point of zero 

charge (PZC) of the magnetite crystals in 10 mM aqueous NaCl (filled squares in Fig. 2) was 

around pH 7 as typically reported [16] for iron oxides.  
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Addition of 3.3 mM calcium chloride rendered magnetite surface positive in the whole pH range 

studied (open squares in Fig. 2). Furthermore, the zeta-potential in the pH range between 4 and 7 

(open squares) became more positive than the zeta-potential of magnetite in 10 mM NaCl (filled 

squares) indicating that the charge of the magnetite surface was affected by calcium ions even at pH 

below the PZC for magnetite crystals in NaCl. At pH above the PZC, the acquired positive net 

surface charge increased with increasing pH in the range between pH 7.5 and 10 showing that the 

affinity for calcium ions increased as the magnetite surface became more negatively charged. Su [8] 

as well as Dixon [17] reported similar results for the magnetite-calcium system and suggested that 

calcium ions reacted with surface hydroxyls by substitution of hydrogen atoms for Ca2+, which 

increased the surface charge.  
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Figure 2. Zeta-potential of the magnetite crystals as a function of pH in 10 mM NaCl ( ), 3.3 mM 

CaCl2 ( ), 10 mM NaCl and 1 mM Na2SiO3 ( ), and 3.3 mM CaCl2 and 1 mM Na2SiO3 ( ).  

 

When 1 mM sodium metasilicate was added to the magnetite dispersed in 10 mM NaCl (open 

triangles in Fig. 2), the zeta potential shifted to lower values at all pH, with the PZC observed at pH 

5.5. The net surface charge became much more negative in the pH range from 7.5 to 9.5 as 

compared to the charge of magnetite in 10 mM NaCl. These observations are in agreement with the 

recent potentiometric titration study by Jolsterå et al. [18], where the authors suggest that the 

negatively charged silicate surface complex FeOSiO(OH)2
- starts to form by deprotonation already 

at pH below 5 and dominates at pH 7.0-9.8 giving the surface increased negative charge. 

Pre-treatment of magnetite with both calcium ions and sodium silicate (filled triangles in Fig. 2) 

reduced the negative net surface charge in the pH range between 6 and 10 as compared to 

silicate-modified magnetite (open triangles in Fig. 2). This suggests that high concentrations of 

calcium in the process water (pH ~ 8.5) can reduce the efficiency of sodium silicate as dispersing 
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agent due to decreased electrostatic repulsion between the ore particles. However, in the pH range 

between 3 and 6 calcium ions do not seem to have any significant effect on the magnetite net 

surface charge since the values of the zeta-potential remained almost the same as in the case when 

only sodium silicate was added to magnetite. Similar results were reported by Dixon [17] for 

calcium adsorption on magnetite coated with silica and were explained by the effect of solvation 

energy. According to Dixon, adsorption from aqueous solutions is facilitated on surfaces with 

dielectric constants close to that of water. Magnetite has much higher dielectric constant than silica 

[19], consequently, less calcium is expected to adsorb on silica modified magnetite. However, in the 

present work, magnetite particles were brought in contact with calcium and silicate ions 

simultaneously and similar adsorption behaviour as described by Dixon was observed suggesting 

that at pH 3-6 adsorption of silicate species on magnetite prevails over adsorption of calcium, most 

likely due to electrostatic interactions, and that calcium ions do not adsorb on silicate species 

attached to the magnetite surface. 
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Figure 3. Zeta-potential of the magnetite crystals as a function of pH in 3.3 mM CaCl2 and 1 mM 

Na2SiO3 ( ), 3.3 mM CaCl2 and 0.4 mM Na2SiO3 ( ), and 3.3 mM CaCl2, 0.4 mM Na2SiO3 and 25 

mg L-1 maleic acid ester ( ) (a); zeta-potential of 15 mg L-1 maleic acid ester in 10 mM aqueous 

solution of NaCl ( ), of 15 mg L-1 maleic acid ester in aqueous solution containing 10 mM NaCl 

and 2.4 mM CaCl2 ( ), and of the magnetite crystals in 3.3 mM CaCl2, 0.4 mM Na2SiO3 and 25 

mg L-1 maleic acid ester ( ) (b).  

 

Upon the decrease of silicate concentration from 1 mM to 0.4 mM while keeping the concentration 

of calcium ions (open diamonds in Fig. 3a) constant, the PZC of the magnetite surface shifted to 

slightly higher pH and the net surface charge above the PZC became less negative as compared to 
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the case with 1 mM of silicate (filled diamonds in Fig. 3a) suggesting that the effect of silicate on 

the surface charge was partly suppressed by calcium.  

Another observation was that the zeta-potential of the magnetite surface in calcium-silicate 

solutions started to get less negative above pH 9 (filled and open diamonds in Fig. 3a). The reason 

for that could be decreased silicate adsorption which is known to go through a maximum around pH 

9 [18, 20, 21] and at the same time an increased positive contribution from calcium ions. 

When the maleic acid ester was added to the calcium-silicate mixture (open squares in Fig. 3a), the 

zeta-potential became more negative, probably due to adsorption of the surfactant anions onto 

calcium attached to the magnetite surface (ternary adsorption) partly compensating for its positive 

charge. Additionally, the hydrophobic chain-chain interaction between the surfactant molecules 

could result in formation of a bi-layer on the surface with the head groups of the surfactant species 

in the second layer oriented towards the solution and introducing additional negative charge to the 

surface [22].  

Maleic acid ester dissolved in a 10 mM aqueous solution of NaCl was found to be highly negatively 

charged at pH 4-11 (empty triangles in Fig. 3b), with the charge getting less negative below pH 6 

due to protonation of surfactant anions. When calcium ions were added to the surfactant solution 

(filled triangles in Fig. 3b) the charge became much less negative and independent of pH indicating 

the interaction between calcium and surfactant in solution. Furthermore, the charge of surfactant-

calcium species in solution was rather similar to the charge of the magnetite particles treated with 

calcium, silicate and surfactant (filled triangles and empty squares in Fig. 3b, respectively) 

supporting the proposed mechanism of surfactant adsorption on magnetite via calcium ions.  

It is important to mention here that the samples containing surfactant with the pH below 5.5 could 

not be analyzed due to the fact that the amount of particles in the sample was higher than the 

tracking limit of the CCD camera. The observed particles were smaller in size than the magnetite 

particles and most likely were the result of precipitation of the surfactant in solution as pH 

decreased.  

 

3.2. Contact angle measurements 

Figure 4 illustrates how conditioning with calcium ions, sodium silicate and the maleic acid ester at 

pH 8.5 affected the hydrophilic properties of the magnetite film. The water contact angle of the as-

prepared magnetite film was determined to be slightly above 20°, which is rather close to the value 

of 25°±5° previously reported by Wang and Ren [3] for magnetite in distilled water. Having a large 

amount of acid and base sites [23] contributing to the polar component of the surface free energy 

according to the van Oss theory [24], iron oxides are commonly considered to be hydrophilic and 

thus not floatable without collector. 
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Treatment of magnetite with calcium chloride lowered the water contact angle by ca 3°. According 

to a proposed mechanism [8, 17], calcium ions can react specifically with surface hydroxyls 

releasing protons and adding positive charge to the surface. In other words, adsorption of calcium 

ions reduces the amount of surface hydroxyl groups and at the same time increases the amount of 

unsaturated Lewis acid sites on the surface. Gentleman and Ruud [25] recently showed that 

dehydration of the metal oxide surface decreases the water contact angle of the surface due to the 

fact that metal-water interactions are stronger than hydrogen bonding between the surface hydroxyls 

and water. Similarly, when hydrogen in the hydroxyl groups is substituted with calcium the polar 

contribution to the surface free energy is expected to increase, interaction with water becomes 

stronger thus increasing surface hydrophilicity and decreasing the contact angle.  
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Figure 4. Contact angle of the as-synthesized magnetite film and magnetite film after consequent 

conditioning with calcium ions, sodium silicate and the maleic acid ester. The background 

electrolyte was 10 mM NaCl. The given values were measured 1 s after a drop of water was 

deposited on the surface and are presented as an average value ± one standard deviation shown by 

the error bars. The empty circle indicates that the true value could not be estimated since 5 out of 8 

measurements after silicate adsorption were below detection limit of the instrument (10°). In order 

to calculate the average and the standard deviation, the values of the contact angle in the 5 

measurements were assumed to be 10°. 

 

Subsequent adsorption of sodium silicate lowered the water contact angle on the magnetite film 

even further, to at least 12°. Decreased contact angle could possibly be a result of the increased 

amount of hydroxyl groups [26] on the magnetite surface introduced by the silicate species 

adsorbed. Deprotonation of the silicate surface complexes as proposed by Jolsterå et al. [18] would 

further increase surface polarity and consequently enhance surface interaction with water reducing 

the water contact angle and making the magnetite surface more hydrophilic.  
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Adsorption of the maleic acid ester increased the contact angle between water and the magnetite 

surface to 40-50°. For alkyl sulfonate with a hydrocarbon chain containing 12 carbon atoms (as the 

surfactant used in this work) the reported contact angle of water on alumina varied from less than 

20° to ca 80° depending on the concentration of surfactant in solution [22]. According to the results 

presented by the authors, a contact angle of 40-50° corresponds to the beginning of the formation of 

hemimicelles on the surface. This value of the contact angle would probably not be sufficient to 

facilitate flotation of magnetite since in order to have natural floatability the mineral should have a 

contact angle above 60° [4]. However, the hydrophobic areas formed by surfactant adsorbed on the 

magnetite surface would facilitate the attachment of the air bubbles and incorporation of these 

bubbles inside the green pellets produced from the flotated magnetite concentrate by wet 

agglomeration. Inclusions of air in the pellets have been shown to lower pellet strength both in wet 

and dry state [10, 11, 12] as discussed above.  

It is important to mention here that the variation of the contact angle within the same sample was a 

result of surface heterogeneity [27] including geometrical heterogeneity or surface roughness and 

chemical heterogeneity which is enhanced by uneven distribution of adsorbate on the surface, e.g., 

by patchy adsorption of the surfactant [28]. 

 

3.3. ATR-FTIR spectroscopy 

3.3.1. Adsorption of sodium silicate 

The spectra of silicate species after 20 min of adsorption onto magnetite at pH 7.5-9.5 and in the 

presence of calcium ions are shown in Fig. 5a. The broad absorption at 1200-800 cm-1 associated 

with the Si-O stretching vibrations is commonly reported [29] for silicate species adsorbed on iron 

oxides. The band at ca 950 cm-1 is assigned to the monomeric surface silicate species whereas the 

bands at 1200-1000 cm-1 are assigned to the oligomeric and polymeric silicate species with 

increasing degree of polymerization as the bands are shifted to higher wavenumbers [29]. The 

intensity of the bands in Fig. 5a increases with increasing pH indicating that more silicate is 

adsorbed on the magnetite surface at higher pH. The band assigned to the oligomeric silicate species 

in the spectra recorded at pH 8.5 and 9.5 had the highest intensity and was shifted to higher 

wavenumbers as compared to the same band in the spectrum recorded at pH 7.5. This implies that 

more oligomerized species were present on the magnetite surface at pH 8.5-9.5 than at pH 7.5 

probably due to the higher surface loading of silicate species at higher pH facilitating surface 

polymerization.  

The adsorption of inorganic anions from aqueous solutions represents usually a two-step process 

with a fast and a slow stage [30]; the latter is often described by the Elovich equation [31]: 
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)ln(1)ln(1 t                               (1) 

where  and  are constants, t is time, and  is the surface coverage at the time t. 

Upon the reasonable assumptions that the amount of silicate species adsorbed on the magnetite 

surface is proportional to the integrated absorbance of the Si-O stretching vibration band between 

1250 and 800 cm-1 in the spectra (Fig. 5a) and that the integrated absorbance is proportional to , 

the integrated absorbance was plotted as a function of ln(t) (Fig. 5b). 

The obtained linear dependences of the integrated absorbance vs. ln(t) in Figure 5b indicate that the 

experimental data were in good agreement with the Elovich equation (with a regression coefficient 

R2 > 0.995 for all the pH studied).  
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Figure 5. ATR-FTIR spectra of the silicate species on magnetite after 20 min of adsorption at pH 

7.5-9.5 after pre-adsorption of calcium at the same pH (a), and integrated absorbance of the silicate 

band between 1250-800 cm-1 as a function of adsorption time at pH 7.5 ( ), 8.5 ( ) and 9.5 ( ) (b). 

The background electrolyte was 10 mM NaCl. 

 

Considering the amount of silicate adsorbed after 5 min (the data points in the plot at ln(t)=1.6), 

Fig. 5b shows that the adsorption increased with increasing pH, in concert with the previously 

reported findings for silicate adsorption on maghemite [18] and goethite [20, 21] without pre-

treatment of iron oxides with calcium chloride. These results indicate the same tendency of 

increased silicate adsorption onto magnetite and that calcium ions did not change this tendency. As 

a result of calcium ions adsorbing on the magnetite surface, the positive net surface charge 

increased with increasing pH in the range 7.5-9.5 (see Fig. 2) resulting in an increased attraction 

between the magnetite surface and the negatively charged silicate species that start to form in 

solution above pH 7 [32]. Additionally, surface precipitation of calcium silicate which increases 

with increasing pH [33] may contribute to silicate loading on the magnetite surface.  

 11



The fact that the plots at pH 8.5 and 9.5 in Figure 5b are almost parallel (the slopes are 2.44 and 

2.64, respectively) suggests that pH did not have significant effect on the slow stage of silicate 

adsorption onto magnetite in this pH range. However, the slope of the plot at pH 7.5 is considerably 

lower (viz. 1.46) indicating that adsorption at this pH with a lower rate. At this pH the surface 

charge density approaches zero facilitating coagulation of the particles in the magnetite film. 

Coagulation would result in decreased surface area available for adsorption i.e. decreased number 

of available surface sites and consequently would affect the amount adsorbed.  

 

3.2.2. Adsorption of the anionic surfactant 

Figure 6 shows the results from the adsorption of maleic acid ester onto magnetite at different pH. 

The pH was gradually decreased starting at pH 10. The surfactant was allowed to adsorb for 5 h at 

each pH to let the adsorption approach equilibrium. Assignment of the main absorption bands in the 

spectra in Fig. 6a is presented in Table 1 and discussed in details in our previous work [15]. 
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Figure 6. ATR-FTIR spectra of the maleic acid ester on magnetite after 5 h of adsorption from a 25 

mg L-1 solution at pH 4, 6, 8, 8.5 and 10 (top to bottom) (a), and absorbance of the carbonyl 

stretching vibration band originating from the maleic acid ester adsorbed on magnetite at different 

pH (b). The background electrolyte was 10 mM NaCl. 

 

The data in Fig. 6 illustrates that the adsorption increased with decreasing pH since the surface 

charge becomes first less negative and then turns positive with decreasing pH (see Fig. 2) thus 

making the surface more electrostatically favourable for adsorption of the negatively charged 

deprotonated collector species. However, the point at about pH 8 diverges slightly from the trend 

marked by the dotted line. It indicates that around this pH value there is an increased affinity 

between the surfactant and the magnetite surface.  
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Table 1. Assignments of the main absorption bands originating from the maleic acid ester adsorbed 

on magnetite. The background electrolyte was 10 mM NaCl. 

Position, cm-1 Assignment 

1566, 1394 as(COO-), s(COO-) in carboxylic acid 

1721 (C=O) in ester 

1098 (C-O-C) in the polyethylene glycol chain 

 

Similar results were previously reported by Morgan [34] for oleate adsorption on hematite and were 

explained by the formation of an acid soap complex [(RCOO)2H]- [35]. However, no evidence of 

the presence of this type of aggregate has been found for the surfactant used in this work suggesting 

that further experiments should be performed before a plausible explanation for such behaviour can 

be given. 

The surfactant adsorption onto magnetite pre-treated with calcium ions and sodium silicate in the 

pH range 7.5-9.5 is shown in Fig. 7. The spectra of surfactant in Fig. 7a are rather similar to the 

ones shown in Fig. 6a, except for an additional band at about 1030 cm-1 arising from the silicate 

species which continued to adsorb on magnetite even after surfactant addition.  

Surfactant adsorption was denser at pH 8.5 than at pH 7.5 or pH 9.5 (Fig. 7b) for several repeated 

measurements indicating that there would be a maximum in the adsorption around pH 8 also when 

the magnetite surface had been modified with calcium and silicate solutions. Fig. 7b shows that 

more surfactant was adsorbed at pH 9.5 than at pH 7.5, which is opposite to the results obtained for 

surfactant adsorption on as-synthesized magnetite shown in Fig. 6b. Such behaviour cannot be 

explained by the zeta-potential of the magnetite particles since the charge of the magnetite surface 

with calcium and silicate is rather constant and increases only slightly above pH 9 (diamonds in Fig. 

3). It is more likely that adsorption increases due to high affinity of the surfactant towards calcium 

ions, which were expected to be present on the magnetite surface in larger amount at pH 9.5 than at 

pH 7.5 in accordance with the zeta-potential results in Fig. 2 (open squares) for calcium-treated 

magnetite. Another reason could be the increased calcium-collector precipitation at higher pH. 
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Figure 7. ATR-FTIR spectra of the maleic acid ester on magnetite after 1 h of adsorption from a 25 

mg L-1 solution at pH 7.5-9.5 after pre-adsorption of calcium and silicate at the same pH (a), and 

absorbance of the carbonyl stretching vibration band originating from the maleic acid ester 

adsorbed at pH 7.5 ( ), 8.5 ( ) and 9.5 ( ) on magnetite pre-treated with calcium ions and sodium 

silicate at the same pH (b). The background electrolyte was 10 mM NaCl. 

 

Considering the fact that sodium silicate has previously been shown to reduce flotation collector 

adsorption on iron oxides [7, 36, 37], adsorption of the maleic acid ester could be anticipated to 

decrease with increasing pH due to higher silicate adsorption. Furthermore, conditioning time with 

silicate could be expected to have an impact on the amount of surfactant adsorbed afterwards. 

However, variation of the conditioning time with silicate in the range of 5 - 20 min at pH 7.5, 8.5 

and 9.5 did not have any considerable effect on the amount of the maleic acid ester adsorbed on 

magnetite at any of the pH values (not shown), which accentuates the importance of the initial fast 

stage of the silicate adsorption. Together with the observed increase in surfactant adsorption with 

increasing pH, these findings suggest that the maleic acid ester and silicate probably adsorbed 

independently on different surface sites: silicate species mainly on magnetite surface hydroxyls and 

the surfactant mainly on the calcium ions adsorbed on magnetite. The presented results also support 

the conclusion made in our previous work [15] that in the presence of calcium ions adsorption of 

sodium silicate does not affect the amount of the maleic acid ester adsorbed on magnetite to any 

considerable extent at pH 8.5 used in the flotation of apatite from magnetite. 

 

Conclusions

Zeta-potential and contact angle measurements provide important knowledge to facilitate the 

interpretation of the ATR-FTIR spectra obtained upon adsorption of various species onto mineral 

surfaces. In this study, calcium ions were found to affect both the surface charge and the wettability 
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of the magnetite surface. Adsorption of calcium ions rendered the magnetite surface positive above 

pH 7 and increased the positive surface charge below pH 7 implying specific interaction between 

calcium ions and magnetite. The contact angle between water and the magnetite surface decreased 

after treatment with calcium chloride implying that these ions themselves will not negatively affect 

the wettability of the magnetite surface needed for wet agglomeration of the particles. 

Adsorption of calcium ions did not affect the increased adsorption of sodium silicate with pH. The 

adsorption increased with increasing pH in the range 7.5 - 9.5, in a similar way as the adsorption of 

sodium silicate on magnetite not pre-exposed to calcium ions. The rate of silicate adsorption was in 

good agreement with the Elovich equation. Adsorption of sodium silicate together with calcium 

chloride reduced the negative charge of the magnetite surface as compared to magnetite after 

adsorption of sodium silicate alone, suggesting that high concentrations of calcium in process water 

could have an adverse effect on the dispersing performance of sodium silicate in flotation. 

Treatment with sodium silicate further decreased the water contact angle of calcium-modified 

magnetite to a substantially lower level.  

Subsequent surfactant adsorption in the pH range 7.5 - 9.5 was the highest at pH 8.5; the reason for 

that has to be further investigated. The fact that surfactant adsorption was not very much affected by 

the amount of silicate adsorbed on magnetite under the conditions studied suggests that in the 

presence of calcium ions silicate and collector adsorbed independently on different surface sites. 

Surfactant species adsorbed on the magnetite surface increased the water contact angle to 40-50° 

indicating that the surface was partly hydrophobic and probably contained surfactant patches that 

could cause inclusion of air bubbles inside the wet iron ore agglomerates (so called green pellets) 

thereby lowering the strength of the agglomerates.  
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Sodium bentonite in aqueous suspension was allowed to settle onto a layer of magnetite, and the orientation
of the bentonite platelets was monitored using the Fourier transform infrared spectrometry-attenuated total
reflection technique. This study is the first reported use of polarized IR to study the in situ settling of delaminated
bentonite platelets onto a thin layer of magnetite nanoparticles. The experiment was performed at a pH value
(pH 5.6) close to the point of zero charge for the edge surfaces of the bentonite platelets in order to possibly
enhance the probability for the (001) surface of bentonite to adhere to the positively charged magnetite particles.
The order parameter (S) of the platelets was calculated both for the dry film and the film formed during water
evaporation. These results were compared with the orientation of bentonite platelets on the internal reflection
element (ZnSe) without magnetite particles, a system where the three layer model is valid. During settling of
the bentonite, the tilt angle of the normal to the (001) surface of the platelets decreases and reaches a minimum
value for the dry film. When the film is still covered by a layer of water, the tilt angles indicate the film to
be at least partly built up of so-called card-house structures, implying that the edge surfaces of the platelets
are at least partly adhering to the basal (001) surfaces.

Introduction

Minerals composed of silicon oxide tetrahedrals combined
with aluminum oxide octahedrals are very common in nature.
Clay minerals belong to these types of structures, which exhibit
swelling and nonswelling properties in water depending on the
organization of their tetrahedral and octahedral layers. If the
silica tetrahedra and the alumina octahedra stick together as one
unit, the mineral is nonswelling, as in kaolinite, whereas a
structural unit with Si-Al-Si layers forms swelling clays.1,2

The structure of bentonite, commonly constituting ∼80%
montmorillonite, is shown in Figure 1. The (001) plane,
perpendicular to the surface normal of the bentonite platelets is
always negatively charged due to atomic substitution in the
octahedral sheet, where Al(III) is substituted for, for example,
Mg(II) ions. The surface of the silica tetrahedra is, therefore,
not sensitive to pH changes since the charge is due to atomic
substitution, whereas the edge surface of the platelet, which
consists of metal hydroxide groups, is sensitive to this experi-
mental parameter. There are investigations suggesting that the
point of zero charge of the edge surfaces is close to pH ≈ 5,3,4

whereas the magnetite particles are positively charged up to
pH ) 7.9.5 At pH values lower than 6, so-called card-house
structures may form due to electrostatic attraction between
positive and negative charges, implying that the edges of the
bentonite platelets may adhere to the 001 surfaces of other
platelets.2 If these card-house structures are formed, they will
certainly affect the dichroic ratio of the Si-O vibrations with
transition moments perpendicular and parallel to the surface

normal of the platelets and, consequently, the average orientation
of bentonite particles on the particulate magnetite substrate.

Swelling clays imply the possibility of water intercalation
between the Si-layers of adjacent structural units, such as in
bentonite. The latter types of clays are very popular as
adsorbents since they offer the possibility to intercalate anions,
cations, and organic molecules such as proteins, in addition to
water. Furthermore, the layered structure may cause bentonite
to delaminate under shear stress. Because of these properties
and because of its abundance in nature, this type of clays has
become very popular as adsorbents in a variety of applications,
such as in wine purification, as a component in kitty litter, and
in water treatment but also as a sealing agent in nuclear waste

* Corresponding author: e-mail: allan.r.holmgren@ltu.se; fax:
+46(0)920491199; phone: +46(0)920492140.

† Luleå University of Technology.
‡ Chinese Academy of Sciences.

Figure 1. The structure of montmorillonite platelets showing the three
layers of the platelet viz. the two silica tetrahedra on each side of the
alumina or magnesia (Me) octahedra. Between these platelets there are
exchangeable cations and water molecules. The ideal composition may
be written: (Na,Ca)1/3(Al5/3,Mg1/3)Si4O10(OH)2. The thickness of the
platelets is ∼1 nm, and in the bentonite studied here, a fraction of the
Me-atoms are substituted for, e.g., Fe(II) atoms.
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deposition, in geotechnical engineering, and as lubricant in
tribology. In the latter application, the layered structure is
utilized to reduce friction losses in, for example, oil well
drilling.6 Bentonite is also frequently used as a binder in
pelletizing plants,7-9 where it seems to facilitate the agglomera-
tion of valuable mineral particles such as magnetite into
mechanically strong green pellets, partly due to its swelling
ability. The mechanism by which bentonite acts as a binder in
green pellets is not very well-known, although it is reasonable
to assume that its negatively charged silicate surfaces and their
possibility to adhere to less negatively charged magnetite
particles should affect the wetability of the system, and therefore
the capillary forces being one of the forces keeping the magnetite
particles together. Upon mixing magnetite with bentonite,
expanded or delaminated bentonite grains may also form a sort
of fibrous structure between the magnetite particles during or
before agglomeration.

To obtain information about the orientation of bentonite
platelets on magnetite, polarized infrared spectroscopy was a
natural choice. Much of the attention in prior and recent IR
studies has focused on the behavior of species adsorbed at
mineral surfaces,10-16 including clay minerals.17-20 This tech-
nique has also recently been utilized to study the orientation of
monolayers of clay minerals on different ATR substrates as well
as dye molecules adsorbed on the mineral surface.21-23 The clay
film was accomplished either by settling from a water suspension
or by using the Langmuir-Blodgett method. However, the
orientation of clay particles in a thin multilayer of the clay where
the first layer is electrostatically interacting with another mineral,
such as magnetite, has not been reported so far. This became
the challenge of the present study.

This study was, therefore, devoted to the orientation of
bentonite particles on the magnetite surface under both wet and
dry conditions, since the orientation caused by mineral-metal
oxide interaction is believed to be important for the strength of
the green pellets, that is, pellets before sintering at elevated
temperature. Of special interest was the interaction at very low
water contents, where the magnetite-bentonite system is
approaching natural dryness. Fourier transform infrared (FTIR)
spectroscopy with s-polarized and p-polarized incident radiation
in combination with the attenuated total reflection (ATR)
technique admitted the orientation of bentonite platelets settled
from a water suspension onto magnetite particles to be
examined, as well as the orientation of the platelets after a “dry”
film had been formed. In this context it might be clarified that
settled particles may be regarded as being in aqueous suspension
when they are separated by water molecules, but they constitute
a settled aqueous suspension as opposed to the bulk suspension.

Materials and Methods

The Clay Mineral. The clay mineral bentonite, originally
from Milos in Greece, was obtained from Minelco and was ion
exchanged using 0.6 M NaCl. The bentonite obtained was
claimed to be ion exchanged already, so doing it again was
rather a precautionary measure. In the exchange procedure, 1 g
of the bentonite was mixed with 50 mL of the sodium chloride
solution, and the suspension was stirred for about 3 h. After
stirring, the bentonite settled at the bottom of the beaker because
of particle coagulation due to the high sodium chloride
concentration, and the clear solution was substituted for another
50 mL of aqueous sodium chloride. This was repeated three
times, and finally the suspension was allowed to settle at elevated
temperature (60 °C) for 1 h. The ion-exchanged product was
then redispersed in 200 mL of Milli-Q water (pH ) 5.6) under

stirring for 8 h. Some larger particles settled rather quickly,
whereas the smaller ones were dispersed for days. This pH was
used for reasons explained above, although the pH used in plants
is usually between 8 and 10. The suspension so obtained was
then centrifuged at 20 000 rpm for 30 min, and this procedure
was repeated until the water contained no chloride ions
according to an AgNO3 test. These bentonite particles had a
BET surface of 53.8 ( 0.3 m2/g. The particle size distribution
was narrow with peak intensity at 340 nm, as measured by a
Zeta Plus instrument from Brookhaven Instruments Corporation.
The average size of the particles indicated the clay mineral to
be very well-delaminated. The chemical composition of the ion-
exchanged Milos bentonite in wt %: 59.6 (SiO2), 21.9 (Al2O3),
4.6 (Fe2O3), 3.1 (MgO), 3.1 (Na2O), 0.5 (K2O), 0.8 (TiO2), 0.1
(CaO), 0.4 (Tot C). The analyses were performed using
inductively coupled plasma-atomic emission spectrometry (ICP-
AES).24

The Magnetite Particles. The synthesis of magnetite was
carried out by controlled coprecipitation of Fe(II) and Fe(III)
when added to an aqueous alkaline solution.25,26 Fe(II) and
Fe(III) chloride solutions were prepared by dissolving the salts
in deoxygenated Milli-Q water. A 5 mL portion of the mixture
(molar ratio 1:2; 1.2 M total iron chloride concentration) was
added dropwise (0.5 mL/min) to a reaction vessel containing
40 mL 0.9 M NH4OH solution. The reaction mixture was kept
under argon atmosphere at room temperature and was vigorously
stirred. After addition of the iron salts, the mixture was stirred
for another 20 min, and then the precipitated magnetite was
separated from the supernatant by decantation under argon. The
solid was washed 4 times with deoxygenated Milli-Q water and
separated by decantation. The magnetite particles formed had
a diameter of about 20 nm and were then allowed to settle onto
an ATR crystal during evaporation of the dispersion medium
(water).

Film Preparation. The magnetite film on the ATR crystal
was accomplished by evaporating a freshly synthesized aqueous
dispersion of the magnetite particles (0.15 mg/mL). Because
small particles of magnetite have a tendency to oxidize to form
hematite or maghemite, especially at elevated temperature, a
freshly prepared magnetite suspension was used. The magnetite
film was formed during evaporation of the water medium under
reduced atmospheric pressure (∼700 mBar) and by tilting the
length direction of the ATR crystal about 5°. This arrangement
allowed the water meniscus to move along the crystal surface
and resulted in a smooth and evenly distributed film of the
magnetite particles. The magnetite film so formed was allowed
to dry in vacuum. Shortly before the IR measurements, 1.25
mL of a dispersion of bentonite (0.0125 wt %) was added to
the magnetite film on the ATR crystal. The pH of this dispersion
was measured to be 5.6, in good accordance with pH of the
Milli-Q water used as dispersion medium. The low pH is due
to the proton exchange during ion exchange of the water. Then,
the bentonite particles were allowed to settle onto the magnetite
surface, and the orientation of the settled platelets were measured
in situ by polarized FTIR.

Infrared Spectroscopy. The ATR internal reflection element
was a ZnSe crystal plate (New Era Enterprises, Inc.) with the size
80 (l) × 10 (w) × 3 mm (t) and a face angle of 45 ° (13 reflections
on one side, refractive index ) 2.41). A horizontal ATR (HATR)
trough crystal plate mount was used in these experiments. Infrared
spectra were recorded on a Bruker IFS 66v/S FTIR spectrometer
equipped with a DTGS detector. All spectra were recorded at room
temperature (23 °C) and normal pressure using the double-side
forward-backward acquisition mode. The single beam background
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spectrum of ZnSe with a layer of magnetite was recorded under
argon atmosphere. A total number of 256 scans were signal-
averaged using an optical resolution of 4 cm-1. The resultant
interferogram was Fourier transformed using the Mertz phase
correction mode, a Blackman-Harris 3-term apodization function,
and a zero-filling factor of 2.

Polarization of the IR beam was achieved with a rotatable
grid polarizer of aluminum deposited on BaF2, placed in front
of the HATR accessory. The absorbance of the p-polarized
spectra was recorded with the polarizer, allowing the electric
field to pass in the plane of the incident radiation (Ap). In
combination with the s-polarized absorbance recorded with the
electric field perpendicular to the plane of incidence (As, parallel
to the crystal surface), the dichroic ratio (As/Ap) could be
calculated.

The Polarized FTIR-ATR Method. The experimental
method used here is based on the polarized HATR technique
as shown in the following simplified picture (Figure 2). In the
model describing the tilt angles of molecules adsorbed on an
ATR crystal, a molecular axis is defined.27 The tilt angle is the
angle between the molecular axis and the surface normal of the
ATR crystal and is calculated from the dichroic ratio (As/Ap),
assuming that the molecular axis has uniaxially symmetric
distribution around the z-axis (surface normal of the crystal)
and that the transition dipole moments in the molecule have a
uniaxially symmetric distribution about the molecular axis.
These transition moments form a known angle with the
molecular axis. In all-trans alkyl chains, for example, this angle
is θ ) 90° for symmetric and antisymmetric CH2 stretching
vibrations. However, there is no such molecular axis in bentonite
particles. The molecular axis, in the model used here, is therefore
assigned to the (001) surface normal of the bentonite platelets,
and the calculated tilt angle is the angle between the surface
normal to the platelets and the surface normal to the ATR crystal
used (ZnSe).

The measured absorptions (As and Ap) are proportional to the
square of the vector product between the electric field vector
of the evanescent field (E) and the transition dipole moment
(M). This may be written according to eq 1,

A∝ (E · M)2 (1)

where A is the absorbance.
The components of the electric field (E) depends on the

refractive indices of the crystal, the layers on the crystal, and
the medium outside these layers, in addition to the angle of
incidence, which is 45° in our experimental setup. The equations
used to calculate the x, y, and z components of the electric field

are described by Harrick and Mirabella28,29 as well as in a
number of publications.23,27,30,31 The square of the electric field
components are given by eqs 2-4
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In eqs 2-4, R is the angle of incidence, n31 ) n3/n1 and n32

) n3/n2, where n1 is the refractive index of the ATR crystal, n2

is the refractive index of the inorganic layer (magnetite and
bentonite), and n3 is the refractive index of the medium outside
this layer (water or air). In addition to the angle of incidence of
the infrared radiation, the electric field components are described
by three refractive indices (the three layer model).

If the second layer is composed of alkyl chain molecules
adsorbed onto the ATR crystal, then a molecular axis is
commonly defined with transition dipole moments in the
molecules forming an angle θ with respect to the molecular
axis. A weakness of this model is that alkyl chains can exhibit
trans-gauche conformers, implying that the molecular axis is
rather a curve than a straight line. On the other hand, an all-
trans conformation of the alkyl chains may imply a biaxial
distribution of the molecular axis around the surface normal of
the ATR crystal. However, in the present case a uniaxial
distribution of transition dipole moments parallel to the (001)
surface normal of the bentonite platelets is considered. This
model is similar to the one used in polarized infrared transmis-
sion spectroscopy of lamellar liquid crystalline phases, except
that in the latter experiments the molecular system has to be
tilted in order to measure a dichroic ratio.32

The average angle between the transition moment and the
surface normal of the ATR crystal is probed by the ratio between
the absorption of s-polarized and p-polarized infrared radiation
and can be calculated by the following equation,

D)
As

Ap
)

Ey
2 sin2 γ

Ex
2 sin2 γ+ 2Ez

2 cos2 γ
(5)

where γ is the average tilt angle.
In the derivation of eq 5, the angle between the transition

dipole moment M and the normal to the (001) surface of
bentonite is assumed to be θ ) 0°. Solving eq 5 for γ gives
eq 6.

γ) arcsin( 2DEz
2

D(2Ez
2 -Ex

2)+Ey
2)1 ⁄ 2

(6)

Equation 6 was used to calculate average tilt angles for bentonite
platelets settled on the magnetite particles, which were deposited
on the ZnSe internal reflection element.

Results and Discussion

The theory briefly described above and used in the estimation
of the orientation of bentonite platelets on magnetite particles
relies on the assumption that the bentonite platelets including
the magnetite particles form a thin film on the substrate. This
may be accomplished by using a sufficiently diluted suspension
of bentonite or by interrupting the settling of the dispersed

Figure 2. Incident p-polarized and s-polarized radiation is internally
reflected through the ATR crystal, producing an evanescent electric
field outside the thin magnetite layer at the crystal surface. The dichroic
ratio As/Ap determines the tilt angle between the normal to the 001
surface of the bentonite platelets and the surface normal of the ATR
crystal.
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bentonite platelets at an appropriate time. The latter method also
serves as an evidence for attractive electrostatic interaction
between the thin layer of magnetite particles on the crystal and
bentonite platelets settled on this layer. Interrupting the settling
process after half an hour and gently washing the crystal with
distilled water resulted in only a minor decrease in the measured
absorbance of the bentonite film covered with water. A minor
decrease might be expected since bentonite platelets still in
suspension are now not detected. However, the concentration
of bentonite at the surface of the crystal is much higher than in
the suspension, at least for diluted suspensions, which explains
the observed minor decrease in absorbance.

1. Estimation of Film Thickness. The thickness of the
bentonite deposit on the ZnSe crystal was estimated using
transmission IR spectroscopy. The transmission spectra of
deposited bentonite films were recorded at four different equally
spaced spots along the ZnSe crystal viz. at 1, 3, 5, and 7 cm
from one of the cut edges of the crystal. The intensity of the
ν(Si-O) band at 1040 cm-1 was utilized to estimate the film
thickness by using an already measured absorption coefficient
for Wyoming montmorillonite. Although the bentonite used here
is only about 80% montmorillonite, the absorption coefficient
of montmorillonite is assumed to be sufficiently good to make
an estimation of the thickness of the bentonite film. The
absorption coefficient is defined by eq 7,

R) (ln 10
d )Amax (7)

where Amax is the peak absorbance of the Si-O band, and d is
the film thickness.33 According to Johnston et al.,21 the
experimentally determined absorption coefficient for the Si-O
band at about 1040 cm-1 is 3.60 × 104 cm-1 (Wyoming
montmorillonite). In our transmission experiments concerning
bentonite on magnetite, the absorbance at 1040 cm-1 varied
between 0.0824 and 0.126. According to eq 7, this implies that
the thickness of the bentonite film varied between 53 and 79
nm. In corresponding experiments with bentonite settling on a
ZnSe crystal without magnetite particles, the settling was
interrupted after 5 h, implying a film thickness varying between
9 and 10 nm, that is, about 10 layers of bentonite platelets. These
thicknesses of the bentonite film are far below the penetration
depth of the infrared radiation, which could easily be checked
since a spectrum of water above the thicker bentonite film
resulted in an absorbance of 0.67 for the H2O bending mode
(As). Using a Beer′s law expression for the absorbance of water
and a molar absorptivity of 22.1 L mol-1 cm-1 for the bending
mode of water at 1635 cm-1,34 the effective penetration depth
into water was calculated to be 420 nm, taking the 13 reflections
on one side of the ATR crystal into account. A Gibbs′ surface
excess of water at the bentonite surface was not considered since
it has been shown that this quantity is negligible even if the
absorptivity of interfacial water would be 10 times larger than
in bulk water.35 The penetration depth for p-polarized light is
considerably larger (Ap ) 1.36). Thus, the thickness of the
bentonite deposit is clearly much less than the penetration depth,
so the thin-film approximation seems reasonable.

2. FTIR-ATR Spectra of Bentonite. In the mid-infrared
region, the most intense bands of dry bentonite are located in
the wavenumber region 1150-900 cm-1 (Figure 3). The
dominant band in this region is very strong, even if the bentonite
is a thin film, due to the large Napierian absorption coefficient
of Si-O stretching vibrations. However, if the clay film is thin
enough, then a water layer in contact with the clay exhibits even
stronger absorptions, especially in the OH-stretching region (not
shown in Figure 3). The OH-stretching and OH-bending

absorptions of water on and within the bentonite film are
observed at 3320 cm-1 and 1636 cm-1, respectively. In addition,
the water association band due to the combination of the bending
vibration and the hindered rotation of water molecules is
observed at 2121 cm-1. It is well-known that the OH stretching
vibration of water is normally located at about 3420 cm-1 in
transmission spectra. However, in ATR spectra of water the
peak frequency is generally observed at a lower frequency. This
is due the anomalous dispersion of water, as shown in a
publication by Mehmet Hancer et al.35 The absorption maximum
of water varied considerably with the refractive index of the
ATR element used. Thus, it was shown that internal reflection
elements with refractive indices 3.43, 2.00, and 1.71 implied
absorption maxima at 3370, 3280, and 3205 cm-1. Accordingly,
an absorbance maximum at 3320 cm-1 would indicate that water
is in contact with the ZnSe crystal (refractive index 2.41), or
more likely, since the bentonite film is firmly attached to the
magnetite particles on the ZnSe crystal, the position of the OH
stretching band of water is also affected by the refractive index
of the magnetite/bentonite layer at 3320 cm-1.

Upon drying the film in air, the OH stretching and bending
bands of water eventually disappear almost completely, and in
the OH stretching region there is only one weak band at 3620
cm-1 remaining. This band has been ascribed to the OH-
stretching of a metal atom hydroxyl in the clay structure.36 The
Si-O stretching bands of bentonite are located to the spectral
region 1200-960 cm-1. Four ν(Si-O) bands are detected, viz.
at ∼1115, ∼1085, ∼1040, and ∼1010 cm-1. In addition, weak
bands are observed below 1000 cm-1 due to bending vibration
of the metal-OH entities within the bentonite structure.36 The
peak frequencies of the latter absorption bands are at 919, 880,
and 843 cm-1.

However, the most important assignments for polarized
infrared measurements are the directions of the dipole moments
caused by Si-O vibrations. From previous studies,21,22,36-39 it
seems clear that the band observed at ∼1080 cm-1 is caused
by a transition dipole moment perpendicular to the (001) surface
of the clay mineral and that absorption at a lower frequency,
viz. at ∼1040 cm-1, is due to vibrations having a transition
dipole moment perpendicular to the surface normal of the (001)
surface (in-plane vibrations). In the present work, the assignment
of the out-of-plane mode is utilized to determine the orientation
of bentonite platelets settled onto the surface of the ATR crystal
or onto the magnetite particles deposited on the internal
reflection element (ZnSe).

Figure 3. A p-polarized infrared spectrum of a thin (10 nm) film of
bentonite on the internal reflection element (ZnSe) showing the spectral
region 1150-840 cm-1. The peak positions of the curve-fitted sub-
bands (dashed lines) are indicated, except for two weak bands at 880
cm-1 and 843 cm-1. The residual root mean square (rms) error was
0.001. The absorbance spectrum was obtained using the p-polarized
single beam background spectrum of the ATR crystal.
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3. The Orientation of Bentonite Platelets on ZnSe. The
FTIR-ATR spectra of bentonite particles settled on the internal
reflection element are sensitive to the polarization of the incident
infrared beam (Figure 4). The p-polarized spectrum was obtained
with the IR beam polarized parallel to the plane of incidence,
while the s-polarized spectrum was obtained with the beam
polarized perpendicular to the plane of incidence. The most
prominent difference between the two directions of polarization
is the significantly higher intensity of the band at ∼1080 cm-1

in the Ap spectrum. This implies a low dichroic ratio (As/Ap)
and consequently indicates that the bentonite platelets are
oriented on the ZnSe crystal with their (001) planes preferen-
tially parallel to the surface of the ATR crystal. A curve fit of
the two band shapes in Figure 3 was accomplished by using
component bands with peak frequencies at 843, 880, 919, 1010,
1039, 1084, and 1114 cm-1. The residual rms error of the curve
fit was 0.001. According to this curve fitting, the dichroic ratio
of the 1082 cm-1 band was 0.26. With the refractive index of
bentonite at 1084 cm-1 (n2 ) 1.15),40 the tilt angle of the normal
to the (001) surface could be calculated using eqs 2-4, and 6.
The tilt angle obtained (γ ) 34°) indicates that the platelets are
oriented with their basal planes preferentially parallel to the ATR
crystal. The dichroic ratio would have been 0.675 in order to
imply randomly oriented bentonite platelets. According to IR
spectra, the “dry” film contained very small amounts of water
that should affect the refractive index of the film. Using n2 )
1.248 (pure water at 1084 cm-1), the tilt angle became 30°, so
the true value should be in the range between 30 and 34°.
However, this tilt angle is considerably larger than the angle
obtained by Johnston et al.22 in a similar investigation on the
orientation of a monolayer of Wyoming montmorillonite on
ZnSe, viz. 12°. The lower value obtained for Wyoming
montmorillonite may be due to the film preparation method used,
where the platelets were prealigned at the water/air interface
using a cationic amphiphile and subsequently compressed at
various surface pressures in a Langmuir-Blodget trough before
deposition on the ZeSe crystal. The settling method used here
should admit more card-house-type structures in the bentonite
multilayers.

4. The Orientation of Bentonite Platelets on Magnetite.
Tilt angles for bentonite settled on a magnetite deposit were
calculated assuming a three layer model to be valid, that is,
three refractive indices are describing the components of the
E-vector of the evanescent field (eqs 2-4 and 6). However, in
the experiments with a magnetite film on the internal reflection
element there are actually four refractive indices, since the
refractive index of magnetite should be different from the

corresponding index for bentonite. As can be seen from eqs
2-4, the electric field components in x and y directions are
independent of the refraction index of the deposited layer
(magnetite and bentonite), whereas the z-component is strongly
influenced by the value of n2. In the dichroic ratio, As

(absorbance measured with y-polarized light) is equal to Ay, and
Ap (measured by light polarized in the x-z plane) is equal to Ax

+ Az. Accordingly, a precise determination of the orientation
of the bentonite platelets on magnetite using the three layer
model (eq 6) demands an accurate value of n2. However, in the
present study the aim was primarily to determine the preferred
orientation of the platelets and not an exact value of the tilt
angle.

To estimate a refractive index for the thin and porous
magnetite layer, the refractive index of magnetite powder and
the volume fraction of empty space between the magnetite
particles are needed. However, as far as we know there is no
refractive index of magnetite particles reported at 1080 cm-1.
According to Handbook of Chemistry and Physics,41 the
refractive index of magnetite powder is 2.42 (sodium line, 5893
Å). The corresponding value for hematite is 3.22. In a recent
study of optical properties of thin iron oxide films on steel,42 it
was shown by ellipsometric measurements that the index is 1.9
at 1200 nm with a declining optical dispersion (dn/dλ). The
corresponding value for a hematite film thermally grown on
steel was 2.35. In this context it is interesting to compare the
latter value with an investigation of combustion-synthesized
hematite aggregates consisting of 50 nm Fe2O3 particles,43

showing that the refractive index increased from 1.81 to 1.98
as the aggregation number increased from 3 to 7. Experimental
data were analyzed at 488 nm.

Since reported index values for hematite are larger than the
values for magnetite, it is assumed here that the refractive index
of magnetite particles should not exceed 1.9. Provided the
magnetite nanoparticles are close-packed spheres on the ZnSe
crystal, it is straightforward to calculate the fraction of space
occupied by the spheres, which is 0.740. With water (n ) 1.248
at 1084 cm-1)34 in the empty space between the particles, the
refractive index of the porous layer was estimated to be 1.73,
assuming a linear relationship. In case the particles are not close-
packed on the ZnSe surface but have a larger fraction of empty
space between them, the refractive index will be even lower.
The refractive index of the wet bentonite film is also expected
to be strongly influenced by the index of water since sodium
bentonite is swelling clay. If the two indices are similar, then
the three layer model should be valid.

Accordingly, an effective refractive index of the combined
magnetite/bentonite layer should be between the indexes for
“dry” bentonite (1.15) and the maximum value for a thin porous
layer of magnetite particles (1.73).

Because an accurate value of n2 was not available for the
combined magnetite/bentonite layer, the dependence of the tilt
angle on the refractive index n2 was calculated (Figure 5) at
the experimentally obtained dichroic ratio for a “dry” magnetite/
bentonite film (As/Ap ) 0.30) as well as for a film covered by
the aqueous suspension (As/Ap ) 0.46).

As shown in Figure 5, the tilt angle decreases from 36 to
19°, upon increasing the refractive index from 1.15 to 1.7, that
is, all indices in this range indicate the platelets to be oriented
with their basal planes preferentially parallel to the surface of
the ATR crystal. Without having an exact value of the refractive
index, the average value (1.425) was preferred, resulting in a
tilt angle of 25° between the surface normal of the ATR crystal
and the normal to the (001) plane of the platelets.

Figure 4. Infrared spectra of bentonite in the Si-O stretching region,
showing the p-polarized spectrum and the s-polarized spectrum. The
absorbance spectra were obtained using single beam background spectra
of the ATR crystal.
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The average tilt angle can be used to calculate the order
parameter, S, frequently used for stretched polymer films and
liquid crystals (S ) 1.5 cos2 γ - 0.5) and originally defined by
R. S. Stein.44 An average tilt angle of 25° gives S ) 0.72. The
positively charged magnetite particles on the ZnSe surface is
expected to increase the affinity of the surface for the first layer
of clay particles, contributing to their preferential orientation.
On the other hand, the magnetite layer is certainly not
completely smooth and would therefore contribute to larger tilt
angles since the clay particles might adapt to the topography
of the underlying surface.

It is interesting to notice that the three layer model used here
in the calculation of the tilt angle give reasonable values,
although a four layer model, if available, would have been the
natural choice. Irrespective of the refractive index in the range
1.15-1.7, the bentonite platelets are evidently oriented with their
(001) surface almost parallel to the magnetite film, that is,
parallel to the surface of the internal reflection element. The
larger the true refractive index is, the smaller the tilt angle.
Moreover, the calculations indicate that the magnetite particles
contributed to an increased order of the settled bentonite
particles.

The orientation of the platelets also changed with the settling
time. In Figure 6, the curve fitting of the infrared absorption
band after 4 h is shown. Before the water evaporation had
resulted in a dry film, which was obtained after 7 h, the 1080
cm-1 band in dry bentonite appears at lower frequency, viz.
1072 cm-1. The dichroic ratio of this film was As/Ap ) 0.46.

Now the medium outside the film is a water suspension in stead
of air. The tilt angle calculated using eq 6 with n3 ) 1.244 for
water at 1072 cm-1 and n2 ) 1.425 for the magnetite/bentonite
layer showed an increase from 25°, as obtained for the dry film,
to 45° (S ) 0.25) for the wet film. A higher value is likely for
two reasons. First, the thin bentonite film allows the evanescent
wave to probe platelets still in suspension, and these platelets
are likely to adopt a less-ordered orientation before they settle.
This contribution is, however, expected to be small since the
concentration of platelets in suspension is much lower than the
concentration of already-settled platelets, although the evapora-
tion of water will increase the concentration of the suspension.
Second, a maximum of water between the platelets of the
swelling clay may induce not only a broader distribution of
orientations, but also a higher average tilt angle. Another reason
for the increased tilt angle obtained when water is both outside
and between the platelets may be that the bentonite platelets
exhibit so-called card-house structures when they are about to
settle on the magnetite layer. In card-house structures the edge
of one platelet is interacting with the basal (001) plane of another
platelet. Such an arrangement should imply larger tilt angles.
One hour and a half before the film was dry, the corresponding
tilt angle was reduced to 31° (S ) 0.60). To be able to compare
these angles, the same model was used for the curve fitting,
that is, the band characters were either Gaussian or Lorentzian
(Figure 6). Settling times closer to apparent dryness was not
possible to probe because the water film was not evenly
evaporated, but part of the surface along the edges of the trough
began to dry. However, it seems clear that the tilt angle is lowest
for the dry film and is higher if the film is covered by a water
suspension of the platelets.

Conclusions

The orientation of bentonite platelets on the internal reflection
element (ZnSe) as well as on a layer of magnetite particles
deposited on the internal reflection element was analyzed with
polarized FTIR-ATR spectroscopy. A thin layer of the clay
particles was accomplished by settling from a diluted suspension.
The dichroic ratio of the out-of-plane Si-O stretching vibration
differed significantly from the ratio for a random distribution
of the platelets. For a dry bentonite film on ZnSe, the (001)
surface (basal plane) of the platelets was preferentially oriented
perpendicular to the surface normal of the ATR crystal. This
was also true for a “dry” bentonite film settled on a thin layer
of magnetite particles deposited on the ZnSe crystal, but the
magnetite particles contributed to an increased order (lower tilt
angle). For a wet film, the tilt angle of the bentonite platelets
was considerably larger indicating that the swelled bentonite
layer above the ZnSe crystal contained platelets that tended to
form so-called card-house structures at this pH (5.6).
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Abstract

    The settling and attachment of bentonite platelets onto a layer of magnetite particles was 

monitored using Attenuated Total Reflection - Fourier Transform Infrared Spectroscopy 

(ATR-FTIRS). Using polarized infrared radiation, the average orientation of the clay platelets 

could be calculated from the dichroic ratio. The pH of the clay suspension was set to 9.5 in 

order to resemble a common pH used in the agglomeration of magnetite particles and also 

compare with previous results measured at pH 5.6. The surface of the magnetite particles was 

modified by calcium ions and sodium silicate to examine their possible effect on the 

orientation of the bentonite platelets since Ca2+ and sodium silicates affect surface charge of 

magnetite and are present in the process water at many agglomeration plants. According to the 

measured dichroic ratios, the orientation of the bentonite platelets on both non-modified and 

modified magnetite layer is similar. The measured D value of the bentonite platelets 

decreased with time in wet film and approached a minimum value in the dry film. This 

indicates that a more ordered structure of bentonite platelets was formed upon evaporation of 

water. These findings were discussed in relation to the mechanism of bentonite binding 

between magnetite particles.      
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1.  Introduction 

    The main mineral constitute of bentonite is montmorillonite which belongs to the smectite 

group of 2:1 clay minerals that have swelling properties. The bentonite grains can be 

delaminated into their smallest structural units (platelets) in which an aluminium oxide 

octahedral layer are bonded to two silicon oxide tetrahedral layers on both sides. Due to this 

2:1 phyllosilicate structure, water molecules can intercalate in between the platelets provided 

sodium is the counter ion resulting in the swelling properties of bentonite.  

    The basal surfaces of the bentonite platelets, i.e. the silica tetrahedra layer, are always 

negatively charged due to atomic substitution in the octahedral and tetrahedral sheets, whereas 

the edge surfaces of the platelets constituting metal hydroxide groups are sensitive to pH. The 

interaction between bentonite particles and other particles or surfaces is relevant to many 

fields of scientific interest e.g. stability of dispersions, agglomeration, and lubrication. In 

mineral processing, adhesion of bentonite, as gangue mineral, to the valuable minerals 

reduces the grade of the valuable mineral. On the contrary, in some cases strong interaction 

between particles is beneficial. For instance, deposition of colloidal particles to larger mineral 

grains could form sort of solid bridges, which increase the strength of the agglomerated 

mineral [1].  

    Sodium activated bentonite is used as an external binder in the iron ore agglomeration 

process. The addition of bentonite clay to the balling feed is beneficial for the agglomeration 

by increasing the strength of the green pellets and adjusting their growth rate.[2] However, the 

binding mechanisms of bentonite clay in iron ore agglomeration are still not very well known. 

In the pelletizing plant the dosage of bentonite is performed based on good experience. It has 

been noticed that the binding function of bentonite is owing to its swelling properties. 

Bentonite delaminated into small platelets results in an increased viscosity of the water phase. 

Therefore, it is reasonable to assume that the particle interaction between magnetite and 

bentonite, including orientation of bentonite platelets and attachment onto the magnetite, is 

related to both the strength and the growth rate of pellets.  

    To obtain information about the orientation of bentonite platelets on magnetite, polarized 

infrared spectroscopy was considered to be a useful tool. Polarized ATR-FTIR is one of the 

most powerful and easily applied techniques to study the spatial orientation and structure of 

different species close to the sampling surface [3-5]. This technique is based on the fact that the 

evanescent wave has vector components in all spatial orientations that could interact with 

dipoles in all orientations and the absorption of the probed molecular species becomes 

maximal when the transition dipole moment is parallel to the electric field component of the 
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incident light. In very few previous studies, this technique has been utilized to investigate the 

orientation of clay particles in hybrid clay-organic monolayers [6], orientation on a bare ZnSe, 

and also on a magnetite layer deposited on ZnSe  [7-8].  

In a former study [7], it was shown that ATR-FTIR spectroscopy could be used to get 

information about the orientation of bentonite platelets adhered to synthesized magnetite 

particles. It was shown that the orientation of the bentonite platelets differed significantly 

from a random distribution of the platelets. The platelets were oriented preferentially parallel 

to the surface of the magnetite film in dry condition, but in the same system surrounded by 

water, the orientation of the platelets became more disordered although the basal plane of the 

bentonite particle surfaces were negatively charged, whereas the magnetite  particles were 

positively charged (pH = 5.6). This behavior indicated the formation of so called card house 

structures adjacent to the magnetite surface, at least at this pH, and the question arose whether 

the same behavior of the platelets would appear at higher pH.  

The present work is a continuation of the previous work. In the industrial magnetite 

agglomeration processes, the pH of the process water is usually between 7.0 and 9.5 and the 

conductivity can be higher than 180 mS/m. Calcium ions were found to be the element of 

highest concentration and likely to be sorbed onto the surface of magnetite [9-10].  In addition, 

the surface of magnetite was also modified by sodium silicate present as dissolved species in 

process water. The present study is therefore devoted to the study of magnetite- bentonite 

interaction by means of settling and attachment of the bentonite platelets onto a layer of 

magnetite nano-particles under process relevant conditions in order to acquire better 

knowledge of the binding mechanisms of bentonite clay in agglomeration.  

2. Materials and Methods 

2.1 Chemicals 

Aqueous solutions of sodium silicate (Na2SiO3·9H2O,  98 %, Sigma) and calcium chloride 

(CaCl2·2H2O, 95 %, Riedel-de Ha n) were prepared using deionized water (Milli-Q system). 

Same deionized water was used unless otherwise specified. Aqueous solution of NaOH and 

HCl (pro analysi, Merck) were used to adjust pH. 

2.2 The Clay mineral 

Sodium activated bentonite clay used was originally from Milos in Greece and obtained 

from Minelco AB. Its chemical composition in wt % was: 59.6 (SiO2), 21.9 (Al2O3), 4.6 

(Fe2O3), 3.1 (MgO), 3.1 (Na2O), 0.5 (K2O), 0.8 (TiO2), 0.1 CaO), and 0.4 (Tot C) according 
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to inductively coupled plasma-atomic emission spectrometry measurements [11].  The BET 

surface area of dry powder is about 54 m2·g-1. 1 g·L-1 water suspension was prepared and used 

as a stock suspension. The suspension of the bentonite was stable visually for several days 

indicating a very stable suspension. Wet particle size analysis (CILAS 1064) indicated that 

50% of the particles are smaller than 4 m and 90% are smaller than 16 m. However, the 

average size of the particles taken from the supernatant and measured by a Zeta Plus 

instrument (Brookhaven Instruments Corporation) was ~340 nm indicating the clay mineral 

particles to be very well delaminated.  

2.3 Preparation of magnetite layer 

The synthesis of magnetite was carried out by coprecipitation of FeCl2 and FeCl3 with 

ammonia as described in detailed elsewhere [12-13]. The precipitated magnetite was separated 

from the supernatant by decantation first and purified using dialysis membrane tube 

(Spectr/Por 2, Spectrum) in deoxygenated deionzed water under N2 atmosphere.  The dialysis 

purification was repeated several times until the conductivity of the dialyzed water reduced to 

about the sample as clean deionized water (~ 1.6 S·cm-1). The crystal structure of the 

synthetic magnetite was confirmed with XRD (D5000 X-ray diffractometer, Siemens). The 

BET (ASAP2000, Micrometrics) specific surface area of the synthetic magnetite is ~ 90 m2·g-

1. SEM images showed both synthetic magnetite and maghemite to have spherical particle 

shape and a particle size within the nanometer range (around 20 nm).  

A magnetite layer was coated on an ATR crystal by speading an aliquot of the freshly 

synthesized magnetite aqueous suspension onto the ATR crystal surface. The suspension was 

allowed to dry in a desiccator under reduced atmospheric pressure (~300 mBar).  

 
2.4 Infrared spectroscopy 

Infrared spectra were recorded on a Bruker 66 v/S FTIR spectrometer equipped with a 

DTGS detector. All spectra were recorded at room temperature (23 oC) and atmospheric 

pressure using the double side forward-backward acquisition mode. A total number of 256 

scans were signal averaged using an optical resolution of 4 cm-1. The resulting interferograms 

were Fourier transformed using the Mertz phase correction mode, a Blackman-Harris 3-term 

apodization function, and a zero filling factor of 2. All the spectra were recorded under room 

temperature and atmospheric pressure using double-side forward-backward acquisition mode 

and by averaging 256 scans at a resolution of 4 cm-1. The single beam background spectra of 

ZnSe with a layer of magnetite and water background were recorded. The polarization of 
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infrared radiation was achieved with a rotatable grid polarizer of aluminium deposited BaF2, 

placed in front of the ATR accessory. 

The settling and orientation of bentonite platelets was measured using a horizontal trough 

plate mounted with a multi-reflection ZnSe ATR crystal (80 mm  10 mm  3 mm, 45°, 13 

reflections) as shown in Figure 2. The pH of the bentonite aqueous suspension (0.0125 wt %) 

was adjusted to pH 9.5. After addition of 1 - 2 mL of the bentonite suspension into the ATR 

trough, the s- and p-polarized spectra were taken in succession with time.  

The attachment of the bentonite platelets to the magnetite layer was also monitored using a 

vertical ATR accessory. The vertical ZnSe crystal (50 mm  20 mm  3 mm, 45°, 25 

reflections) was mounted in a flow cell with a volume of 3.5 mL. The flow rate of the 

bentonite suspension into the flow cell was 10 mL min-1.  

  The p-polarized spectra were recorded with the polarizer allowing the electric field to pass 

in the plane of the incident radiation implying an absorbance denoted Ap, whereas the s-

polarized spectra were recorded with the electric field perpendicular to the plane of incidence 

with the resulting absorbance denoted As. It should be noticed that Ap in the horizontal set up 

is perpendicular to the magnetite surface whereas it is parallel to the vertical ATR crystal 

surface. The line shapes of the recorded infrared spectra were curve fitted. The shape (Gauss 

or Lorentz shape) and position of the component bands were optimized by the OPUS program 

(Bruker Optics) using the Levenberg–Marquardt algorithm. The band positions varied slightly 

within 2 to 5 cm-1.  

 

2.5 The polarized ATR-FTIR method 

  This technique is based on the fact that the evanescent wave has vector components in all 

spatial orientations that could interact with dipoles in all orientations and the absorption of the 

probed molecular species becomes maximal when the transition dipole moment is parallel to 

the electric field component of the incident light. 

  The magnitude of the electric field components (x, y, and z) depends on the refractive index 

of the crystal, the composite layer on the crystal, and the medium outside this layer, in 

addition to the angle of incidence of the infrared radiation, which is 45o in both the horizontal 

and vertical experimental setups. The equations used to calculate the x, y, and z components 

of the electric field are described by Harrick , Mirabella, and Fringeli [4] as well as in a 

number of publications [3, 5, 7].  
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For a two-layer sample system, the x, y, and z components of evanescent field at the IRE 

surface could be calculated as, 
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In equations (1)-(3),  is the angle of incidence, n31= n3/ n1 and n32= n3/ n2, where n1 is the 

refractive index of the ATR crystal, n2 is the refractive index of the sample layer (magnetite 

and/or bentonite), and n3 is the refractive index of the medium outside this layer (water or air).  

  The orientation of the bentonite platelets is described by the tilt angle of the (001) surface 

normal of the platelets with respect to the surface normal of the magnetite layer on the ATR 

crystal, which is assumed to be identical to the surface normal of the ATR crystal used 

(ZnSe). In this system the tilt angle of the platelets is identical to the tilt angle of the transition 

moment at 1084 cm-1 relative to the surface normal of the ATR crystal. The average 

angle between this transition moment and the surface normal of the ATR crystal is probed by 

the ratio between the absorption of s-polarized and p-polarized infrared radiation and can be 

calculated by the following equation, 
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where  is the average tilt angle. In the derivation of Eq. (4), the angle between the transition 

dipole moment M and the normal to the (001) surface of bentonite is assumed to be 0o. 

Solving Eq. (1) for  gives 
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  Eq. (5) was used both to calculate tilt angles for bentonite platelets settled onto the surface 

modified magnetite particles as well as tilt angles obtained for platelets attached to magnetite 

particles during the flow of a bentonite suspension in the VATR experiments. It should be 

 6



emphasized that the evaluation of tilt angles of bentonite platelets in this study, according to 

Eq. (5), relies on the assumption that the magnetite-bentonite layer on the substrate (ZnSe) 

may be regarded as a thin layer i.e. the electric field is close to constant through the layer. The 

thin layer approximation was experimentally checked throughout this investigation.    

 

 

3. Results and Discussion    

3.1 Bentonite settled onto ZnSe at pH 9.5. 

The p-polarized (Ap) and s-polarized (As) ATR-FTIR spectra of bentonite platelets in wet 

film, i.e. covered by the aqueous suspension, and in dry film settled onto the ZnSe crystal are 

shown in Figure 3(a and b), respectively. The Si-O stretching bands of bentonite are located 

to the spectral region 1150 - 960 cm-1. The spectral intensity of the wet film in Figure 3a 

increased with time, indicating the settling of platelets onto the crystal surface. After settling 

on the ZnSe crystal surface for 5 hours, the suspension was poured away and a thin layer of 

dry bentonite platelets was deposited onto the ZnSe crystal. 

The average thickness of the layer was estimated using the absorbance from transmission 

measurements and the value 3.60 x 104 cm-1 for the Naperian attenuation coefficient [8]. This 

resulted in a layer thickness of 16 nm. The thickness probed by the infrared radiation during 

settling of the platelets is even lower. Therefore, the bentonite film is thin enough to be 

penetrated by the infrared light and the thin layer approximation seems reasonable. 

The second derivative spectrum was used as an aid in locating peak maxima recorded for 

bentonite film and utilized to get good starting values in the curve fitting procedure for all 

experiments. As shown in Figure 3b, the p-polarized spectrum (upper trace in Figure 3b), 

peak values of the Si_O stretching vibrations appeared at 1117, 1082, 1042, and 1013 cm-1. 

The band maxima at 917, 884, and 840 cm-1 are due to OH bending vibration of metal-OH 

entities in the bentonite structure [8, 14]. For wet bentonite film, due to the strong absorbance of 

water, only the bands in the wavenumber region 1000 – 1150 cm-1 were included in the curve 

fitting. It was noticed that the root mean square (RMS) error of the curve fitted bands could be 

significantly improved by choosing initial values that were close to the ones obtained after 

curve fitting.  

    After 30 minutes of settling, the calculated dichroic ratio (As/Ap) of the band at ~1082 cm-1 

was 0.49. However, after 80 minutes of settling, the dichroic ratio of the bentonite platelets 

decreased to 0.45, while after 160 min of settling no significant change in the dichroic ratio 

was observed. After the platelets had settled for 160 minutes, the suspension was poured away 
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and the settled layer dried under a stream of argon. The p- and s-polarized spectra of the dry 

bentonite film are shown in Figure 3b. The platelets in the dry layer showed a much lower 

dichroic ratio of 0.26. A similar tendency for the settling of bentonite suspension at pH 5.6 

was observed [7]. 

    To calculate the average tilt angle of the bentonite platelets probed by the polarized 

radiation, an estimated refractive index is used. In all these calculation a refractive index of 

1.15 was used for a dry bentonite film [15], while for a wet film the refractive index should 

have a slightly higher value because the refractive index of water at 1084 cm-1 is 1.248 [16]. 

Thus, a range of values was considered in the calculation and listed in Table 1. If a mean 

value of the estimated n2 values was used, a dichroic ratio of 0.49 after 30 min of settling give 

a tilt angle of (56°). This angle decreased to 55° after 80 min of settling (D = 0.45). However, 

in the dry bentonite film, a small tilt angle (34°) was obtained.  

3.2 Bentonite settled on magnetite layer. 

    The tilt angles of bentonite platelets settled on magnetite layer are calculated assuming the 

three layer model is also valid although there are actually four layers, viz. ZnSe-Magnetite-

Bentonite-Dispersing medium. Thus, a refractive index for the combined bentonite- magnetite 

layer is needed to describe the x, y, and z components of the E-vector of the evanescent field 

in Eqs. (1) – (3). Considering that the objective of the present work is to determine the 

preferred orientation of the platelets but not the exact value of the tilt angle, this 

approximation should be reasonable. Still, the dichroic ratio could be used alone to evaluate 

the orientation tendency of platelets under the same conditions.  

  The refractive index of pure montmorillonite is about 1.15, and the estimated value for 

magnetite should not exceed 1.9 [17-18]. Thus, for a magnetite layer packed with spherical 

particles with 0.26 volume fraction of water (n2 =1.248 at 1084 cm-1), an assumed linear 

relationship between the refractive index of water and a reasonable index value for magnetite 

(1.9) resulted in a refractive index of 1.73 for the porous magnetite layer filled with water [7, 

19]. Accordingly, the refractive index for the combined magnetite-bentonite layer is estimated 

to be between the indexes for dry bentonite (1.15) and the index for a thin porous layer of 

magnetite particles (1.73). Likewise, the refractive index for a dry magnetite-bentonite film is 

between 1.15 and 1.67, as calculated using the equation shown in Table 3.3. The dichroic 

ratios and the calculated tilt angles and S values are summarized in Table 3.3.  

The measured D value of the bentonite platelets decreased with time in wet film and 

approached a minimum value in the dry film regardless of the pH of the bentonite suspension. 
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This tendency is in good agreement with the results observed for settling on bare crystal, 

indicating a more ordered structure of platelets upon evaporation of water. Furthermore, the 

calculated average tilt angle of bentonite platelets is very sensitive to the refractive index of 

the sample layer (n2) according to the calculation model (see Eq. (19)). A larger n2 will result 

in a smaller tilt angle. However, irrespective of the refractive index, the bentonite platelets in 

a dry film are evidently tending to orient with their basal plane (face) surfaces towards the 

magnetite layer.  

Subsequently, surface modification of the magnetite was accomplished by treating the 

prepared magnetite layer on the ZnSe crystal with an aqueous solution (pH 9.5) containing 1 

mM calcium chloride and 2 mM sodium silicate for one hour and rinsed with deionzed water 

at same pH to remove possible excess of calcium and silicate at the surface. The ATR spectra 

of the magnetite layer are shown in Figure 4. The spectrum recorded after rinsing was used as 

reference spectrum for latter bentonite orientation measurements. Calcium ions and sodium 

silicate is known to affect the surface property of magnetite. It has been shown that sodium 

silicate adsorbs rapidly onto magnetite, maghemite ( -Fe2O3) and ferrihydrite as well from 

aqueous solution and makes the surface negatively charged [12, 20]. After a fast initial step 

(during about 20 minutes), the adsorption continues at a lower rate for several hours without 

reaching an equilibrium plateau value. The sorption of both calcium ions and sodium silicate 

are favorable in alkaline pH range. However, a maximum sorption of silicate is in the pH 

range 8.5 - 9.5 and the sorption of calcium ions increased with increasing pH. Calcium ions 

compensate the negative z-potential of surface caused by sorption of sodium silicate.  

After this surface modification, bentonite suspension was added to the ATR trough. The 

orientation of the bentonite platelets on a calcium and sodium silicate modified magnetite 

surface was assessed in the same way as used for settling on a non-modified magnetite layer. 

The dichroic ratio of the bentonite platelets in wet film decreased from 0.54 after 30 min of 

settling to 0.45 after 80 min. However, this value only slightly reduced to 0.43 after 17 h of 

settling though the spectral intensity still increased. When the film was dried, the platelets 

were ordered with a much lower dichroic ratio of 0.25. This tendency is consistent with the 

dichroic values obtained for the non-modified magnetite. It indicates that the face of the 

bentonite platelets in the wet film was rather randomly ordered towards the magnetite layer. 

Using the mean value of the estimated n2 values (Table 1) in the calculation of tilt angles 

according to Eqs. (1-5), the orientation of bentonite platelets under different conditions could 

be compared.  
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A refractive index of 1.44 for the combined wet magnetite-bentonite layer resulted in a tile 

angle of 45  after settling on the non-modified magnetite layer for 90 min and an angle of 45  

on the surface modified magnetite layer (80 min of settling). A refractive index of 1.41 for 

the combined dry magnetite-bentonite layer resulted in a tile angle of 25  on the non-

modified magnetite layer and an angle of 24  on the surface modified magnetite layer.  

    These results may be important for the wet agglomeration of magnetite particles since 

more disordered bentonite platelets in the water phase between magnetite particles is 

expected to increase the viscosity of the system thereby keeping the particles together in a 

balling process.  

3.3 Bentonite attached onto magnetite from a circulating suspension.

    To investigate the possible attachment of the bentonite platelets onto magnetite, an in situ 

ATR-FTIR experiment using a vertical setup with the aqueous suspension circulating through 

a flow cell and in contact with the magnetite layer deposited on the ATR crystal, was 

performed. The magnetite layer on the ATR crystal was first rinsed with water at pH 9.5 and 

then exposed to a 4 mM aqueous solution of CaCl2 for half an hour. After that, the cell was 

emptied and rinsed with one cell volume of water (3 mL) at pH 9.5 and subsequently emptied 

and dried with a stream of argon. All these steps could be performed without removing the 

flow cell from the ATR accessory that was placed in the sample compartment of the 

spectrometer under vacuum.  

    The ATR-FTIR spectra of bentonite are shown in Figure 5. The spectral infrared 

absorbance intensity of bentonite was much weaker than in the settling measurements but still 

evidently increased with time. This indicates the attachment of bentonite platelets to the 

magnetite layer. The rate of attachment shown was measured under vacuum using non-

polarized radiation just to show whether the platelets were attached or not. Polarized spectra 

were recorded after 11 h of circulating and the dichroic ratio of the platelets was determined 

(As/Ap = 0.328). This value indicates the platelets to be ordered more parallel than 

perpendicular to the substrate surface.  

    Furthermore, it suggests that the platelets on a magnetite layer modified by Ca2+ and 

soluble silicate (As/Ap ~0.46) are more disordered than platelets modified by just Ca2+ ions. 

However, this suggestion is based upon the assumption that the flow through the VATR cell 

(10 mL/minute in a 3 mL cell) only affects the orientation of the platelets to a minor extent 

which seems reasonable at this low flow rate.  
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   In the industrial process where bentonite platelets appear together with e.g. Ca2+ and 

soluble silicate adhering to the magnetite particles as well as dissolved in the process water, 

the agglomeration result may be affected by the inter-platelet structure formed on the surface 

of the magnetite particles. Upon mechanical friction between the particles these structures 

may adhere to each other and contribute to the strength of the wet (green) pellets during their 

formation as well as during their drying period. The results indicate that bentonite platelets 

not only adhere to the magnetite particles but form an inter-platelet structure on the surface of 

the magnetite layer. In this context it should be mentioned that in an industrial process, the 

number of platelets in the water phase between the magnetite particles is commonly larger by 

a factor of ~100 and that calcium ions in the process water may agglomerate the bentonite 

platelets during or before the balling process.        

       

4. Conclusions 

The interaction of bentonite with magnetite was investigated by means of settling and 

circulating a bentonite suspension in contact with a layer of magnetite nano-particles 

deposited on an ATR crystal to be able to examine the orientation of the platelets by polarized 

ATR-FTIR. The settling measurements were carried out using a horizontal ATR trough, while 

flow measurements were performed with a vertical flow-cell ATR accessory. The out-of plane 

Si_O stretching mode of the bentonite platelets exhibited a dipole moment directed 

perpendicular the basal (001) plane of platelets was used for the dichotic measurements.  

For all the system studied by the settling method (bare ZnSe, non-modified magnetite, and 

Ca-silicate modified magnetite), the measured dichroic ratio of the bentonite platelets 

decreased with time in wet film and approached a minimum value in the dry bentonite film. It 

indicates that the bentonite platelets in dry film were evidently tending to orient with their 

basal plane surfaces towards the magnetite layer, whilst wet films adopted a much more 

disordered structure. The tilt angles calculated from the dichroic ratio are sensitive to the n2 

value used. Still it can be concluded that the face of the platelets was preferentially oriented 

parallel to the substrate surface. Using a circulating flow of bentonite suspension in contact 

with magnetite modified by calcium ions, the tilt angle of the platelets in wet state was 

considerably lower implying that they were oriented with their faces more parallel to the 

substrate surface. 
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Figure 1. Schematic figure of an ideal bentonite platelet orientated at a horizontal ATR crystal 

surface. The dipole moment shown in the figure was due to the out-of-plane Si-O stretching 

and used to calculate the dichroic ratio.  is the tilt angle of the platelet. 

 

 

 

 

 

 
Figure 2. Schematic figure of the polarized HATR-FTIR spectroscopy setup.  
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Figure 3. Polarized infrared spectra of (a) wet bentonite film with time and (b) dry bentonite 

film deposited on ZnSe ATR crystal from aqueous suspension at pH 9.5 and the 

corresponding second derivative spectra. The second derivative spectra were multiplied by a 

factor of 200.  
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Figure 4. ATR-FTIR spectra of silicate on magnetite modified with 1 mM of calcium chloride 

and 2 mM of sodium silicate at pH 9.5.  
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Figure 5. ATR-FTIR spectra of bentonite attached to magnetite particles deposited as a layer 

on the ZnSe selenide ATR crystal with the particle surfaces modified by calcium ions 

showing the time dependence of the absorption. A single beam background spectrum of 

calcium modified magnetite in water (pH 9.5) served as reference. The time difference 

between each spectrum is 15 minutes (totally 660 minutes) except for the first three spectra 

that were recorded after 3, 13, 35, and 45 minutes.  
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