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Abstract 

The main objectives for this licentiate thesis have been to study and model the reactions at the water-

mineral interface of two subsystems: maghemite-H+-silicate and olivine-H+. An increased knowledge 

of these systems will make it possible to further extend the complexity of the aqueous phase in future 

experiments. This will make it possible to further approach a composition that resembles the flotation 

and agglomeration process water in the production of iron ore pellets. To be able to characterise and 

predict the influence of different species from the process water on the different mineral particle 

surfaces, is an important step towards optimisation of the pellet production process and increased 

recirculation of the process water. 

Both synthetic and natural minerals were used in the experiments, in which the protolytic surface 

exchange reactions of the subsystems were analysed by high precision potentiometric titrations. The 

minerals and their surfaces were characterised using XRD, XPS, SEM-EDS and BET, both before and 

after the experiments. The zeta potential of olivine and silicate modified maghemite particles were also 

determined as a function of pH. Surface complexation models were derived to describe the reactions in 

the systems. The Constant Capacitance Model (CCM) was used to model the experimental results. 

The evaluation of the potentiometric data from the studies of the maghemite–H+–silicate system 

indicates that soluble silicates will mainly adsorb to maghemite as monodentate surface species at the 

defined experimental conditions. Models including polymerisation of adsorbed silicates and/or 

bidentate silicate ligands were tested, but could not well be fitted to titration data. The adsorption 

maximum of silicates was found to be within the range pH 9.0 to 9.5. At the experimental conditions 

used, approximately 82 % of the added silicate was adsorbed. At higher pH, the silicate started to 

desorb from the maghemite surface and at pH 11.1 only 60 % was still adsorbed.  
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Olivine ((Mg,Fe)2SiO4), one of the major rock forming silicate minerals in nature, is added in the 

agglomeration process to improve the performance of the iron ore pellets in the blast furnace. The 

results from the studies of the olivine-H+ system shows that the dissolution of olivine is essentially 

incongruent, with an excess of magnesium ions released in to the aqueous suspension. Studies of 

olivine samples equilibrated in electrolytes with magnesium ions added using XPS, SEM and zeta 

potential measurements have also shown that the magnesium ion release and adsorption at the surface 

layers is reversible, no support for surface precipitation of new phases as Mg(OH)2 could be found. 

Experimental potentiometric data of olivine-H+ at alkaline conditions was successfully fitted to a two 

pKa electrostatically corrected model.  

The importance of steady state conditions when acquiring titration data was illustrated by comparing 

the amount of active surface sites detected by steady state titrations and considerably faster titrations. 



iii

To 

My wife and our children 

"Dovie'andi se tovya sagain" 

It’s time to toss the dice 
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Introduction 

Iron is the sixth most abundant element in the Earth's crust and the world’s most commonly used metal. 

It is therefore of great importance to ensure that the production cycle, from mining of the ore to the 

finished steel product is as efficient as possible.  

Sweden has a long history as an iron ore and steel producing country and these industries are still very 

important to the Swedish economy. Luossavaara-Kiirunavaara AB (LKAB), located in the northern 

part of Sweden, is mining high quality magnetite (Fe3O4) ore and their main product is the iron ore 

pellets. The pellets are agglomerated centimetre-sized spheres of magnetite ore and additives particles 

that have been partly fused together in a sintering process. The final product is then delivered to 

customers all over the world. 

A research programme between Luleå University of Technology and LKAB called Hjalmar Lundbohm 

Research Centre (HLRC) has been established, one of the aims with this programme is to improve the 

production efficiency and the properties of the pellets.  

The production of the pellets consists of several important steps, starting from a magnetite slurry that is 

modified through different treatment steps and agglomerated in balling drums into wet pellets, so called 

“green pellets”. The green pellets are then sintered and during the sintering process the magnetite is 

oxidised to hematite (α-Fe2O3). 

The mined magnetite ore needs to be upgraded to a concentrate. Grinding to desirable particle size 

distribution and magnetic separation are the initial steps, but further refinement is necessary. Some 

small amounts of the phosphorus containing mineral apatite will still be present in the concentrate and 

have to be removed, since phosphorus radically decreases the quality of the final steel products. The 

apatite is consequently removed by flotation, but the additives used in the flotation process may 

negatively affect the following agglomeration and pelletizing process [1]. 
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It is therefore of great interest to achieve a better understanding of the surface interactions that are 

taking place within and after the flotation process. An improved understanding of these interactions 

will create an opportunity to minimise the disadvantages introduced by the addition of flotation agents. 

The agglomeration that is taking place immediately before the pelletisation process is complex, 

involving many different processes. These include interactions involving different mineral surfaces, 

additives modifying the surfaces and the process water that contains a large amount of different ions 

that may interact with the surfaces. By separating this complex system into smaller subsystems, it will 

be possible to investigate and determine the different surface reactions that may occur and how they 

affect the agglomeration process. 

This new knowledge may then be applied to improve the green pellet strength, which is the most 

important parameter in the pellet production, and/or to produce new improved customer specific 

pellets. 

The aim of this work was to study and characterise surface complexation reactions at mineral particles 

i.e. maghemite and olivine, at different stages of the green pellet production. The two systems that have 

been investigated are maghemite-H+-silicate and olivine-H+ and they are referring to the ore flotation 

and the pellets agglomeration, respectively.  

The surface complexation reactions of maghemite-H+-silicate and their pH dependence were studied 

using potentiometric titrations and chemical analyses of the aqueous phase. Different ratios between 

active maghemite surface sites and soluble silicates were investigated, and the concentration of 

maghemite surface sites was always kept equal or larger than the concentration of soluble silicates in 

the experiments. The constant capacitance model (CCM) was used to model the surface complexation 

reactions within the maghemite-H+-silicate system. 

Natural olivine samples and their surface characteristics were studied by XPS, XHR-SEM, SEM-EDS, 

zeta potential measurements, potentiometric titrations and modelling (CCM).  

Low temperature synthesises of synthetic forsterite mineral samples were also successfully performed. 
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Background 

2.1 Iron oxides 

Iron is the third most common cationic element, 51 g kg-1 in the Earth's crust [2]. Together with oxygen 

and hydrogen it may form at least sixteen different iron oxides, hydroxides and oxyhydroxides. Four 

iron oxides have the chemical formula Fe2O3 but only two of them, maghemite (γ-Fe2O3) and hematite 

(α-Fe2O3) can be found outside of the laboratory.  

Maghemite is a weathering product of magnetite (Fe3O4), which both are common phases in nature. 

Maghemite and magnetite are isostructural, having an inverse spinel structure. The maghemite structure 

has cation deficiencies at the octahedral sites [3] due to the oxidation of Fe2+ to Fe3+. The unit cell is 

cubic with a = 0.834 nm containing 32 O2- , 21 1/3 Fe3+ and 2 1/3 vacancies. 

Within the green pellet production, magnetite surfaces is partly oxidised to maghemite. Several studies 

of magnetite particles, at room temperature, have shown that the surfaces are susceptible to oxidation 

[4-6]. The importance of magnetite's surface oxidation in the preparation of a concentrate has earlier 

been reported by Forsmo [7]. 

The other Fe2O3 oxide, hematite, is not formed during the production of green pellets. It is, however, 

the main mineral formed during the following heat treatment in the grate-kiln pelletising process. 
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2.2 Olivine 

Olivine, (Fe,Mg)2SiO4, is a mineral with many technical applications, such as foundry sand, 

refractories, fluidised beds and abrasives. It is also used as an additive in the production of iron ore 

pellets to improve the pellet properties in the blast furnace. New applications and uses of olivine have 

been continuously studied and proposed, for example CO2 sequestering [8-10] and neutralisation of 

industrial waste [11,12].  

Olivine is one of the most common silicate minerals in nature and the earth’s upper crust. It is the 

commonly used name of a solid solution between the two pure end members forsterite, Mg2SiO4 and 

fayalite, Fe2SiO4. The structure of olivine comprises of isolated silicate tetrahedra, SiO4
4-, that are 

cross-linked by chains of distorted edge-sharing Mg, Fe occupied octahedra. Olivine crystallises at high 

temperatures and is very susceptible to chemical weathering in comparison to other major rock-forming 

primary minerals [13,14]. 

When olivine is submerged in aqueous solutions at pH < 9, the magnesium ions at the surface will 

readily exchange with available protons, H+. Several authors have investigated the dissolution 

behaviour of olivine at these conditions, [15-19]. The dissolution of olivine was characterised by the 

amount of Si released from the olivine into the aqueous solution and various dissolution mechanisms 

have been proposed. The dissolution kinetics and mechanism in the neutral and alkaline pH range and 

its pH dependence are still discussed. Some studies claim to have found a pH dependence of the 

dissolution kinetics [17,20] while other argue that the kinetics is almost independent of pH and is 

instead controlled by hydration of the surface and the available surface area [19,21].  

Depth profiling of the magnesium–[H+] exchange have been investigated by XPS [22-24] and Resonant 

Nuclear Reaction Analysis [25]. These studies showed that protons were able to penetrate deeper at 

acidic pH than at medium and alkaline pH. The O:Si ratio of the olivine samples decreased at acidic pH 

and was interpreted as an indication of polymerisation of the silicate tetrahedras in the olivine structure. 
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An understanding of the different reactions at the mineral-water interface is of essential interest in 

order to be able to describe the processes that are taking place at the mineral surface. Since olivine is 

very susceptible to dissolution, studies of its surface chemistry are complex, olivine dissolution 

reactions and surface alterations take place in almost the whole pH range. These dissolution reactions 

are slow and make it difficult to attain equilibrium during the experiments. 

2.3 Froth Flotation 

Froth flotation is an extremely important separation process to the industrialised world. Without it, 

many metals and inorganic materials would be very scarce and expensive. This since all, or at least 

most, of the high-grade ores that can be extracted at reasonable costs without froth flotation would have 

been depleted. Froth flotation is nowadays the most commonly used separation method by the mineral 

industry, when separating the desired minerals from the gangue minerals. 

The earliest use of flotation was the enrichment of CuCO3 and it is supposed to have been performed in 

the East during the 15th century [26]. However, it was not until the end of 19th century when the 

industrialisation of the western world raised the demands of metals that the development of specific 

flotation processes really started. The mining industry started to mine low-grade ores and needed an 

efficient process to concentrate the valuable minerals. Flotation soon proved itself to be a capable 

method, by very simple and crude chemical alterations of the mineral pulp, it was possible to separate 

and concentrate the minerals of interest. 

Flotation and the key to floatability and non-floatability is the creation of hydrophobic and hydrophilic 

surface groups on the mineral surfaces in the pulp. The hydrophobicity is regulated by additions of a 

collector to the pulp. The collector consists of a polar group and a non-polar group, which is normally 

formed by hydrocarbon chains. The collector preferentially attaches itself on the surfaces of the mineral 

to be floated. The polar group of the collector are adsorbed to the mineral surface and hence will the 
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non-polar group be orientated towards the aqueous solution rendering the hydrophobic characteristic. 

The flotation is performed in a large basin, commonly called a flotation cell in which air is bubbled 

through the pulp. The hydrophobic mineral surfaces will have a high affinity to the air bubbles and will 

be transported and enriched at the surface layer of the flotation cell. At the top layer in the flotation 

cell, the froth will then be skimmed away. The froth will either contain the desired minerals, the 

process is then called direct flotation, or if it contains the gangue minerals, it is called reverse flotation 

[27]. 

Most flotation processes also uses at least one or more modifying reagents such as activators, 

depressants and dispersants. Activators are reagents that make an inert mineral surface more 

susceptible to the added collector. Depressants increase the hydrophilicity of the mineral surfaces that 

are not supposed to be floated e.g. makes those minerals float even less and dispersants disperse and 

reduce the aggregation of the fine-particulate material. 

The removal of apatite from the magnetite ore mined by LKAB is made by reverse flotation. A mixture 

of collectors, called Atrac, is used together with sodium silicates (water glass) which are added to act as 

both dispersant and depressant. 
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2.4 Oxide Surfaces and Surface Reactions 

When the surface of minerals is exposed to water or water vapour, it is assumed to form surface 

hydroxyl groups through dissociative chemisorption of the water molecules. The reason is that the 

dissociation would be energetically favourable, since a better charge neutralization in the lattice may be 

achieved [28,29]. Figure 2.1 illustrates a schematic cross section of the surface layer of an oxide 

mineral when immersed in water and the subsequent surface reactions that take place forming surface 

hydroxyl groups.  

Figure 2.1. (A) Dry oxide mineral surface, metal ions at the surface are not fully coordinated and 

exhibit Lewis acidity properties. (B) Hydrated oxide surface, the metal ions at the surface have the 

possibility to coordinate water molecules. (C) Protons dissociate from the chemisorbed water 

molecules producing hydroxyl groups at the mineral surfaces oxygen and metal atoms.  

Strong support for the hydroxylation of oxide and silicate surfaces has been accumulated from 

numerous infrared spectroscopy investigations [30-33] to mention some of the early important reviews. 

It has been found that complete hydroxylation of many surfaces requires less than 1 % of humidity 

[34]. 

Hence, the hydrated oxide surface will be covered by surface hydroxyl groups. These hydroxyl groups 

are usually written as, ≡SOH (terminal group) or ≡S2OH (bridging group). The S in the ≡SOH 

corresponds to the central atom in the metal oxide and these hydroxyl groups are often referred as 
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active surface sites. The acid-base interactions responsible for the amphoteric behaviour of oxide 

surfaces can be expressed by following reactions. 

≡SOH2
+  ↔ ≡SOH○  + H+       (2.1) 

≡SOH○  ↔  ≡SO-   + H+       (2.2) 

Deprotonated active surface sites, ≡SO- can act as Lewis bases equation (2.2) and protonated active 

surface sites as Lewis acids equation (2.1). In addition to the proton exchange at the active surface 

sites, dissolved cations, anions and chelating ligands in the aqueous phase may take part in various 

sorption reactions, (2.3-2.6). 

≡SOH○  + Mz+  ↔  ≡SOM(z-1)  + H+      (2.3) 

 2 ≡SOH○ + Mz+  ↔  (≡SO)2M
(z-2)  + 2 H+      (2.4) 

≡SOH○  + L ↔  ≡SL+   + OH-      (2.5) 

2 ≡SOH○ + L  ↔  ≡S2L
2+  + 2 OH-     (2.6) 

Complexes formed at the surfaces can be described as either inner-sphere complexes, where the species 

is directly bonded to the active surface site (chemical bond) or outer-sphere complexes. The sorbed 

species is then located at the surface, separated by one or more water molecules (ion pair), physical 

adsorption. By spectroscopic methods it is possible to differentiate between inner- and outer-sphere 

complexes formed at the oxide surface [35-37]. However, spectroscopic data alone is often not 

sufficient to determine the structure of the surface complexes [29]. A distinctive feature that separates 

outer-sphere complexes from inner-sphere complexes is their strong dependence of ionic strength. By 

performing the same experiments at different ionic strength, it may be possible to conclude if the 

surface complex formed is of inner- or outer sphere type.  
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2.5 Surface Complexation Models 

Adsorption reactions taking place at hydroxylated oxide surfaces can be successfully modelled 

employing an electrostatic surface complexation model, of which several have been suggested. The 

models used to describe surface reaction equilibria on oxide surfaces are all based on the same 

fundamental concepts, which have been summarised by Dzombak and Morel [38]: 

• Sorption on the surface of oxides takes place at specific coordination sites. 

•  Sorption reactions can be quantitatively described via mass law equations. 

• Surface charge results from the sorption reactions themselves. 

• The effect of surface charge can be accounted for, by applying an electrostatic correction factor 

derived from the electric double layer theory to mass law constants for surface reactions. 

The generalised two-layer model is the starting point to most surface complex models and the main 

difference between the models is the treatment of the electrochemical double layer, i.e., the mechanism 

of protonation and the position and hydration status of the adsorbed ion.  

Some surface complexation models (SCM:s) that have been extensively used are the Diffuse Double 

Layer Model (DDLM) [38,39], the Constant Capacitance Model (CCM) [40,41], the Triple Layer 

Model (TLM) [42-44], the Basic Stern Model (BSM) [45,46] and the CD-MUSIC model [47-49]. The 

electrochemical double layer can be described as a surface layer and a diffuse layer of counter ions in 

solution, examples of different electrochemical double layers are given in Figure 2.2. 
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Figure 2.2. Schematic illustrations of different electrochemical double layers, a) CCM, b) DDLM,      

c) TLM 

An important parameter for determine the applicability of a SCM, is the ionic strength. With increasing 

ionic strength, the general trend among the SCM:s is as follows:  

 DDLM  → BSM  → CCM      (2.7) 

The DDLM is not applicable at ionic strength > 0.01 M and the CCM may not be used successfully at 

ionic strength < 0.01 M. Another difference between the SCM:s are the number of basic adjustable 

parameters, ranging from one, the surface site density (DDLM) to three, the surface site densities and 

two capacitance parameters (TLM). The CCM used in this thesis has two adjustable parameters, the 

capacitance and surface site density.  

SCM:s that uses a larger number of adjustable parameters as the TLM, will as expected, normally 

render models that fits more closely to experimental data. However, the parameters calculated from the 

TLM are only valid for a specific background electrolyte [50]. The reason for this constraint is the ion-

pair complexes that are used in the TLM.  
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The TLM includes additional reactions between the surface and the ions from the background 

electrolyte: 

≡SOH○  + Cat+  ↔  ≡SO-Cat+  + H+      (2.8) 

≡SOH2
+  + An-  ↔  ≡SOH2

+An-       (2.9) 

This results in that the TLM uses four surface reactions while DDLM and CCM uses two to describe 

the proton release or consumption. The TLM usually presents a small improvement in the mathematical 

fit to experimental data compared with the CCM. The reason for the improved fit to the experimental 

data is the additional adjustable parameters that are introduced in the TLM. More adjustable parameters 

increase the possibilities of achieving a better mathematical fit. 

The guidance when making a choice between two different hypotheses is that the simplest hypotheses 

should always be used in the explanation of the data. The CCM provides a good mechanistic 

description of the surface reactions and has successfully been applied to numerous systems with 

satisfactory result.  

Based on the assertions above, the CCM was chosen in the model calculations.  
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Materials and Methods 

3.1 Mineral samples 

Both natural and synthetic materials have been used for the experimental work presented in this thesis: 

Synthetic maghemite (paper I and III) and olivine, both natural and synthetic (paper II). The synthetic 

maghemite was prepared by precipitation in aqueous solutions. For the preparation of synthetic olivine, 

several different low-temperature methods were tested. Pro analysis grade quality chemicals were used 

in all preparations of synthetic minerals. The produced mineral phases were characterised by X-Ray 

Diffraction (XRD), and their specific surface were determined by the BET N2 adsorption method [51]. 

All mineral samples were stored in a dessicator at 20 °C, containing silica gel as drying agent before 

use. 

3.1.1 Maghemite 

The maghemite was prepared by mixing an iron chloride solution with 1.0 M NH3. The precipitated 

iron oxide precursor was thereafter further treated and oxidised into the final maghemite product [52]. 

The 1.0 M NH3 solution was prepared by diluting 25 % NH3 with degassed MilliQ water. This solution 

was then further degassed by bubbling of N2 gas for approximately 10 minutes. The iron chloride 

solution was prepared using degassed MilliQ water, 0.33 M Fe2+ (FeCl2 · 4 H2O) and 0.66 M Fe3+

(FeCl3 · 6 H2O). The iron chloride solution was then added drop by drop to the NH3 solution under 

continuous stirring using a magnetic stirrer. A black precipitate was instantly formed as a suspension. 

After completing the iron chloride solution additions, the stirrer was stopped and the precipitate was 

allowed to settle. The precipitate was then washed several times by decantation using fresh MilliQ 

water. After repeated washing procedures, the precipitate ceased to settle and the suspension remained 

turbid. The suspension was then poured into dialyse tubes (spectrum spectra/pore with MVCO          

12-14000 D, 29 mm diameter) and the tubes was immersed in a large MilliQ water bath.  
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The conductivity of the MilliQ water was analysed twice a day followed by a change of the MilliQ 

water. The dialyses were stopped when a stable conductivity of 1.8 μS cm-1 was attained. After dialyse, 

the iron oxide suspension was poured into crystallisation beakers and dried at 60 °C for 48 hours. The 

dry precipitate was gently ground by hand in an agate mortar, followed by air oxidation at 240 °C for 

20 hours. 

The maghemite product was confirmed by XRD and the specific surface area of the final product was 

determined to 87.3 ± 0.1 m2 g-1 by BET N2 adsorption measurements. 

3.1.2 Natural olivine 

The olivine used originated from Seqinnersuusaaq, Greenland. To attain a sufficient specific surface 

area for the experiments, the olivine batch with a particle size of ≤ 3 mm, was further wet ground until 

an average particle size less than 10 μm was achieved. The specific surface area of the ground olivine 

was determined to 9.41 ± 0.01 m2 g-1 by BET N2 adsorption measurements. 

3.1.3 Synthetic olivine 

Several different low temperature routes to synthesise pure forsterite were tested and evaluated. The 

main method used in the synthesises was the Sol-Gel technique and a modified version of Sol-Gel, 

using sucrose as chelating agent and template material. The Sol-Gel technique can be defined as the 

preparation of ceramic materials by preparation of a sol, gelation of the sol and removal of the solvent 

[53].  
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The basic steps used in this thesis to produce forsterite by the Sol-Gel technique were as follows: 

• Preparation of an Mg2+-solution. 

• Addition of TEOS (Tetraethylorthosilicate) to the magnesium solution during continuous 

stirring. 

• Addition of a small amount of acid to catalyse the hydrolysis of TEOS. 

• Termination of the stirring of the solution, when a clear sol was achieved in order to allow the 

sol to gel. 

• Drying of the gel at ~90 °C to allow it to form a xerogel, the xerogel was then ground by hand 

and calcined at 800 – 1200 °C. 

The quality and purity of the final product proved to depend on several different parameters in the 

preparation procedure, such as the water:TEOS ratio, the magnesium salt used to prepare the 

magnesium solution and the xerogel drying conditions. 

All the final forsterite products produced with this method were found to contain more or less of 

magnesium oxide, MgO. These findings have been reported earlier and several ways to minimise the 

MgO content have been suggested [54-60].  

An addition of sucrose to the aqueous sol of magnesium and colloidal silica has been suggested by 

Saberi et al. to minimise the problem with the formation of MgO [61]. The sucrose synthesis method 

was tested and a final forsterite product, almost without any MgO was acquired. A XRD spectrum of 

the product is shown in Figure 3.1. 
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Figure 3.1. XRD diffractogram of natural olivine and the final forsterite product from sucrose 

synthesis. 

3.2 Surface Titrations 

The high precision continuous titrations were carried out with a computer controlled automatic system. 

The titration experiments were performed in a laboratory room thermostatic controlled to 25 ± 0.5 °C 

in order to temperate all the solutions and titration equipment. The temperature was further regulated 

during the experiments to 25 ± 0.1 °C, using a temperated oil bath. The electrodes used were glass 

electrodes (Radiometer pHG211) and as references electrodes, double-junction Ag/AgCl (Orion 

900200) with 0.100 mol dm-3 NaNO3 as outer filling solution. The Radiometer pHG 211 electrode is 

designed for use in alkaline environments, minimising any deviations from the theoretical pH response. 

The pH electrodes were calibrated using a concentration scale according to the multiple-point 

calibration technique recommended by Baucke et al. [62,63]. 
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At least five different calibration points were obtained in solutions having well-defined [H+] and a total 

ionic strength of 0.100 M using NaNO3 as ionic medium. The linear response from the glass electrode 

could be described by the Nernstian equation related expression, E = Eº + g·lg[H+] + Ej. Eº and g were 

determined in the calibration and Ej describes the liquid junction potential. For 0.100 M ionic strength 

Ej = -511.5·[H+] + 238.7·Kw·[H+]-1 mV, with Kw = 10-13.775 [64]. 

The titrations were performed under an inert argon atmosphere in order to minimise contamination 

from atmospheric CO2. In order to remove any remaining or introduced impurities and acquire 

saturated humidity, argon gas was bubbled through four washing solutions, 10 % NaOH, 10 % H2SO4, 

MilliQ water and 0.100 M NaNO3 ionic medium before entering the titration vessel.  

3.2.1 Maghemite titrations 

Titrations of the maghemite-H+ system were performed by the additions of 0.0100 mol dm-3 HNO3 to 

pH ≈ 2.8. The solutions were then back titrated using 0.0100 mol dm-3 NaOH to pH ≈ 11.1. 0.100 M 

NaNO3 was used as background electrolyte and all solutions were adjusted to 0.100 M total ionic 

strength by additions of NaNO3.  

In the titrations including silicate, the silicate solution was added to the maghemite suspension after the 

acidic titration down to pH ≈ 2.8. The alkalinity of the silicate solution was then compensated by an 

extra addition of 0.100 mol dm-3 HNO3. Then the suspension was back titrated using NaOH as 

described above. 

Samples taken from maghemite suspensions containing additions of silicate in order to determine the 

concentration of silicates in solution were filtered using 0.2 μm PTFE syringe filters. The Si 

concentration of the samples was then analysed using the blue molybdate method, (Spectroquant®, 

Merck). 
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3.2.2 Olivine titrations 

Both continuous titrations and batch experiments were conducted on the olivine material. Four different 

back ground electrolytes were used, 0.100 M NaNO3, 2.0 mM Mg(NO3)2, 4.0 mM Mg(NO3)2 and a 

diluted NaOH-solution at pH = 9.95. All the solutions had a total ionic strength of 0.100 M by 

additions of NaNO3. 

The batch experiments were performed in a two step equilibration sequence. First, the desired amount 

of olivine was added to 50 ml HDPE centrifuge tubes and then the background electrolyte. Argon gas 

was flushed into the centrifuge tube before sealing. The samples then were equilibrated for 20 hours, 

using a tube rotator to ensure good mixing. After equilibration, pH was adjusted by additions of NaOH 

solution. During the additions, the samples were homogenised using a Teflon propeller and argon gas 

was flushed into the centrifuge tube in order to minimise CO2 contamination. The equilibration for 20 

hours was repeated before sampling and measuring of pH. The suspensions then were divided into two 

fractions. One fraction was used to determine pH, the other fraction was centrifuged, filtered and 

prepared for Mg and Si analysis. The Si concentration was determined using the blue molybdate 

method as described in section 3.2.1 and the Mg concentration was determined by Atomic Absorption 

Spectroscopy (AAS). 

Three different mass concentrations were used in the titration experiments, 25.0, 50.0 and 100.0 g dm-3. 

One additional mass concentration was used in the continuous titrations, 12.5 g dm-3. The continuous 

titrations were performed within 9.8 < pH < 11.1 and the batch experiments within 9.5 < pH < 11.5. 



19

3.3 Data Treatment 

3.3.1 Estimation of surface sites 

The amount of active surface sites was determined from the acid-base titrations of the mineral 

suspensions by the use of Gran functions [65]. Gran plot functions is an accurate and easy evaluation 

method to determine the adsorption volume Veq (cm3) of an added acid or base, i.e. the total amount of 

protons adsorbed at the oxide surface. Two different Gran functions were used in the determination of 

the Veq and, depending on the pH in the suspension, either equation 3.1 and/or 3.2 were used.  

( ) g

EE

V+V=F

j

tacidic

−

×100          (3.1) 

( ) g

EE

V+V=F

j

talkaline

−

×100         (3.2) 

V0 (cm3) denotes the starting volume of the equilibrated mineral suspension and Vt (cm3) the added 

volume of titrant from the burette.  

The Gran plot is derived by plotting the values of the Gran function versus Vt. The linear part of the 

Gran plot is then extrapolated to its intersection with the x-axis. It is sometimes also useful to make 

Gran plots using both equation 3.1 and 3.2, as shown in Figure 3.2. 
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Figure 3.2. Typical Gran plot starting at acidic conditions. Circles (○) represents the values of the 

function Facidic (Eq. 3.1) and squares (□) the values from the function Falkaline (Eq. 3.2). 

This will result in two points of intersection, Veq1 and Veq2, the difference in volumes (Veq2 – Veq1) 

describes the amount of acid or base needed to achieve complete proton exchange of the active surface 

sites. A schematic overview of the surface reactions taking place at the protonated surface sites is 

shown below: 

≡SOH2
+  ⎯⎯ →⎯

+
−H   ≡SOH○  ⎯⎯ →⎯

+
−H   ≡SO-     (3.3) 

The total concentration of surface sites, S0 (mol dm-3) is calculated from the titration data by the 

expression 
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0
0 V

CV
=S titranteq ×

          (3.4) 

where Ctitrant is the concentration of the titrant.  

The number of active surface sites per nm2, Ns (sites nm-2) determined by the added titrant can be 

calculated as follows: 

18
0

10××

×

sA

A
s

CS

NS
=N           (3.5) 

where NA is Avagadros constant (6.022 × 1023 mol-1), SA the specific surface area of the sample (m2 g-1) 

and Cs the weight concentration of solid material in the suspension (g dm-3).  

3.3.2 Surface reactions 

The surface equilibria in the maghemite-H+ system (3.6) and the maghemite-H+-silicate (3.7) can be 

expressed in the general forms: 

pH+ + ≡FeOH     ↔≡FeOHp
(1+p)     βs

p1  (3.6) 

pH+ + q≡FeOH + rSi(OH)4(aq)  ↔ Hp(≡FeOH)q((SiOH)4)r
p + (q+r-1)H2O βs

pqr (3.7) 

≡FeOH denotes the active sites at the maghemite surface that may take part in the proton and ligand 

exchange reactions. In reactions (3.6) and (3.7), the stoichiometric coefficients for ≡FeOH, q, was set 

to 2 or 1 in the model calculations.  
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The surface equilibria in the olivine-H+ system can be expressed in a corresponding way using the 

following reaction: 

pH+ + ≡MgOH2
+ + (-1-p)H2O  ↔≡Mg(OH)(-p)

 (1+p)    βs
p1 (3.8) 

Adsorption of ions and ligands to oxide minerals will result in charge accumulation at the surface and 

this in turn changes the surface potential, ψ. The surface equilibrium constants calculated from 

reactions (3.6–3.8) therefore needs to be corrected for the electrostatic potential of the charged surface 

to obtain the corresponding intrinsic constants, i.e. the surface equilibrium constants for an uncharged 

surface: 

βs
pqr = βs

pqr(int) e((p+q+0r)Fψ/RT)         (3.9) 

The CCM, which was used for the model calculations in this work, defines in a very simple way the 

relation between surface potential and surface charge, σ: 

ψ = σ/C           (3.10) 

where C (C V-1 m-2) is the specific capacitance. The surface charge is defined as: 

σ=
T σ F

S AC S
           (3.11) 

where F is Faradays constant, (96485 C mol-1) and Tσ (mol dm-3) is the total surface charge. 
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3.3.3 Modelling 

The FITEQL 4.0 programme was used to calculate the intrinsic equilibrium constants from 

experimental data. The original FITEQL programme was developed in the beginning of the 1980's and 

the purpose of the programme was to provide means to evaluate surface complexation reactions at the 

solid-liquid interface using SCM:s [66].  

The total and free concentrations of added components, total concentration of surface sites and a 

dilution factor as well as plausible equilibrium constants for soluble species are necessary input data for 

FITEQL and for the optimisation procedure. When supplying experimental data to FITEQL, the 

intrinsic equilibrium constants can be calculated. The optimisation is an iteration process involving the 

equations for the suggested chemical equilibria and a least square fit. FITEQL minimises the SOS/DF

parameter, which describes the quality of the fit between the calculated model and experimental data. 
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Results and Discussion 

4.1 Maghemite-H+ system 

A model describing the acid-base properties of maghemite in the pH range 2.8 – 8.5 was presented by 

Jarlbring et al. [52]. This model has been extended to pH 11.1, the results from the present study are 

compared with the values from Jarlbring et al. in Table 4.1. 

Table 4.1. Model results of the maghemite-H+ system. 

 This study Jarlbring et al. 

log βs
11 (int) 5.39 ± 0.01 5.53 ± 0.10 

log βs
-11 (int) -7.51 ± 0.01 -7.66 ± 0.08 

Ns (sites nm-2) 0.99 ± 0.05 0.81 ± 0.05 

Optimised capacitance, (Fm-2) 2.40 1.0 

pHstart 6.30 ± 0.05 6.5 

Titration and model data are presented in Figure 4.1, where H is the proton concentration balance in the 

suspension (Eq. 4.1): 

[ ] [ ]

−

−

−
×−×

addedOH+
addedH

burette
addedOHburette

+
+
addedH

V+V+V

OHVHV
=H

0

     (4.1) 

H describes the concentration of added H+ and OH- to the suspension. A negative value states that more 

OH- than H+ has been added to the solution. 
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Figure 4.1. Titration curve of maghemite suspension showing H as a function of pH. The circles (○) 

denote experimental data, and the solid line represents the calculated model according to Table 4.1. 

The titration curve within the pH range 3–9, Figure 4.1, proved to have nearly identical appearance as 

the one previously published by Jarlbring et al. [52]. 

In order to optimise the model for the extended pH range, it was necessary to slightly adjust the surface 

complexation constants as well as the specific capacitance. An increase of the capacitance to 2.4 Fm-2

gave a slightly better fit of the model to the experimental data in the full pH range, than the previously 

suggested value of 1.0 Fm-2.  

Some small deviation between the model and experimental data could be noticed in the pH range    

9.2–10.8, Figure 4.1. This deviation is most probably due to a silicate leakage from the glass electrode. 

The fact that glass dissolves in alkaline solutions is well-known and therefore some small amounts of 

soluble silicate species will possibly be leached from the glass electrode at alkaline conditions. 
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Experiments where the glass electrode was immersed in an alkaline solution free of silicates, confirmed 

that small amounts of silicates was dissolved from the electrode over time, Table 4.2.  

Table 4.2. Analysed concentrations of silicate dissolved from the electrode at pH 10.95 and in the 

absence of maghemite. 

Time, (Hours) 24 48 72 96 

Si(OH)4 × 106 mol dm-3 44 56 63 67 

With maghemite present in the solution, the concentration of silicates at pH ≈ 11 was found to be 

below the detection limit (4 × 10-6 mol dm-3) for the analytical procedure used. When titrations of 

maghemite were performed in opposite direction, starting at alkaline conditions and ending at acidic 

pH (≈ 3), the concentration of aqueous silicates in the solution was found to be approximately 60 × 10-6

mol dm-3 at the endpoint of the titration.  

Thus, the dissolved silicate species from the electrode are most probably adsorbed to the maghemite 

surface at high pH. This conclusion is further supported by the results obtained from maghemite and 

water glass suspensions (section 4.2 below). Estimations using the data in Table 4.2, indicates that 

approximately 65 – 70 × 10-6 mol dm-3 of silicates originating from the glass electrode was adsorbed to 

the maghemite at alkaline conditions. 

The influence and importance of the silica leakage from the electrode on the experimental data from the 

maghemite-H+ system was examined by introducing 65 × 10-6 mol dm-3 additional Si(OH)4 in the 

model calculations. The improved fit of the model after the correction could be seen in the SOS/DF

value which decreased from 24.8 without silica correction to 16.4 with silica correction. However, 

these additions did not significantly affect the values of the intrinsic surface equilibrium constants 

describing the system, log βs
11 (int) and log βs

-11 (int). 
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4.2 Maghemite-H+-silicate system 

4.2.1 ATR-FTIR experiments 

The sorption of soluble silicates onto magnetite and maghemite was monitored by in-situ ATR-FTIR 

spectroscopy, three different concentrations of Si(OH)4(aq) were used in the experiments: For 

magnetite 5.0 mM, 1.0 mM and 0.1 mM. For maghemite 5.0 mM, 1.0 mM and 0.4 mM. The amount of 

iron oxide film on the ATR crystal was small, in general less than 1 mg and the distribution of the film 

were judged to be even by visual examination of the ATR crystal. The results from the experiments 

showed that the adsorption maximum was located between pH 7.0 to 9.5. Adsorbed silicates at low 

silicate concentrations or high pH were characterised as bidentate, monomeric surface complexes. 

Decreasing pH or increasing the silicate concentration resulted in that the signs of oligomeric surface 

silicate species increased. When increasing the silicate concentration, there was clear indications of an 

increased polymerisation at the iron oxide surface.

4.2.2 Potentiometric titrations 

During the experiments, the silicate concentration in the maghemite suspension did not exceed          

1.3 × 10-3 mol dm-3, this is below the solubility limit of amorphous SiO2, 1.9 × 10-3 mol dm-3 Si(OH)4

(log Ks = -2.71) [67]. The solubility of the crystalline phase, quartz, is even lower (≈ 10-4 mol dm-3). 

However, quartz does not precipitate at normal temperatures, since the reaction kinetics is very slow. 

Hence it follows that amorphous phase determines the solubility limit of silicic acid in natural waters. 

The hydrolysis and polymerisation of Si(OH)4 are complex, especially at high pH. The distribution of 

the various silicate species in the pH range 2-14 and at a total silicate concentration of 1.30 × 10-3 M 
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was determined using data from Felmy et al. valid at zero ionic strength [68] and the modelling 

program WinSGW [69].  

The calculations indicated that only three aqueous silicate species were present in significant 

concentrations, within the studied pH range and at total silicate concentrations ≤1.3 × 10-3 mol dm-3. 

Depending on pH, 99-100 % of the added silicates will be present as one of following three monomeric 

species, Si(OH)4(aq), SiO(OH)3
- or SiO2(OH)2

2-.  

The results show that about 10 % of the silicate is adsorbed to maghemite already at the start of the 

titrations, pH ≈ 2.7. The amount of adsorbed silicate increases until it reaches a maximum at pH      

9.0–9.5. Within the experimental conditions used, a maximum of about 82 % of the added silicates 

were adsorbed. At higher pH, the silicate species started to desorb from the maghemite surfaces.  

The shape of the adsorption curve and the location of the pH range for the maximum silicate adsorption 

were compared with previously published studies on silicate adsorption to goethite, hematite [70] and 

ferrihydrite [71]. It could be concluded that all the iron oxides displayed a similar shape of the silicate 

adsorption curve and that the adsorption maximum was located somewhere in the pH range 8–10 for all 

these iron oxide minerals.  

The specific adsorption of silicate on maghemite seems to be higher than on magnetite. However, since 

different ratios of [≡FeOH:Si(OH)4] have been used in the maghemite (1:1) and the magnetite 

experiments by Jordan et al (1:3.3) [70], it is not possible to make any decisive conclusions. 

Three different ratios, 1:1, 2:1 and 3:1 between the total concentration of active surface sites, S0, and 

the total concentrations of added silicate, [≡FeOH]:[Si(OH)4], were studied and included in the model 

calculations.  
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The formation constants of the silicate hydrolysis reactions in aqueous solution used in the model 

calculations were determined by Sjöberg et al at 0.1 mol dm-3 ionic strength [36]. 

 Si(OH)4 – H+   ↔ SiO(OH)3
-     -log K = 9.59   (4.2) 

 Si(OH)4 – 2H+  ↔ SiO2(OH)2
2-    -log K = 22.55   (4.3) 

The formation constants established by Sjöberg et al were preferred in the model calculations, this 

since they have been experimentally determined at the same ionic conditions as in these titration 

experiments. 

Two different models for monodentate silicate adsorption on iron oxides were evaluated. The first 

model includes two surface complexation reactions (4.4 and 4.5) in addition to the acid-base 

characteristics of the iron oxide suspension, in accordance with suggestions by Sigg et al. [72]. The 

same model has been applied by other authors when studying silicate adsorption on iron oxides [70,73]. 

An additional reaction, including a further deprotonation of the adsorbed silicate (4.6) was suggested 

by Swedlund et al. [71]:  

≡FeOH + Si(OH)4 ↔≡FeOSi(OH)3   + H2O       (4.4) 

≡FeOH + Si(OH)4 ↔≡FeOSiO(OH)2
-  + H2O + H+     (4.5) 

≡FeOH + Si(OH)4 ↔≡FeOSiO2(OH)2-  + H2O + 2H+      (4.6) 

Both sets of surface complexes were tested in the model calculations of the experimental proton data. A 

model including all three surface reactions (4.4)–(4.6), resulted in a better fit to the combined proton 

exchange and silicate adsorption data. A small correction was introduced to the value of the third 

equilibrium constant, log βs
-211(int).  
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This correction was necessary since the desorption reaction of the silicate (reaction 4.7) is proton 

neutral and it was therefore not possible to optimise the model for this reaction from data solely based 

on the proton exchange of the surface. 

≡FeOSiO2(OH)2- + H2O ↔≡FeO- + SiO(OH)3
-      (4.7) 

The final values of the equilibrium constants are presented in Table 4.3. 

Table 4.3. The resulting surface complexation constants of silicate adsorption on maghemite in 

aqueous suspensions. 

≡FeOSi(OH)3 log βs
011(int) = 3.61 ± 0.01 

≡FeOSiO(OH)2
- log βs

-111(int) = -3.00 ± 0.01 

≡FeOSiO2(OH)2- log βs
-211(int) = -11.35 ± 0.02 

Experimental data for the adsorption of silicates in the maghemite/water glass suspension and the fit to 

the tested models are shown in Figure 4.2. The starting concentration of Si(OH)4 and active surface 

sites, ≡FeOH, were 1.25 × 10-3 mol dm-3 ([≡FeOH]:[Si(OH)4] = 1:1). As seen in Figure 4.2, the 

addition of a third complex (4.6) significantly improves the model. Figure 4.2 also shows the difference 

between the model based on proton data solely, and the model corrected using silicate adsorption data.
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Figure 4.2. The adsorption of silicates on maghemite, for the ratio [≡FeOH]:[Si(OH)4] = 1:1 (1.25 × 

10-3 mol dm-3) as a function of pH. The solid line (▬) represents the proposed model, dashed line     

(▬  ▬) the model based on only proton data and the dotted line (▪▪▪) a model based on surface 

reactions (4.4) and (4.5). Experimental data from silicate analyses of are shown as circles (○). 

Experimental proton and hydroxide ion exchange data for the maghemite/water glass system are 

presented in Figure 4.3, as well as curves representing the proposed model and the alternative model 

based on two surface complexes, solely. The proposed model based on three complexes shows a 

slightly better fit to data at pH 8.8–10.8. 
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Figure 4.3. The proton exchange, H, as a function of pH. [≡FeOH]:[Si(OH)4] = 1:1 (1.25 × 10-3 M). 

Experimental data are shown as circles (○). The proposed model using Eq. (4.4)–(4.6) is shown as a 

solid line (▬) and the model using Eq. (4.4)–(4.5) as a dotted line (▪▪▪). The zeta potential curve for the 

ratio [≡FeOH]:[Si(OH)4] = 1:1 is shown as asterisks (*). 

The small divergence between experimental data and the model in the pH range 8.8–10.8 in Figure 4.3 

coincides with the similar discrepancy for the data in the absence of added silicates, Figure 4.1. The 

small silicate leakage from the pH electrode is proposed to cause this discrepancy. Silicate species 

leached from the electrode are adsorbed on the maghemite surface and the following deprotonation of 

the adsorbed silicates causes a divergence between the model and the experimental data. The 

maghemite surface sites with adsorbed silicates may be able to release additional protons compared 

with a surface site without an adsorbed silicate. The observation that the discrepancy is most 

pronounced in the pH range 9.2–10.8 may then be explained by the extra deprotonation reaction of the 

adsorbed silicate taking place in this pH range, Figure 4.5.  
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Consequently, the release of protons is larger than predicted by the model and this divergence is 

probably originating from the silicate species released from the glass electrode. 

The influence of the released silicates from the electrode on the fit of the potentiometric data to the 

model is also due to the amount of added silicates in the experiment. Figure 4.4 illustrates both 

experimental and modelled data of H plotted vs. pH for three different ratios 1:1, 2:1 and 3:1.  
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Figure 4.4. Experimental data points, ratio 1:1 (○), 2:1 (*) and 3:1 (Δ). Model lines for the 

[≡FeOH]:[Si(OH)4] ratios 1:1 solid line (▬), 2:1 dashed line (▬  ▬) and 3:1 dotted line (▪▪▪). For 

clarity, the number of experimental data points has been reduced in the figure. 

When comparing the size of the discrepancy in the range 8.8 < pH < 10.8, there is a trend that the 

deviation between experimental and modelled data decreases with increasing amounts of added 

silicates in the adsorption experiments. Experimental data for different ratios and at the same pH within 

the discussed pH range, exhibits small differences in H. However, there is still a clear detectable trend 

that the ratio 1:1 (○) has the most negative value of H followed by 2:1 (*) and then 3:1 (Δ). The 
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modelling results for H at the same pH but for different ratios, show more pronounced differences. 

There is no compensation in the model for the leached silicate from the electrode and therefore the 

difference will be apparent as a function of H at different ratios. 

The model also suggests that the silicates are essentially adsorbed as monodentate species. Calculations 

using models including adsorbed bidentate species resulted in a poor fit between modelled and 

experimental Si(OH)4 adsorption data. Models including both mono- and bidentate surface complexes 

have also been tested and evaluated. These models showed an improved fit to data in comparison to the 

model with bidentate complexes solely, but were still inferior in comparison with the suggested 

monodentate model. A possible explanation to the absence of bidentate surface complexes is the low 

density of active surface sites on maghemite, Ns ≈ 1.0 sites per nm-2. The distance between the active 

sites may then be too large for bidentate surface species to form.  

In order to investigate potential polymerisation of adsorbed Si(OH)4 monomers, different models 

containing polymerisation reactions between adsorbed Si(OH)4 monomers and monomers in solution 

have been tested and evaluated using the FITEQL programme. No support for the other extreme in the 

model calculations, polymerisation of adsorbed silicates on the maghemite surface was found within 

the experimental conditions for the study ([≡FeOH]:[Si(OH)4] ≥ 1).  

In situ ATR-FTIR experiments performed on magnetite and maghemite by Yang et al. [74,75] 

indicated that silicate polymerisation reactions take place at the surface of both these iron oxides. The 

difference in experimental conditions between the in situ ATR-FTIR experiments and the present study 

is a plausible explanation for the diverging results. Considerably less surface area of iron oxides and 

much higher silicate concentrations were used in the ATR-FTIR experiments by Yang et al.  Surface 

polymerisation reactions of adsorbed silicates at the iron oxide surface are much more likely when the 

soluble silicates are in excess to available active surface sites. 
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Results from zeta potential determinations of maghemite particles suspensions prepared at the ratio, 1:1 

[≡FeOH]:[Si(OH)4] are presented in Figure 4.3. The isoelectric point (pHiep) of the particles was 

determined to approximately 6.6. 

Using the proposed model, a distribution diagram was calculated, Figure 4.5.  
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Figure 4.5. Surface complex speciation, calculated using the proposed model and a ratio 

[≡FeOH]:[Si(OH)4] = 1:1. 

As illustrated in Figure 4.5, the adsorbed silicates start to deprotonate already at pH < 5 implying 

≡FeOSiO(OH)2
- to become the dominating surface species in the pH range 7.0–9.8. At even higher pH, 

the surface species will either deprotonate further to form ≡FeOSiO2(OH)2- or silicate will desorb 

resulting in a ≡FeO- surface site. The surface charge of the maghemite particles with silicates adsorbed 

will then become negative already at a rather low pH, as was confirmed by the zeta potential 

measurements, Figure 4.3. 
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4.3 Olivine-H+ system 

The Mg:Si ratio of the wet ground olivine was determined by the surface sensitive method XPS. The 

results revealed a lower Mg:Si ratio than expected at the olivine surfaces, in comparison with the bulk 

composition ratio of approximately 2:1, Table 4.4. A probable explanation to this deviation is a 

rearrangement of the olivine surfaces by a serpentinization like process during the wet grinding. 

Serpentinization is a geological low-temperature metamorphic process in which ultrabasic minerals as 

olivine are converted to serpentine, Mg3Si2O5(OH)4 by hydration, when in contact with water. The 

chemical composition of the wet grinded olivine after equilibration in various ionic media, were also 

investigated using SEM-EDS. Different equilibrated olivine samples were investigated and all resulted 

in a Mg:Si ratio close to 2:1. The SEM-EDS technique has a higher penetration depth, up to several μm 

in comparison with XPS that penetrates only a few nm into the surface. SEM-EDS therefore produce 

elemental analyses results more close to the average bulk composition. 

Table 4.4. Atomic Mg:Si and O:Si ratios on the olivine surfaces, determined by XPS analysis. 

pH Background electrolyte Mg:Si ratio O:Si ratio 

------ None, grinded starting material 1.44 3.13 

9.85 0.100 M NaNO3 1.43 2.92 

11.06 0.100 M NaNO3 1.48 3.21 

11.52 0.100 M NaNO3 1.47 3.10 

10.89 4.0 mM Mg(NO3)2 1.67 3.52 

3.2 10.0 mM HNO3 0.81 2.66 

The results from the XPS analyses in Table 4.4 indicates that the serpentinization of the olivine 

surfaces is only located within the outermost layers of olivine, since the bulk material continued having 

the expected stoichiometric Mg:Si ratio of olivine.  
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The XPS analysis also showed that the Mg:Si ratio at the surface essentially remained constant when 

pH was raised in the background electrolyte and in the absence of added magnesium ions. Olivine 

samples equilibrated in background electrolytes containing magnesium ions showed an increase in the 

Mg:Si surface ratio. This may be due to adsorption of the added magnesium ions to unoccupied silicate 

sites at the surface. Also, since the concentrations of both magnesium and silicate ions decreases with 

pH, Figure 4.6 and 4.7, additional serpentine may also form at the surface. 
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Figure 4.6. Aqueous concentration of Mg2+ ions vs. pH, using different magnesium concentration in 

the background electrolytes: (●) 0.100 M NaNO3, (■) pH 9.95, (NaOH), (+) 2.0 mM Mg(NO3)2, (*) 4.0 

mM Mg(NO3)2. 
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Figure 4.7. Release of silicate using increasing concentrations of magnesium ions in the electrolyte: 

0.100 M NaNO3 (●), pH 9.95 (■), 2.0 mM Mg(NO3)2 (+) and 4.0 mM Mg(NO3)2 (*), all at a total ionic 

strength of 0.100 M. 

The results presented in Figure 4.6 and 4.7 also show that the olivine surfaces equilibrate incongruently 

when immersed in aqueous solution at pH < 10. Congruent dissolution of the olivine in the absence of 

additions of magnesium ions to the background electrolyte, occurs within the pH range 10.3–10.4. 

Above this pH range, the release of silicates increased and the dissolution becomes incongruent with 

respect to the silicate release. 

The hydroxide ion adsorption capacity of olivine was determined by continuous titrations. In order to 

investigate the potential influence of particle-particle interactions on the hydroxide ion adsorption 

capacity of the olivine surfaces, four different mass concentrations were used in the experiments. Four 

titrations were performed on the 12.5, 25.0 and 50.0 g dm-3 suspensions and one test run with a 
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redundant mass concentration of olivine, 100.0 g dm-3. The equivalence volumes, Veq, of the different 

suspensions are presented in Table 4.5. 

Table 4.5. Calculated equivalence volume from continuous titrations using a maximum allowed drift of 

0.60 mV h-1. 

Mass konc. 12.5 g dm-3 25.0 g dm-3 50.0 g dm-3 100.0 g dm-3 

Veq, ml 1.53 ± 0.21 2.86 ± 0.20 5.85 ± 0.35 11.16a 

aOnly one set of titration data 
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Figure 4.8. Equivalence volumes at different mass concentrations: 12.5, 25.0, 50.0 and 100.0 g dm-3

respectively. Filled circles (●) and solid line represent steady state titrations, circles (○) and dashed line 

fast titrations. 
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As can be seen in Figure 4.8, the results from the titrations present a linear relationship between Veq and 

the mass concentrations used. Thus, no indications were found for Veq to be influenced of particle-

particle interactions. 

Experiments with lower demands on the potential drift were also conducted, henceforth called fast 

titrations. These fast titrations used predetermined time intervals for the additions of titrant. The 

potential drift in these fast titrations was between 5 to 10 mV h-1 and the resulting Veq values were also 

consistently lower, about 62 % of those obtained from titrations with the more restricted drift 

conditions. This clearly shows that fast titrations will not detect all available surface sites, S0, a 

fundamental parameter when modelling the surface reactions within the system. This is an important 

circumstance when comparing the results from this study with earlier studies of olivine at alkaline 

conditions. Previous studies have allowed considerably higher drift in pH, up to 30 mV h-1 (≈ 0.5 pH 

units h-1) and still considered this as steady state [24,76]. 

The number of active surface sites nm-2, Ns, was calculated from the experimental data, using 0.60 mV 

h-1 as steady state condition. The determined Ns of olivine was compared with previously suggested 

general values of Ns and also values determined theoretically from the crystal structure of olivine, 

Table 4.6. 

Table 4.6. Comparison of Ns values, a) Experimentally determined, b) General suggestion for mineral 

surfaces [77], c) [20] and d) [78] theoretical total surface sites values of olivine. 

Ns, sites nm-2 mol m-2 

1.88 ± 0.16a 3.12 ± 0.27 × 10-6 

2.31b 3.84 × 10-6 

20c 3.32 × 10-5 

23d 3.82 × 10-5 
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The theoretical Ns values in Table 4.6 should be multiplied with 2/3, assuming that only the magnesium 

sites of olivine are capable to interact with hydroxide ions. This results in approximately 15 or 16 

magnesium sites nm-2. 

The determined Ns value in this study is close to the suggested general value for mineral surfaces, 

supporting that the parameters extracted from the surface titrations are realistic. This in contrast to the 

theoretical Ns values for olivine which assume that all potential sites on the surface are active. Common 

Ns values for various minerals are between 1 and 7 according to Hochella, [77]. 

A model was fitted to the experimental data using the surface complexation modelling programme 

FITEQL 4.0 and the constant capacitance model. Data from both continuous titrations and batch 

experiments and at two different mass concentrations were included in the model calculations. 

The best fit to experimental data was obtained using a model consisting of surface reactions (4.8) and 

(4.9): 

≡MgOH2
+↔≡MgOH + H+   ; log βs

-11(int) = -10.8 ± 0.1   (4.8) 

≡MgOH2
+ + H2O ↔ ≡Mg(OH)2

- + 2 H+ ; log βs
-21(int) = -22.3 ± 0.1   (4.9) 

Optimisation of the capacitance parameter was performed and the modelling results showed that large 

values for the capacitance resulted in a decrease of the SOS/DF value. After a certain capacitance 

value, 9.6 Fm-2, the changes in SOS/DF were negligible. This value of the capacitance was therefore 

used in the modelling of the olivine-H+ system. 
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A difficulty when modelling the olivine-H+ system, was the pH-dependent variation of the number of 

magnesium surface sites at the olivine surfaces.  

By careful determination of the magnesium concentration in the suspension, it was possible to estimate 

the changes in the number of active surface sites. It was assumed that the magnesium ions migrates 

back to the olivine surfaces with increasing pH and thereby creates new active surface sites, according 

to reaction (4.10) and (4.11). 

≡SO- + Mg2+ + H2O ↔≡SOMgOH2
+    pH < 10.7   (4.10) 

≡SO- + Mg2+ + H2O ↔≡SOMgOH + H+   pH > 10.7   (4.11) 

Correction of the number of available surface sites using this hypothesis resulted in a significantly 

improved fit of the model to experimental data, thereby strongly supporting this approach. Another 

possibility would be precipitation of brucite, Mg(OH)2(s), but no indications of this type of precipitate

could be detected either with SEM or XPS. 

Zeta potential measurements were also conducted on samples that had been equilibrated in 0.100 M 

NaNO3 and 4.0 mM Mg(NO3)2 background electrolyte at a total ionic strength of 0.100 M and in the 

pH range 9.9–11.4. A change in zeta potential towards more positive values with increasing additions 

of magnesium ions and increasing pH, would indicate a possible Mg(OH)2(s) precipitation. This, since 

magnesium hydroxide minerals as brucite, Mg(OH)2, have high IEP values, pHIEP ≈ 11 [79]. The zeta 

potential measurements showed no support for precipitation of Mg(OH)2, this since the zeta potential 

of olivine remained at approximately the same values within the studied pH range, i.e. independent of 

pH and of the varying magnesium concentrations. 
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Conclusions 

5.1 Maghemite 

Potentiometric titration experiments of the maghemite-silicate-H+ and the olivine-H+ systems have 

resulted in a large amount of information that have made it possible to derive models for the surface 

complexation reactions of the systems. 

The adsorption of silicates onto maghemite reached a maximum of approximately 82 % within the pH 

range 8.9 – 9.5 and at the studied concentrations of total silicate and maghemite surface sites. A further 

increase of pH resulted in desorption of the silicates. A model consisting of three monodentate silicate 

surface complexes, were able to best describe the reactions from the experimental data. The surface 

complexation reactions proposed, (4.4–4.6) results in the formation of the following maghemite-silicate 

surface complexes, ≡FeOSi(OH)3, ≡FeOSiO(OH)2
- and ≡FeOSiO2(OH)2-, depending on pH. 

No support for surface polymerisation reactions were found from the potentiometric studies, where the 

amount of aqueous soluble silicates was kept at lower concentrations than the concentration of 

available active maghemite surface sites. Models using bidentate surface complexes or surface 

polymerization of silicates were evaluated but none of these models were successful in describing the 

silicate adsorption. 

5.2 Olivine 

The results from surface investigations using XPS technique shows a lower Mg:Si ratio than bulk phase 

olivine, probably a result from surface alterations of the olivine introduced already during the wet 

grinding process. In contact with water, a preferential removal of magnesium from the surface layers of 

the olivine takes place and a simultaneous formation of serpentine like phases at the olivine surface 

may explain the observed decrease in the Mg:Si ratio. 
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The incongruent dissolution with selective removal of magnesium ions from the olivine surfaces, 

results in a pH of immersion of approximately 10, due to hydrolysis of the exposed silicate groups. 

Congruent dissolution of olivine seems to occur only in a small pH range, 10.3 – 10.4. Above this pH, 

the release of silicates increases and the dissolutions then turn incongruent with respect to the silicate 

release.  

The released magnesium ions migrate back to the surface structure when pH is raised. No signs of 

Mg(OH)2(s) precipitation could be detected by SEM, XPS or zeta potential analyses. Equilibrium 

calculations also confirmed that the magnesium and hydroxide ion concentrations in the suspensions 

were undersaturated with respect to precipitation of Mg(OH)2 . 

Adding magnesium ions to the background electrolyte lead to an increase in the Mg:Si ratio, 

demonstrating that the magnesium ion exchange at the serpentinized surface is reversible and that 

magnesium ions may adsorb at available silicate sites at the particle surfaces. 

A model for the protolytic characteristics of olivine has successfully been fitted to the acquired 

experimental data. The problem with the varying number of surface sites was solved by adjusting the 

amount of active surface sites from the change in aqueous magnesium ion concentrations with pH. The 

migration of magnesium ions from the solution creates an equal amount of new active surface sites on 

the olivine surface. This correction of the number of surface sites resulted in a significantly improved 

fit of the model to the experimental data. 
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Future Work 

An extension of the studied mineral systems towards more complex systems, resembling the process 

water at the pellet production processes may now be possible. Calcium, carbonate and sulphate ions are 

major species in the process water and their influence on the present mineral surfaces can now be 

investigated, since a model of the mineral silicate system has been established. An increased 

knowledge of how the mineral surfaces are affected by the different species in the process water may 

open up possibilities of an increased recirculation of the process water. 

Particularly the Ca2+ in the process water could have a tendency to interact with olivine particles and 

alter some of the surface sites. Further experiments studying the effect of Ca2+ on the olivine surfaces 

would therefore be very interesting to perform. 

Leaching experiments of magnetite particles have indicated a preferential adsorption of Mg2+ in 

comparison with Ca2+ at magnetite surfaces. Studies, using both magnesium solutions and olivine 

additions to an iron oxide suspension would therefore be valuable to perform. This would bring new 

knowledge concerning the extension and relevance of the Mg2+ interactions with the iron oxide 

surfaces. 

By using a suitable model substance of the flotation collector it may be possible to acquire new 

information concerning the interactions between iron oxide surfaces, silicates and flotation collector. In 

this system, the influence from the process water on the attachment of the collector onto the mineral 

surfaces is relevant and therefore important to study. 

Results from ATR experiments have indicated surface polymerisation of silicates, this when silicates 

have been added in large excess in comparison to available surface sites on the iron oxide surface. 

Additional experiments with other methods are needed to clarify if a polymerisation is actually taking 

place and if so, at which conditions. Potentiometric titrations can detect proton exchange reactions that 

are or are not taking place and would thereby provide new useful information on the potential 
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polymerisation reactions in this system. This type of studies would also give data that can be used to 

characterise the reaction kinetics of the adsorption processes, which are of relevance for flotation 

processes.
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a b s t r a c t

Adsorption of soluble silicate species (Si(OH)4) on maghemite (c-Fe2O3) has been studied by high preci-
sion potentiometric titrations, spectroscopic analyses, and zeta potential determinations. Titrations were
performed at 25.0 �C within the range 2.8 < pH < 11.1 and at a constant ionic strength of 0.100 dm�3. The
experimental data were evaluated using the constant capacitance model. For the maghemite–H+ system,
the following values for the surface complexation constants and capacitance were found: BFeOHþHþ $
BFeOHþ

2 ; log bs
11ðintÞ ¼ 5:39� 0:01BFeOH $ BFeO� þHþ; logbs

�11ðintÞ ¼ �7:51� 0:01; C = 2.40 F m�2.
Three different concentration ratios of the determined concentration of active surface sites and added
total silicate concentration [„FeOH]:[Si(OH)4] were examined (1:1, 2:1, and 3:1). A model comprising
three surface complexes, BFeOSiðOHÞ3; log bs

011ðintÞ ¼ 3:61� 0:02; BFeOSiOðOHÞ�2 ; log bs
111ðintÞ ¼

�3:00� 0:01; and BFeOSiO2ðOHÞ2�; log bs
�211ðintÞ ¼ �11:35� 0:02, was found to best describe the exper-

imental observations. Attempts to model the adsorption of silicates on maghemite as bidentate or poly-
nuclear silicate complexes were not successful. The maximum silicate adsorption for the 1:1 ratio,
approximately 80%, was obtained at pH 9–9.5. The IEP of maghemite in the presence of silicates (1:1
ratio) was determined from f-potential measurements, giving pHIEP � 6.6.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

The interaction between silicate species and various mineral
surfaces in aqueous suspensions plays a significant role in both
natural and industrial processes. The silicates are mainly present
as silicic acid, Si(OH)4(aq), or monosilicate, SiOðOHÞ�3 , monomers
in solutions at low concentrations and below pH 11.5. Silicate
monomers have proven to exhibit a strong affinity to adsorb onto
iron (hydr)oxide surfaces. This type of interaction seems to play
an important role in various systems such as in mineral flotation
processes, and also in natural waters by affecting the adsorption
and mobility of cations [1] as well as species such as arsenite
[2,3], selenium(IV) [4], and chromate [5].

Water glass has long been used in industrial applications as a
source of soluble sodium silicates. Research on the use of soluble
sodium silicates started as early as 1818 by Johann Nepomuk
von Fuchs [6]. Industrial uses include applications as cleaners
and detergents, adhesives, cements, deflocculants, and also as flo-
tation additives [6,7]. Water glass has been and still is an important
additive in the mineral flotation processes. Sodium silicates have
been shown to improve the selectivity of salt-type minerals such
as calcite, apatite, and fluorite from oxides and siliceous minerals

in froth flotation as well as to increase the recovery of these salt-
type minerals [8,9]. The added soluble silicates can act as a disper-
sant of the particles in the flotation pulp and/or as a depressant of
minerals that should not be floated [9]. If the silicate acts as disper-
sant, depressant, or both depends on various flotation conditions
and not only on the nature of the mineral surface.

Parameters such as the dosage of silicates and the flotation pH
influence the amount of polymerization of silicate species in the
flotation cell. Increased concentrations of silicates in the flotation
cell will raise the fraction of polymerized silicate species. Earlier
work by Qi et al. [10] suggests that polymerized silicates may
interact with the mineral surfaces in a different way compared to
the monomeric silicic acid or the various monosilicate ions. Poly-
merized silicates may also cover inactive areas of the mineral sur-
face due to their polymer chain characteristics.

Studies of silicate adsorption at iron (hydr)oxide surfaces,
combined with evaluation and formulation of a surface complex-
ation model (SCM), were first reported by Sigg and Stumm [11],
who presented the adsorption of silicate monomers on goethite
(a-FeOOH). Other studies of adsorption of silicate monomers on
iron (hydr)oxides have been reported: ferrihydrite and goethite
[12] and goethite, hematite, and magnetite [13]. Additional sur-
face complexation reactions have been introduced by Swedlund
and Webster studying polymerization of silicic acid on ferrihy-
drite [2] and Davis et al. [14], with respect to silica sorption on
iron hydroxide.
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The CD-MUSIC model developed by [15–17] has been applied to
describe the interaction between goethite and silicic acid [18]. EX-
AFS studies performed by Pokrovski et al. [19] indicated that Si is
present at the same distance in the Fe coordination sphere as the
bidentate surface complexes of phosphate [20], arsenate [21,22],
and selenite ions [23]. Based on this informationHiemstra et al. pro-
posed amodel consisting of bidentate surface complexes of silicates
on goethite [18]. Introduction of bidentate complexes proved to be
unsatisfactory when systems with relatively high initial concentra-
tions of silicic acid (1 mM)weremodeled. Thiswas because the goe-
thite surfaces did not contain enough active surface sites to allow all
the adsorbed silicates to exist as bidentate complexes. The limited
number of active surface sites made them suggest that adsorption
of Si oligomers formed by polymerizing silicic acid.

Most previous adsorption studies of anion adsorption on iron
oxides have been performed using batch adsorption experiments
and models based on pH, silicon analyses, and spectroscopic mea-
surements. In this work, the adsorption of aqueous silicates on
maghemite has been investigated using a continuous titration
technique in order to characterize the adsorption and identify
the mechanism and the influence of pH. When studying the
adsorption reactions on oxide mineral surfaces, surface complexa-
tion models are commonly used for the interpretation of experi-
mental data. The surface complexation models imply that the
active surface sites at the mineral surface can be considered as act-
ing in a similar way as complexing agents in solution. When an
oxide mineral is immersed in an aqueous solution, the surface will
be hydrated through dissociative sorption of water molecules. The
hydrated oxide surface will then develop amphoteric hydroxyl sur-
face sites [24]. These active surface sites, here denoted „FeOH, are
able to accept and release protons, H+, from solution.

In addition to the previously noted CD-MUSIC, a number of dif-
ferent surface complexation models have been established during
the past 40 years. Examples of models are the constant capacitance
model (CCM) [25], the diffuse double layer model (DDLM)
[24,26,27], and the triple layer model [28–30]. The various models
differ principally on how they describe the electrochemical double
layer and the surface sites.

CCM has been applied to model the experimental data in this
work and describe the reactions on the maghemite/solution inter-
face. This model is adapted for modeling surface complexation
reactions at moderate to high ionic strength conditions, which
are typical in industrial applications, i.e., flotation pulps.

2. Materials and methods

2.1. Maghemite

Synthetic maghemite was used in all experiments. The maghe-
mite was synthesized following the same procedure as used by
Jarlbring et al. [31]. After washing of the precipitate, the iron oxide
suspension was poured into a crystallization beaker and dried at
60 �C for 48 h. Then the dried precipitate was gently ground by
hand in an agate mortar, followed by air oxidation at 240 �C for
20 h. After cooling, the maghemite formed was stored in a desicca-
tor using silica gel as a drying agent. The maghemite product was
characterized and confirmed using XRD (Siemens D5000 X-ray
diffractometer).

The specific surface area of the final product was then deter-
mined using the BET N2 adsorption method [32], to 87.3 ±
0.1 m2 g�1.

2.2. Solutions

All solutions used in the experiments were prepared from de-
gassed MilliQ water and p.a. quality chemicals. NaOH solutions

were prepared from Fixanal (Riedel-de Haën) stock solutions. The
NaOH solutions were prepared and stored in plastic vessels (HDPE)
in order to avoid silica contamination. Nitric acid solutions,
0.0100 mol dm�3, were prepared either from Titrisol (Merck p.a.)
or from a stock solution (Merck, p.a.) that had been standardized
using TRIS (hydroxymethyl aminomethane). The total ionic
strength of the acid and base solutions used for the titrations
was adjusted to 0.100 mol dm�3 by addition of NaNO3 (Merck,
p.a.).

A stock solution of soluble silicate species was prepared in a way
that minimizes silica polymerization, by a method proposed by
Davis et al. [33]. Sodium metasilicate nonahydrate, Na2SiO3�9H2O
(Sigma–Aldrich), was dissolved in degassed MilliQ water to a final
SiO2 concentration of 8000 mg dm�3. The concentration of the stock
solutionwas then determined by the bluemolybdatemethod, Spec-
troquant (Merck).

2.3. Potentiometric titrations

The continuous titrations were performed using specific com-
puter programs controlling the equipment and recording the re-
sults. The room temperature was regulated by a thermostat to
25 ± 1 �C and the titration vessel was immersed in a tempera-
ture-controlled oil bath at 25 ± 0.2 �C.

The titrations were performed on maghemite suspensions with
a solid concentration of 12.5 g dm�3, i.e., 0.500 g maghemite in
40.00 cm3 0.100 mol dm�3 NaNO3 medium. The mineral suspen-
sion was stirred by a Teflon propeller to keep the suspension
homogeneous during the titration. A continuous flow of argon
(AGA Argon ICP 5.0 quality) to the titration vessel ensured an inert
atmosphere during the experiments. Before entering the titration
vessel, to secure an atmosphere free of carbon dioxide and with
a saturated humidity, the argon gas was bubbled through a series
of washing solutions: 10% NaOH, 10% H2SO4, pure MilliQ water,
and finally 0.100 mol dm�3 NaNO3.

The pH electrodes used were Radiometer pHG211 glass elec-
trodes. The Radiometer pHG211 is designed to be used in alkaline
environments, minimizing any deviations from the theoretical pH
response. The reference electrode used was a double-junction Ag/
AgCl electrode (Orion 900200) with 0.100 mol dm�3 NaNO3 as out-
er filling solution.

The pH electrodes were calibrated using a concentration scale
according to the multiple-point calibration technique recom-
mended by Baucke et al. [34,35]. At least five different calibration
points were chosen, and solutions at well-defined [H+] were pre-
pared at a total ionic strength of 0.100 mol dm�3, using NaNO3 as
ionic medium. The linear response from the glass electrode can be
described by the Nernstian equation related expression, E = E� +
g � lg[H+] + Ej. E� and g were determined in the calibration and Ej
describes the liquid junction potential. For 0.100 M ionic strength
Ej = �511.5 � [H+] + 238.7 � Kw � [H+]�1 mV, with Kw = 10�13.775

[36]. Ej was found to be negligible within the pH range studied.
The maximum allowed drift of the potential between the addi-

tions of titrant was set to 0.60 mV h�1, corresponding to approxi-
mately 0.01 pH unit h�1. A Metrohm 645 multidosimat was used
for the additions of the titrant.

Titrations of the maghemite–H+ system were performed by the
additions of 0.0100 mol dm�3 HNO3 to pH � 2.8. The solutions
were then backtitrated using 0.0100 mol dm�3 NaOH to pH � 11.1.

In the titrations including silicate, the silicate solution was
added to the maghemite suspension after the acidic titration down
to pH � 2.8. The alkalinity of the silicate solution was then com-
pensated by an extra addition of 0.100 mol dm�3 HNO3. Then the
suspension was backtitrated using NaOH as described above.

Samples were taken from maghemite suspensions containing
additions of silicate in order to determine the concentration of sil-
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icates in solution and were filtered using 0.2-lm PTFE syringe fil-
ters. The aqueous silicate concentrations were analyzed in the
same way as described above.

2.4. Zeta potential measurement

The samples were analyzed using a Zeta Compact (Cad Instru-
mentation, France) equipped with video and image analysis system
(software, Zeta4) at ionic strength 0.100 mol dm�3 (NaNO3). The
measurements were conducted on maghemite samples that were
equilibrated with the ratio of 1:1 between the concentration of ac-
tive surface sites and total silicates, [„FeOH]:[Si(OH)4], i.e.
1.25 mM. The solid concentration was the same as for the potenti-
ometric titrations, 12.5 g dm�3. The equilibrated samples were
then extensively diluted with background electrolyte of the same
pH in order to obtain sufficiently low concentrations of particles
in the sample before analysis.

2.5. Evaluation of titration data

The total proton and hydroxide adsorption capacity of the
maghemite suspension was determined by the Gran plot technique
[37]. Gran plot functions can be used to determine the adsorption
volume (Veq) of added acid or base, i.e., the total amount of protons
adsorbed at the oxide surface. Two different Gran functions were
used in the determination of the Veq and depending on the pH in
the suspension either Eq. (1) or Eq. (2) was employed.

Facidic ¼ ðV0 þ VtÞ � 10E=g ; pH < 7:0 ð1Þ
Falkaline ¼ ðV0 þ VtÞ � 10�E=g ; pH > 7:0 ð2Þ

V0 denotes the start volume (40.00 cm3) of the maghemite suspen-
sion and Vt is the added volume of titrant from the burette at a fixed
experimental point. Graphs of the Gran function as function of Vt

were plotted, forming two straight lines intersecting the Vt axis at
Veq1 and Veq2 (Fig. 1). The difference (Veq2 � Veq1) is the volume of
added OH� needed to achieve a complete proton exchange of a pro-
tonated maghemite surface. When pH in a maghemite suspension is
raised, the active surface sites on a maghemite surface will be
deprotonated according to the schematic outline:

BFeOHþ
2 �!�Hþ

BFeOH�!�Hþ
BFeO� ð3Þ

The total concentration of the active surface sites, S0, in the
maghemite suspension was calculated according to

S0 ¼ ðVeq2 � Veq1Þ � Ctitrant

2� V0
ð4Þ

where Ctitrant is the concentration of the titrant used, sodium
hydroxide, 0.0100 mol dm�3. This equation defines S0 as the mean
value of the proton and hydroxide adsorption capacity.

The following surface complexation reactions were used to
model the protonation and deprotonation reactions of the maghe-
mite surface

BFeOHþ
2 $ BFeOHþHþ; bs

11 ¼ ½BFeOH�½Hþ�
½BFeOHþ

2 �
ð5Þ

BFeOH $ BFeO� þHþ bs
�11 ¼ ½BFeO��½Hþ�

½BFeOH� ð6Þ

The calculated bs
11 and bs

�11 values were corrected for the colum-
bic energy of the surface charge to obtain the intrinsic constants,

bs
p;1ðintÞ ¼ bs

p;1e
pFw=RT ð7Þ

where p has the value +1 (protonation) or –1 (deprotonation) and w
is the surface potential.

FITEQL 4.0 and the constant capacitance model were applied to
optimize the model to the experimental data and to calculate the
equilibrium constants for the surface complexation reactions.

3. Results and discussion

3.1. The maghemite–H+ system

The model describing the acid–base properties of maghemite in
the pH range 2.8–8.5 by Jarlbring et al. [31] has been extended to
pH 11.1.

The results from the present study are compared with the val-
ues from Jarlbring et al. in Table 1.

Titration and model data are presented in Fig. 2, where H is the
proton concentration balance in the suspension:

H ¼
VHþ

added
� ½Hþ�burette � VOH�

added
� ½OH��burette

V0 þ VHþ
added

þ VOH�
added

ð8Þ

H describes the concentration of added H+ and OH– to the suspen-
sion. A negative value states that more OH� than H+ has been added
to the solution.

The shape of the titration curve within the pH range 3–9 (Fig. 2)
proved to have a similar appearance as the previously published
result by Jarlbring et al. [31].

In order to optimize the model in the extended pH range, it was
necessary to slightly adjust the surface complexation constants as
well as the specific capacitance. A capacitance of 2.4 F m�2 was
found to result in a somewhat improved fit of the model to the
experimental data than the previously suggested value 1.0 F m�2.

Some small deviation between the model and the experimental
data could be noted in the pH area 9.2–10.8. This deviation is most
probably due to a silicate leakage from the glass electrode. The fact
that glass dissolves in alkaline solutions is well known and there-
fore some small amounts of soluble silicate species will possibly be
leached from the glass electrode also under moderate alkaline con-
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Fig. 1. Gran plot showing the titration of 0.500 g maghemite in 40.00 cm3

0.100 mol dm�3 NaNO3 suspension, and starting at acidic conditions, pH 2.8. Circles
(s) reflect the values of the function Facidic (Eq. (1)) and squares (h) the values from
the function Falkaline (Eq. (2)).

Table 1
Model results of the maghemite–H+ system.

This study Jarlbring et al.

Logbs11ðintÞ 5.39 ± 0.01 5.53 ± 0.10
Logbs�11ðintÞ �7.51 ± 0.01 �7.66 ± 0.08
Ns (sites nm�2) 0.99 ± 0.05 0.81 ± 0.05
Optimized capacitance (F m�2) 2.40 1.0
pHstart 6.30 ± 0.05 6.5
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ditions. Experiments where the glass electrode was immersed in an
alkaline solution free of silicates confirmed that traces of silicates
were dissolved from the electrode over time (Table 2).

In the presence of maghemite, the concentration of silicates in
the solution at pH � 11 was found to be below the detection limit,
4 � 10�6 mol dm�3, for the analytical procedure used. When titra-
tions of maghemite were performed in opposite direction, starting
at alkaline conditions and ending at acidic pH �3, the concentra-
tion of soluble silicates in the solution was found to be approxi-
mately 60 � 10�6 mol dm�3.

The obvious conclusion would then be that the dissolved sili-
cate species from the electrode are readily adsorbed at the maghe-
mite surface at high pH; this is further supported by the results
obtained from characterizations of the maghemite/silicate suspen-
sions discussed in the following section. The samples collected
from the maghemite titrations combined with the dissolution
measurements without maghemite then indicate that up to 65–
70 � 10�6 mol dm�3 of silicates is leached from the glass electrode
during the experiment (Table 2).

To compensate for the influence of the silicate leakage, a silicate
concentrationwas introduced in the calculations of themaghemite–
H+ model above pH 9, reaching a maximum of 65 � 10�6 mol dm�3

at pH � 10.5. The introduction of a silicate correction factor did not
alter the values of the derived surface equilibrium constants but
slightly improved the fit by lowering the overall variance, V(Y), from
24.8 to 16.4. The experimental data and the corrected model curve
are presented in Fig. 2. The effects of the silicate leakage are dis-
cussed in more detail below.

3.2. The maghemite–H+–silicate system

Under the experimental conditions used, the silicate concentra-
tion in the maghemite suspension did not exceed 1.3 �
10�3 mol dm�3, which is below the solubility limit of amorphous
SiO2, 1.9 � 10�3 mol dm�3 Si(OH)4 (log Ks = �2.71) [38]. The solubil-
ity of the crystalline phase, quartz, is even lower (�10�4 mol dm�3).
However, quartz does not precipitate at normal temperatures, since
the reaction kinetics is very slow. Hence it follows that amorphous
silica determines the solubility limit of silica species in natural
waters.

The hydrolysis and polymerization of Si(OH)4 are complex,
especially at high pH. The distribution of the various silicate spe-
cies in the pH range 2–14 and a total silicate concentration of

1.30 � 10�3 mol dm�3 were determined using data from Felmy
et al. [39] valid at zero ionic strength and the modeling program
WinSGW [40].

The results from the calculations indicated that only three
aqueous silicate species reach significant concentrations in the
pH range and total silicate concentration used in the experiments
(<1.3 � 10�3 mol dm�3). Depending on pH, 99–100% of the added
silicates will be present as one of following three monomeric spe-
cies, Si(OH)4, SiOðOHÞ�3 , and SiO2ðOHÞ2�2 .

The experimental results show that the adsorption of silicates
takes place over a wide pH range and the adsorption curve exhibits
a similar shape as previously published adsorption curves of iron
oxide suspensions, such as of goethite, hematite [13], and ferrihy-
drite [2] (Fig. 3). Adsorption takes place already at the lowest pH
studied and the amount of adsorbed silicate increases until it
reaches a maximum at pH 9.0–9.5. At the highest, more than 82%
of the added silicates have been adsorbed. At higher pH, the silicate
species will start to desorb from the maghemite surface. The
adsorption maxima of silicates onto maghemite, goethite, magne-
tite, and hematite surfaces are all located in approximately the
same pH range, pH 8 to 10 [13]. The adsorption of silicate on mag-
netite seems to be lesser when compared with maghemite, but
since different ratios of [„FeOH]:[Si(OH)4] have been used in the
maghemite (1:1) and magnetite (1:3.3) experiments is it difficult
to make any decisive conclusions.

Three different ratios, 1:1, 2:1, and 3:1 between S0 and the total
concentrations of added silicate, [„FeOH]:[Si(OH)4], were studied
and included in the model calculations.

The formation constants of the silicate hydrolysis reactions in
solution included in the model calculations were determined and
valid at 0.1 mol dm�3 ionic strength [36].

SiðOHÞ4 �Hþ $ SiOðOHÞ�3 � logK ¼ 9:59 ð9Þ
SiðOHÞ4 � 2Hþ $ SiO2ðOHÞ2�2 � logK ¼ 22:55 ð10Þ

Two different models for monodentate silicate adsorption on
iron oxides were evaluated. The first model includes two surface
complexation reactions (11) and (12) in addition to the acid–base
characteristics of the iron oxide suspension, in accordance with
suggestions by Sigg and Stumm [11]. The same model has been
applied by other authors when studying silicate adsorption on iron
oxides [12,13]. An additional reaction, a deprotonation of the ad-
sorbed silicate (13), was suggested by Swedlund and Webster [2]:

BFeOHþ SiðOHÞ4 $ BFeOSiðOHÞ3 þH2O ð11Þ
BFeOHþ SiðOHÞ4 $ BFeOSiðOHÞ�2 þH2O ð12Þ
BFeOHþ SiðOHÞ4 $ BFeOSi2ðOHÞ2� þH2Oþ 2Hþ ð13Þ
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Fig. 2. Titration curve of maghemite suspension showing H as a function of pH. The
circles (s) denote experimental data, and the solid line represents the calculated
model according to Table 1.

Table 2
Analyzed concentrations of silicate, leached from the electrode in the absence of
maghemite at pH 10.95.

Time (h) 24 48 72 96
Si(OH)4 � 106 mol dm�3 44 56 63 67
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Fig. 3. The adsorption of silicates on maghemite, for the ratio
[„FeOH]:[Si(OH)4] = 1:1 (1.25 � 10�3 mol dm�3) as a function of pH. The circles
(s) denote experimental data, solid line ( ) represents the proposed model,
dashed line ( ) the model based on only proton data and the dotted line ( ) a
model based on surface reactions (11) and (12).
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Both sets of surface complexes were tested in model calcula-
tions based on the experimental proton data. A model including
all three surface reactions (11)–(13) resulted in a better fit, to both
the proton exchange data used in the calculations and the silicate
adsorption data. The third equilibrium constant, logbs

�211ðintÞ,
however, was slightly adjusted (�0.5 logarithmic units) to improve
the fit to silicate data. This correction was necessary since the
desorption of silicates at high pH essentially is a proton neutral
reaction:

BFeOSiO2ðOHÞ2� þH2O $ BFeO� þ SiOðOHÞ�3 ð14Þ
The calculated values for the surface complexation constants

are presented in Table 3.
Experimental data for the adsorption of silicates in a maghemite

suspension and the fit to the tested models are shown in Fig. 3. The
starting concentration of Si(OH)4 and active surface sites, „FeOH,
was 1.25 � 10�3 mol dm�3 ([„FeOH]:[Si(OH)4] = 1:1). As seen in
Fig. 3, the addition of a third complex (13) significantly improves
the model. Fig. 3 also shows the small divergence between the
model based on proton data, solely (dashed line), and the model
corrected using silicate adsorption data (solid line).

Experimental proton and hydroxide ion exchange data for the
maghemite–H+–silicate system are presented in Fig. 4, as well as
curves representing the proposed and alternative model. The pro-
posed model comprising three surface complexes shows a slightly
better fit to data at pH 8.8–10.8.

The small divergence between experimental data and model in
the pH range 8.8–10.8 in Fig. 4 coincides with the similar discrep-
ancy for the data in the absence of added silicates (Fig. 2). As dis-
cussed above, the small silicate leakage from the pH electrode is
proposed to cause this discrepancy. Silicate species leached from
the electrode are adsorbed on the maghemite surface and the fol-
lowing deprotonation of the adsorbed silicates may result in a
divergence between the model and the experimental data. This is
because the maghemite surface sites with adsorbed silicates may
be able to release additional protons according to reaction (13) in
comparison with surface sites without adsorbed silicate. The re-
sults showing that the discrepancy is most pronounced in the pH

range 9.2–10.8 may then be explained by additional deprotonation
reactions of the adsorbed silicate taking place in this pH range
(Fig. 6). Consequently, the release of protons is larger than pre-
dicted by the model and this divergence is probably originating
from the silicate species released from the glass electrode.

Fig. 4 also shows the results from zeta potential determinations
of maghemite particles suspensions prepared at the ratio, 1:1
[„FeOH]:[Si(OH)4]. The isoelectric point (pHiep) of the particles
was determined as approximately 6.6.

The influence of the released silicates from the electrode on the
fit of the model is also due to the amount of added silicates in the
experiment. Fig. 5 illustrates both experimental and modeled data
of H plotted vs. pH for three different ratios, 1:1, 2:1, and 3:1.

When comparing the size of the discrepancy in the range
8.8 < pH < 10.8, there is a trend that the deviation between exper-
imental and modeled data decreases with increasing amounts of
added silicates in the adsorption experiments. Experimental data
points at different ratios and at the same pH in the discussed pH
range exhibit small differences in H. However, there is still a clear
detectable trend that the ratio 1:1 (s) has the most negative value
of H followed by 2:1 (�) and then 3:1 (D). When comparing the
modeling results of H at the same pH for different ratios, the differ-
ences are more pronounced.

There is no compensation in the model for the leached silicate
from the electrode and therefore the difference will be apparent
as a function of H at different ratios.

The model also implies that the silicates are adsorbed as mono-
dentate species. Calculations using models including adsorbed
bidentate species resulted in a poor fit between modeled and
experimental Si(OH)4 adsorption data. Models including both
mono- and bidentate surface complexes have also been tested

Table 3
The resulting surface complexation constants of silicate adsorption on maghemite in
aqueous suspensions.

„FeOSi(OH)3 logbs011ðintÞ ¼ 3:61� 0:01
BFeOSiOðOHÞ�2 logbs�111ðintÞ ¼ �3:00� 0:01
„FeOSiO2(OH)2� logbs�211ðintÞ ¼ �11:35� 0:02
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Fig. 4. The proton exchange, H, as a function of pH. [„FeOH]:[Si(OH)4] = 1:1
(1.25 � 10�3 mol dm�3). Experimental data are shown as circles (s). The proposed
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and evaluated. These models improved the fit, but were still infe-
rior in comparison with the suggested model. A possible explana-
tion to the absence of bidentate surface complexes is the low
density of active surface sites on maghemite, Ns � 1.0 sites per
nm2. The distance between the active sites may then be too large
for bidentate surface species to form. In order to investigate poten-
tial polymerization of adsorbed Si(OH)4 monomers, different mod-
els containing polymerization reactions between adsorbed Si(OH)4
monomers and monomers in solution have also been tested and
evaluated with the FITEQL programme. No support for this other
extreme in the model calculations was found at the experimental
conditions used ([„FeOH]:[Si(OH)4] 	 1).

Spectroscopic analyses, in the form of in situ ATR-FTIR experi-
ments have been performed on magnetite and maghemite by Yang
et al. [41,42]. Theses results indicated that silicate polymerization
reactions would take place at the surface of the iron oxides. How-
ever, considerably less surface area of iron oxides and much higher
silicate concentrations were used in these experiments. The differ-
ence in experimental conditions between the in situ ATR-FTIR
experiments and the present study may then be a plausible expla-
nation for the diverging results. This is because surface polymeri-
zation reactions of adsorbed silicates at the iron oxide surface are
much more likely to take place when the aqueous concentrations
of silicates are high and in excess of the number of available active
surface sites.

Using the proposed model, a distribution diagram was calcu-
lated (Fig. 6).

As illustrated in Fig. 6, the adsorbed silicates starts to deproto-
nate already at pH < 5, implying BFeOSiOðOHÞ�2 to become the
dominating surface species in the pH range 7.0–10.3. At even high-
er pH, the surface species will either deprotonate further to form
„FeOSiO2(OH)2� or silicate will desorb resulting in a „FeO� sur-
face site. The surface charge of the maghemite particles with ad-
sorbed silicates will then have a negative charge already at
rather low pH, as was confirmed by the zeta potential measure-
ments (Fig. 4).

4. Conclusions

The results shows that silicates will adsorb on maghemite with-
in the whole pH range (2.8 < pH < 11.1) studied. At the lowest pH
(2.8), nearly 15% of the added silicate is adsorbed and a maximum
of 82% is adsorbed at pH 8.9–9.5 at the ratio 1:1, [„FeOH]:
[Si(OH)4]. At pH > 9.5, the silicates on the maghemite surface start
to desorb, and at the highest pH studied, pH 11.1, only 57% of the
silicates remains adsorbed.

It has been shown that a SCM comprising three different surface
complexation reactions gives a good fit to experimental proton ex-
change data, and also well predicts the silicate adsorption as a
function of pH. The results from the model calculations demon-
strate that the silicates are adsorbed as monodentate surface com-
plexes on the maghemite surface. Models using bidentate surface
complexes or surface polymerization of silicates were evaluated
but none of these models were successful in describing the silicate
adsorption.

The adsorption and deprotonation of silicates on the maghemite
surface result in a negative surface charge at pH 	 7, which is in
accordance with that separation of apatite from iron oxides in flo-
tation usually takes place at a pH higher than 7. The results then
gives additional information concerning the dispersant and sup-
pressant function of adsorbed silicates, and the nature of the acting

negatively charged iron oxide–silicate surface complexes. For this
system, maximum adsorption of silicates and the optimum flota-
tion conditions are at pH � 9. According to the model calculations,
the dominant silicate surface complex at this pH is BFeOSiOðOHÞ�2 .

It has been established that a small leakage of soluble silicates
from the pH electrodes at alkaline conditions occurs during the
experiments. The contribution from the leakage to the silicate con-
centration is small compared to the amount of added silicates, but
not negligible at low total silicate concentrations.
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Abstract 

The surface characteristics of a forsteritic olivine were studied at alkaline conditions, using XPS, SEM-

EDS, zeta potential and surface titrations. It was established that the wet milling of olivine introduced 

structural alterations, lowering the Mg:Si ratio at the surface to 3:2. This result is consistent with a 

serpentinization process of the surface layer, and a confirmed simultaneous release of magnesium ions 

to the aqueous phase. The finely grounded olivine was equilibrated in background electrolytes at a total 

ionic strength of 0.100 M using varying magnesium concentrations, ranging from 0 to 4.0 mM. Surface 

titrations experiments revealed that it was possible to attain nearly stable pH values with a drift in pH 

less than 0.01 pH unit h-1 within the studied range, 9.5 < pH < 11.5.  

No signs of precipitation of secondary phases at the olivine surface were found. XPS results also 

indicated that the magnesium ion exchange on the serpentinized surface is reversible, since samples 

equilibrated in electrolyte with added magnesium ions resulted in an increased Mg:Si ratio. 

The determinations of the zeta potential of the olivine showed a negative charge, which proved to be 

constant and independent of pH within the studied pH range, also in agreement with a serpentinization 

of the olivine surfaces. 

Surface titrations were carried out with both continuous and batch technique, the released amounts of 

Mg and Si were determined using spectroscopic methods. The titration results of the olivine-H+ were 

evaluated using the constant capacitance model (CCM). The concentration of available surface sites 

was corrected with help of the magnesium measurements of the solution. Since no signs of Mg(OH)2

precipitate were found it was assumed that magnesium ions migrated back to the olivine surface which 

resulted in new active surface sites when pH was raised. This was used to correct the concentration of 

available surface sites and a model was fitted to experimental data at pH 9.8 – 11.1. The following 

values for the surface complexing constants and capacitance were obtained: log βs
-11(int) = -10.8 ± 0.1; 

log βs
-21(int) = -22.3 ± 0.1; C = 9.60. 



4

1 Introduction 

Olivine, (Fe,Mg)2SiO4, is a mineral with many technical applications, such as foundry sand, 

refractories, fluidised beds and abrasives. It is also used as an additive in the production of iron ore 

pellets to improve the pellet properties in the blast furnace. New applications and uses of olivine have 

been continuously studied and proposed, for example CO2 sequestering [GIA 2005], [SCH 2006], 

[MAR 2005] and neutralisation of industrial waste acids [HER 1989], [JON 1998].  

Olivine is one of the most common silicate minerals in nature and the earth’s upper crust. It is the 

commonly used name of the solid solution between the two pure end members forsterite, Mg2SiO4 and 

fayalite, Fe2SiO4. The structure of olivine comprises of isolated silicate tetrahedra, SiO4
4- that are cross-

linked by chains of distorted edge-sharing Mg, Fe occupied octahedra.  

The rate of weathering reactions, e.g. complete dissolution or partial dissolution depends both on the 

nature of the minerals and the composition of the aqueous phase. Various silicate minerals, including 

olivine, and their weathering behaviour have been studied and a weathering sequence of the most 

common rock-forming silicate minerals has been suggested by Goldich [GOL 1938]. Goldich proved 

that the susceptibility towards weathering of the major rock-forming igneous minerals was the inverse 

of the Bowen Reaction Series, i.e. that minerals crystallised at lower temperature are more resistant 

towards weathering than those crystallised at high temperature. Olivine crystallises at high 

temperatures and is therefore very susceptible to chemical weathering in comparison with other major 

rock-forming primary minerals [GOL 1938], [WIL 2004]. 

When submerging olivine in aqueous solutions at pH < 9, the magnesium ions at the surface will 

readily exchange with available protons, H+. 

Several authors have investigated the dissolution behaviour of olivine at these conditions, [Luce 1972], 

[OEL 2001], [BLU 1988], [WOG 1992], [POK 2000a]. The dissolution of olivine is characterised by 

the amount of Si released from the olivine into the aqueous solution. Dissolution mechanisms have 



5

been proposed and the dissolution kinetics as a function of pH is an example of a parameter that has 

been studied. The dissolution kinetics and mechanism in the neutral and alkaline pH range and its pH 

dependence are still discussed. Some studies claim to have found a pH dependence of the dissolution 

kinetics, [WOG 1991], [BLU 1988] while other argues that the kinetics is almost independent of pH 

and is instead controlled by hydration of the surface and the available surface area [ERI 1982], [POK 

2000a].  

Depth profiling of the magnesium exchange and the question of how deep the protons are able to 

penetrate into the olivine structure have been investigated by XPS [SEY 1996], [ZAK 2008], [POK 

2000b] and Resonant Nuclear Reaction Analysis [FUJ 1993]. These studies showed that protons were 

able to penetrate deeper at acidic pH than at medium and alkaline pH. The O:Si ratio of the olivine 

samples decreased at acidic pH, an indication of polymerisation of the silicate tetrahedras in the olivine 

structure. 

An understanding of the different reactions at the mineral-water interface is of essential interest in 

order to be able to describe the processes that are taking place at the mineral surface. 

Since olivine is very susceptible to dissolution, studies of its surface chemistry are complex, olivine 

dissolution reactions and surface alterations take place in almost the whole pH range. These dissolution 

reactions are slow and make it difficult to attain equilibrium during the experiments. The allowed 

potential drift of previously reported potentiometric titration studies on olivine has therefore been quite 

large, 30 – 60 mV h-1 depending on pH range [POK 2000b].  

Atoms at the surface layer of minerals are not coordinatively saturated and metal sites positioned at a 

mineral surface may therefore behave as Lewis acids. When these metal surface sites are hydrated, for 

example by immersion of the mineral in an aqueous solution, the surface metal ions will first 

coordinate the water molecules. Then a dissociative chemisorption of the water molecules may create 

amphoteric hydroxyl surface groups at the mineral surface. These active surface sites, usually denoted 

≡MOH or ≡XOH will then become capable to accept and release protons, H+ from the solution.  
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Surface complexation modelling was developed in order to describe the sorption processes taking place 

at the mineral-water interface. Several SCMs have been developed and they are in many ways very 

similar but differ in the way to describe and treat the electrochemical double layer in the model. At 

high ionic strength, the diffuse double layer will be compressed, resulting in an essentially linear 

relation between the surface charge and the surface potential, i.e. a constant capacitance over the 

double layer. This approach was developed to the constant capacitance model (CCM) by Schindler et 

al. [SCH 1972]. This model also has the advantage of introducing only one adjustable parameter for the 

description of the double layer, the capacitance, C (F m-2). 

This paper presents a study of olivine surface chemistry at alkaline conditions. At high pH the 

dissolution and surface rearrangements are smaller than at low and neutral pH, and it is therefore 

possible to attain a very small potential drift during the titrations. The surface characteristics of olivine 

and the effect of magnesium ions in the aqueous solution have also been investigated with help of 

different techniques, X-ray photoelectron spectroscopy (XPS), extreme high-resolution scanning 

electron microscope (XHR-SEM) and zeta potential measurements. 
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2 Materials and Methods 

2.1 Mineral samples 

The olivine used in this study originates from Seqinnersuusaaq, Greenland. The result from a chemical 

analysis of olivine samples is shown in Table 1, (data from [FRE 2007]). 

Table 1. Chemical composition of olivine 

Oxide Mass % 

SiO2 41.2 

MgO 48.9 

Fe2O3 7.9 

Cr2O3 0.33 

CaO 0.20 

Na2O 0.04 

K2O 0.09 

The high MgO content classifies the as a forsteritic olivine and it has a similar composition as San 

Carlos forsterite that has been used in several previously performed studies of olivine, [WOG 1991, 

OEL 2001, POK 2000a]. 

The significant molar ratios of the olivine were calculated using the data given in Table 1. Mg:Si 1.8 

(1.8), Fe:Si 0.14 (0.19) and Fe:Mg 0.08 (0.10), molar ratios of San Carlos forsterite are presented in the 

parentheses. Since the molar content of magnesium is 12.5 times higher than the iron content in olivine, 

iron was neglected in the experiments.  
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The olivine was finely ground until a size fraction of < 10 μm was obtained. The obtained powder was 

then stored in a desiccator under argon atmosphere. The specific surface area of the olivine powder was 

determined before the experiments using BET N2 adsorption measurements [BET 1938]. The grinding 

of the olivine resulted in a specific surface area of 9.41 m2 g-1. 

2.2 Surface titrations  

The temperature was controlled and set to 25 ± 0.5°C. Argon gas was used as protecting atmosphere to 

minimise CO2 contamination during the experiments. The argon was bubbled through a gas washing 

system composed of 10 % NaOH, 10 % H2SO4, MilliQ water and 0.100 M NaNO3 in order to remove 

any impurities and provide a well regulated humidity.  

All the background electrolytes, HNO3 and NaOH solutions were prepared using degassed MilliQ 

water and p.a. quality chemicals. In order to minimise silica contamination, all solutions were prepared 

and stored in plastic vessels (HDPE). Four different background electrolytes were used in the 

experiments, 0.100 M NaNO3, 2.0 mM Mg(NO3)2, 4.0 Mg(NO3)2 mM and pH 9.95 (NaOH). Sodium 

hydroxide solutions at the concentration 0.0100 M were used to adjust pH in the experiments. The total 

ionic strength of the different solutions was adjusted to 0.100 M by additions of NaNO3. 

The pH electrodes used were Radiometer pHG211 glass electrodes. The Radiometer pHG211 is 

designed to be used in alkaline environments, minimising any deviations from the theoretical pH 

response. The reference electrode used was a double-junction Ag/AgCl electrode (Orion 900200) with 

0.100 M NaNO3 as outer filling solution. 

The pH electrodes were calibrated using a concentration scale according to the multiple-point 

calibration technique recommended by Baucke et al. [BAU 1993, BAU 2002]. At least five different 

calibration points obtained in solutions at well-defined [H+] and at a total ionic strength of 0.100 M 

with NaNO3 as ionic medium were used. The linear response from the glass electrode can be described 



9

by the Nernstian equation related expression, E = Eº + g·lg[H+] + Ej. Eº and g were determined in the 

calibration and Ej describes the liquid junction potential. For 0.100 M ionic strength Ej = -511.5·[H+] + 

238.7·Kw·[H+]-1 mV, with Kw = 10-13.775 [SJÖ 1983].  

Both continuous potentiometric titrations and batch experiments at alkaline conditions were conducted 

on the samples. Samples withdrawn from the olivine suspensions were first centrifuged and the clear 

supernatant was thereby filtered using a 0.2 μm PTFE syringe filters. The supernatant was then split 

into two parts, one to analyse the Si concentration, which was determined by the blue molybdate 

method (Spectroquant®, Merck). The Mg concentration in the supernatant was determined by Atomic 

Absorption Spectroscopy (AAS). 

2.2.1 Batch experiments 

The batch experiments were performed in 50 ml HDPE centrifuge tubes. Three different mass 

concentrations were used in the experiments, 25.00, 50.00 and 100.00 g dm-3. 20.00 ml background 

electrolyte was added to 0.500, 1.000 or 2.000 g olivine and the centrifuge tube was flushed and filled 

with argon before sealing the tubes. The samples were then equilibrated for 20 hours, using a tube 

rotator to ensure a good mixing. After the equilibration, pH was adjusted by additions of NaOH 

solution. During the additions, the samples were homogenised using a Teflon propeller and argon gas 

was flushed into the centrifuge tube in order to minimise CO2 contamination. The equilibration 

procedure for 20 hours was then repeated before sampling and measuring pH. The suspensions were 

then divided into two fractions. One fraction was used to determine pH, the other fraction was 

centrifuged, filtered and prepared for Mg and Si analysis. These batch experiments were performed 

within the pH range 9.5 – 11.5. 
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2.2.2 Continuous titrations 

The potentiometric titrations were controlled by a computer programme. This programme records 

electrode potentials, monitors the drift in potential and regulates the additions of titrant. A Metrohm 

645 multi – dosimat was used for the additions of titrant. 

A potential drift less than 0.60 mV h-1 in the suspension was considered as steady state conditions 

before a new addition of the titrant. The suspensions were kept homogenous during the titration by 

continuous stirring, using a Teflon propeller. The same three mass concentrations as used in the batch 

experiments plus an additional one, 12.50 g dm-3, were used in the continuous titrations; 0.500, 1.000, 

2.000 or 4.000 g of olivine were added to 40.00 ml background electrolyte. The continuous titrations 

were performed in the pH range 9.8 – 11.1. 

2.3 Zeta potential determinations 

The samples were analysed using a Zeta Compact (Cad Instrumentation, France) equipped with video 

and image analysis system (software, Zeta4). Two different background electrolytes were used,     

0.100 M NaNO3 and 4.0 mM Mg(NO3)2, giving both the total ionic strength 0.100 M. The 

measurements were conducted on olivine samples that were equilibrated using the same two-step 

procedure as for the batch experiments. The initial solid concentration of the samples was always 50.00 

g dm-3. The equilibrated samples were then extensively diluted with background electrolyte of the same 

pH in order to achieve a sufficiently low particle concentration in the sample before analysis.  



11

2.4 Surface spectroscopy and SEM 

XPS 

X-ray photoelectron spectroscopy analyses of the olivine samples were performed using a Kratos Axis 

Ultra electron spectrometer (Manchester, UK). A monochromatic Al Kα source operated at 90 W was 

used as excitation source, a hybrid lens system with magnetic lens, and charge neutraliser. By 

measuring the areas of the Mg2p, Si2p and O1s lines the different Mg:Si (Mg2p:Si2p) and O:Si (O1s:Si2p) 

ratios in the outermost layers of the olivine were obtained.  

SEM 

The surface features of olivine particles that had been subjected to surface titrations was analysed with 

a extreme high-resolution scanning electron microscope (XHR-SEM), Magellan 400, FEI Company. 

The chemical composition of the olivine particles was also analysed with the EDS probe of the 

instrument.  

2.5 Evaluation of titration data 

The total hydroxide sorption capacity of the olivine suspension was initially determined by Gran plot 

technique [GRA 1952]. Gran plot functions, Eq. (1) can be used to analyse the adsorbed volume (Veq) 

of added acid or base, i.e. the total amount of protons or hydroxide ions adsorbed at the oxide surface. 

F = (V0 + Vt) × 10-E/g       (1) 

V0 denotes the initial volume of the olivine suspension and Vt the added volume of titrant from the 

burette at a fixed experimental point. The Veq is then acquired by plotting the Gran function, F vs. Vt

and then extrapolate the linear part of the curve until its intersection with the Vt axis.
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The total concentrations of active surface sites in the olivine suspensions were calculated using, Eq. (2). 

S0=
V eq× Ctitrant

V 0
       (2) 

The value obtained from the Gran plot evaluations were then slightly adjusted within the model 

calculations, by optimising the total concentration of active surface groups. Proton exchange reactions 

at the olivine surface were modelled using the constant capacitance model and the program FITEQL 

4.0. 

3 Results and Discussion 

3.1 SEM 

The surfaces of the olivine grains were investigated using SEM in order to characterise the surface 

morphology. It was of particular interest to evaluate the potential formation of secondary surface 

precipitates and signs of extensive corrosion of the particles after the potentiometric titration 

experiments. SEM images of olivine particles after equilibration are presented in Figure 1. The 

particles showed a fractured surface, with particle sizes ranging from approximately 10 nm to 1–5 μm. 

They showed few to no signs of either surface precipitation or etching pits. The particle morphology of 

the olivine particles exhibits smooth surfaces with lots of smaller olivine particles adhering to the larger 

surfaces, Figure 1 a, c, d. Similar appearance of olivine that has been subjected to ultra fine wet 

grinding has been reported previously [SUM 2005]. 

Some small scattered precipitate looking clusters could be noticed but their numbers were very low, 

Figure 8 b shows a close-up image of one such cluster. Both olivine surfaces with and without 

particulate material and spots with precipitate looking clusters were analysed using the EDS probe of 
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the SEM instrument. The composition of the surface was very similar at all investigated points, 

showing a Mg:Si ratio of 2:1.  

a c

b d

Figure 1. SEM images of equilibrated olivine particles, a, b) 2.0 mM Mg(NO3)2, pH = 11.32 and c, d) 

0.100 M NaNO3 pH = 9.85. 

3.2 Surface spectroscopy, XPS 

XPS analyses were performed on samples subjected to surface titration experiments and the ground 

starting material. The results presented as atomic ratios shown in Table 2. 
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Table 2. Atomic ratios on the olivine surfaces, determined by XPS analysis. 

pH Background electrolyte Mg:Si ratio O:Si ratio 

------ None, grinded starting material 1.44 3.13 

9.85 0.100 M NaNO3 1.43 2.92 

11.06 0.100 M NaNO3 1.48 3.21 

11.52 0.100 M NaNO3 1.47 3.10 

10.89 4.0 mM Mg(NO3)2 1.67 3.52 

3.2 10.0 mM HNO3 0.81 2.66 

When comparing the two Mg:Si ratios from XPS and SEM-EDS, there is a significant dissimilarity. 

The explanation to this is the analysis depth, XPS is extremely surface specific and has an analysis 

depth of a few nm while the EDS probe penetrates up to several μm into the sample. Therefore, the 

Mg:Si ratio from the EDS analysis is more regarded as a bulk ratio while the ratio from XPS 

corresponds to a surface ratio. 

Surface alteration of the olivine during the intensive wet milling is the plausible explanation for the 

different Mg:Si ratios for the surface and the bulk phase. Serpentinization is a geological low-

temperature metamorphic process in which ultrabasic minerals as olivine is changed into serpentine, 

Mg3Si2O5(OH)4, by hydration. This alteration of olivine’s outermost surface layers during grinding is 

the probable explanation of the change in the Mg:Si ratio.  

None of the analysed samples from the titrations performed using 0.100 M NaNO3 electrolyte, exhibt 

any significant change of atomic ratios compared with the starting material. The use of background 

electrolytes with Mg2+ ions altered the atomic ratios of Mg:Si obtained by XPS significantly. The 

increase of the Mg:Si ratio may originates from one of the following mechanisms:  
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• Surface alterations introduced by the wet milling, serpentisation. 

• Ion exchange between Mg2+ and H+ at the outermost surface layers of the olivine. 

• Surface complexation of Mg2+ ions to deprotonated silanol surface groups, ≡SiO-. 

• Preferential dissolution and release of silicate tetrahedras from the olivine surface at high pH. 

Figure 5 shows that the amount of silicate species in the aqueous phase starts to increase at pH 

> 10.5. 

• Surface precipitation of Mg(OH)2(s). 

A previously performed XPS study on olivine surfaces that had been subjected to alkaline pH, reported 

increased Mg:Si ratios [POK 2000b]. This result was interpreted as the formation of a magnesium rich 

surface layer, mainly created by preferential release of silicate tetrahedras. However, this result was not 

confirmed within the pH range used in this study. No significant raise in the Mg:Si ratio could be 

found, Table 2. 

3.3 Zeta potential determinations 

The obtained zeta potential values and their dependence of pH are presented in Figure 2. The results 

from the zeta potential measurements were consistent with previously published olivine [POK 2000b] 

and serpentine data, [TAR 2000]. The surface charge of olivine was very similar in the two studied 

electrolytes, 0.100 M NaNO3 and 4.00 mM Mg(NO3)2 and it remained practically constant in the 

studied pH range.  
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Figure 2. Zeta potential of olivine, experimental data at, (×) 0.100 M NaNO3 and (○) 4.00 mM 

Mg(NO3)2. 

The zeta potential appears to be independent of pH and the added amount of Mg2+ ions in the 

background electrolyte. This is an indication that no or nearly negligible surface precipitation of 

Mg(OH)2(s) takes place on the mineral surfaces. If a significant amount of the Mg2+ ions in the aqueous 

solution was removed by surface precipitation, the surface charge of the olivine particles would be 

expected to change towards more positive values. The reason for this is that magnesium hydroxide 

minerals as brucite, Mg(OH)2, show high iep values, pHiep ≈ 11 [POK 2004]. The same argument is 

valid for any potential precipitation of Mg(OH)2 in solution.  
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3.4 Surface titrations  

3.4.1 NaNO3 medium 

When the finely ground olivine material was immersed in the background electrolyte, it immediately 

caused a rise in pH. This pH value, the pH of immersion (pHimm) of the olivine in 0.100 M NaNO3 was 

≈ 9.9. Experiments using various starting mass concentrations of olivine, 25.00 – 100.00 g dm-3, 

showed that the pHimm was not affected in any significant way by increasing the amount of olivine in 

the suspension. Analyses performed by the blue molybdate method showed that ≈ 0.1 mM of silicic 

acid was present in the solution at equilibrium conditions. This concentration of silicate was found to 

be independent of the starting mass concentration of olivine. 

When silicate tetrahedras, SiO4
4-, are released from the olivine structure to the aqueous solution, they 

will be protonated by hydrolysis reactions, forming silicate ions (reaction 3) or silicic acid. 

 SiO4
4- + 3 H2O ↔ SiO(OH)3

- + 3 OH-    (3) 

Three or four hydroxyl groups may be released into the solution, because the stoichiometry of the 

reaction is pH–dependent according to reaction (4) [SJÖ 1983]. 

 Si(OH)4(aq) ↔ SiO(OH)3
- + H+   -log K = 9.59  (4) 

Calculations using the equilibrium silicate concentration at start and the amount of released hydroxyl 

groups from the protonation reaction indicate that pH ≈ 10 should be expected. 

Changes in pHimm over time were studied to make sure that the hydroxylation and surface reactions of 

the olivine reached a steady state. An olivine suspension with the mass concentration 50.00 g dm-3 was 

continuously stirred with a Teflon propeller and was allowed to equilibrate in 0.100 M NaNO3
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electrolyte. The EMF values of the olivine suspension were recorded every fifth minute. Sodium 

hydroxide additions to the olivine suspension were excluded since the aim of the experiment was to 

determine the time to reach steady state conditions. pHimm became slightly more alkaline during the 

first hour of equilibration, ≈ 0.03 pH units. The initial increase of pHimm was followed by a decrease 

that lasted approximately for the next fifteen hours and was in the magnitude of ≈ 0.15 pH units. After 

approximately 16 hours of equilibration time, the EMF values reached steady state conditions, with a 

change of pHimm less than 0.01 pH units during the next eight hours.  

The hydroxide ion sorption capacity of olivine suspensions using 0.100 M NaNO3 as background 

electrolyte was determined at steady state conditions by continuous titration. At least four titrations 

were performed for each of the different mass concentrations with the exception for the suspension 

with highest content of olivine, 100.00 g dm-3. The equivalence volume, Veq of the olivine suspensions 

was determined by Gran plot graphs. The results are presented in Table 3. 

Table 3. Calculated equivalence volume from continuous titrations with a maximum drift of 0.60     

mV h-1. 

Mass konc. 12.50 g dm-3 25.00 g dm-3 50.00 g dm-3 100.00 g dm-3 

Veq, ml 1.53 ± 0.21 2.86 ± 0.20 5.85 ± 0.35 11.16a 

aOnly one set of titration data 

High concentration of particles in suspension increases the surface interactions, it is therefore important 

to evaluate if increasing particle concentrations results in a decrease of the equivalence volume. A 

graph of the experimentally acquired equivalence volumes, Veq versus mass concentration, was created, 

Figure 3.  
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Figure 3. Equivalence volumes at different mass concentrations: 12.50, 25.00, 50.00 and 100.00 g dm-3

respectively. Filled circles (●) and solid line represents steady state titrations, circles (○) and dashed 

line fast titrations. 

The linear behaviour of the determined equivalence volume of consumed hydroxide ions shown in 

Figure 3, confirms that the hydroxylation of the olivine surface reaches a stable steady state condition 

within the studied pH range. Also, and any potential particle-particle interactions seems to have a 

negligible effect on the equivalence volume within the studied mass concentration range. The 

equivalence volumes were also determined by fast continuous titrations, using additions of 0.50 ml 

0.0100 M NaOH every third minute. The potential drift in the fast titrations experiments was in the 

range of 5 to 10 mV h-1. When comparing the fast titrations with the steady state titrations, it can be 

concluded that the Veq value differs significantly, Figure 3. Fast titrations gave Veq values that were 

consistently lower, about 62 % of those obtained from steady state titrations. 
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This clearly indicates that fast titrations will not detect all available surface sites, S0, a parameter of 

high importance when modelling the surface reactions within the system. This is an important 

circumstance when comparing the results from this study with earlier studies of olivine at alkaline 

conditions. Previous studies have allowed much larger pH drifts and still considered this as steady 

state, 30 mV h-1 ≈ 0.5 pH units h-1 [POK 2000b, OEL 2009]. Allowing a high drift in pH may, as 

shown, result in an underestimation of the number of surface sites. The negative charging of the 

particles will probably improve the particle separation and result in a higher number of surface sites. 

Since this process may be relatively slow, it will be important to allow the system to attain a full 

separation of the particles. The experimentally determined, S0 value from the steady state titrations was 

used to calculate the numbers of hydroxide active surface sites per nm2, Ns (sites nm-2) using Eq. (5) 

N S=
S 0× N A

S A× C S× 1018        (5) 

NA = Avagadro’s number 6.022 × 1023 mol-1, SA = specific surface m2 g-1 and CS = mass concentration  

g dm-3. 

The experimentally determined maximum amount of hydroxide surface sites was compared with the 

previously suggested Ns values of general mineral surfaces and olivine in particular, Table 4. 
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Table 4. Comparison of Ns values, a) Experimentally determined, b) General suggestion for mineral 

surfaces [HOC 1990], c) [WOG 1991] and d) [MOR 2009] theoretical total surface sites values of 

olivine. 

Ns, sites nm-2 mol m-2 

1.88 ± 0.16a 3.12 ± 0.27 × 10-6 

2.31b 3.84 × 10-6 

20c 3.32 × 10-5 

23d 3.82 × 10-5 

The theoretical values of Ns for olivine are approximately ten times larger in comparison to the value 

suggested by Davis and Kent [HOC 1990], which was based on published experimental results from a 

large variety of minerals. The value determined in this study is close to the suggested universal Ns

value, supporting that that the parameters extracted from the surface titrations are realistic. This in 

contrast to the theoretical Ns values for olivine which assume that all potential sites on the surface are 

active. Therefore  the theoretical Ns values in Table 4 should be multiplied with 2/3 when assuming that 

only the magnesium sites of olivine  are hydroxide active, resulting in approximately 15 or 16         

sites nm-2. Common Ns values for various minerals are 1 to 7 according to Hochella, [HOC 1990]. 

3.4.2 Mg2+ doped background electrolyte 

When immersed in aqueous solution both magnesium ions and soluble silicate species were released 

from the olivine surface. The olivine showed incongruent dissolution behaviour at the immersion, three 

times more magnesium than expected at congruent dissolution was released. The magnesium ions in 

the structure of olivine seem to play an important role in the equilibrium of the mineral suspension. 

pHimm at steady state will depend on the amount of released magnesium ions, ion exchanges with 



22

protons and magnesium ions in solution and the amount of unprotonated silicates, SiO4
4- being 

released. The influence of already existing magnesium ions in the background electrolyte on the release 

from the olivine surface was tested by substituting some of the NaNO3 in the background electrolyte 

with Mg(NO3)2. 

Adding magnesium ions to the background electrolyte, reduced the pHimm.: 2.0 mM Mg(NO3)2 present 

which resulted in pHimm = 9.6 and 4.0 mM Mg(NO3)2 in pHimm = 9.5 compared to pHimm = 9.9 with no 

Mg(NO3)2 added. Figure 4 illustrates the changes in [Mg2+] in the pH range from pHimm to pH 11.4 

using four different background electrolytes with the total ionic strength of 0.100 M. 
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Figure 4. Aqueous concentration of Mg2+ ions vs. pH, using different magnesium concentration in the 

background electrolytes: (●) 0.100 M NaNO3, (■) pH 9.95, (NaOH), (+) 2.0 mM Mg(NO3)2, (*) 4.0 

mM Mg(NO3)2.  
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Addition of magnesium ions to the background electrolyte also reduced the release of silicate species 

significantly. The data presented in Figure 5 clearly depicts that addition of increasing concentrations 

of magnesium ions to the electrolyte, decreases the release of silicate species from the olivine surface. 

Also, the additions of 0.0100 M NaOH solution to the olivine suspensions further decreases the silicate 

concentrations to a minimum at approximately pH 10.5. 
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Figure 5. Release of silicate using increasing concentrations of magnesium ions in the electrolyte: 

0.100 M NaNO3 (●), pH 9.95 (■), 2.0 mM Mg(NO3)2 (+) and 4.0 mM Mg(NO3)2 (*) at a total ionic 

strength of 0.100 M. 

Figure 6 clearly illustrates that olivine dissolution is an incongruent reaction. As discussed earlier, 

magnesium ions are released to the aqueous phase in a considerable larger extent than the silicate ions. 

However, the reaction will show a stoichiometry that is consistent with congruent dissolution, if pH is 

adjusted to approximately 10.4 in 0.100 M NaNO3 background electrolyte and without additions of 

magnesium ions, Figure 6. 
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Figure 6. [Mg2+](aq)/[Si(OH)4](aq) vs. pH, (○) 0.100 M NaNO3, (□) pH 9.95, (+) 2.0 mM Mg(NO3)2 and 

(*) 4.0 mM Mg(NO3)2 at a total ionic strength of 0.100 M, dotted line marks the 2:1 ratio. 

Reaction (6) describes congruent dissolution behaviour of olivine and a solubility product proposed by 

Nordstrom and Munoz [NOR 1994]. 

 Mg2SiO4(s) + 4 H2O ↔ 2 Mg2+ + Si(OH)4 + 4 OH-  -log K = 26.9 (6) 

An equilibration experiment with the purpose to have steady-state conditions in this pH range was 

conducted. Olivine was immersed in NaNO3 electrolyte with pH = 10.5, adjusted by additions of 

NaOH and a total ionic strength of 0.100 M. A higher start pH was chosen because of the expected 

hydroxide consumption of the surface sites. After equilibration the Mg:Si ratio was  2.3:1 and pH ≈

10.2, which indicates that it may be possible to also acquire congruent dissolution at pH ≈ 10.3 – 10.4. 

Steady-state dissolution at other pH conditions results in incongruently dissolution of olivine. At lower 
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pH it results in the non-stoichiometric detachment, ion-exchange of magnesium ions that makes the 

dissolution incongruent and at higher the detachment of silicate tetrahedras. 

3.5 Modelling 

Being positively charged the magnesium sites in the olivine structure were considered for being the 

active sites that may form surface complexes with the aqueous hydroxide ions.  

The number of magnesium surface sites is probably not constant. As previously discussed magnesium 

ions are released from the surface into the solution when the olivine is immersed in the electrolyte. 

With increasing pH, the concentration of magnesium ions in the suspension decreases, which is 

possibly explained by a migration of magnesium ions back to the olivine surface when pH is increased, 

and thereby forms new active surface sites. The detachment of SiO4
4- tetrahedra from the surface may 

also to a minor extent create more available magnesium sites on the surface. The changing number of 

active surface sites at the olivine surface has been discussed earlier by Oelkers et al. [OEL 2009]. 

However, no method to handle this in the modelling was suggested. By careful determination of the 

magnesium concentration in the suspension, it was possible to estimate the changes in the number of 

active surface sites. It was assumed that the magnesium ions that migrates back to the surface create 

active surface sites according to reaction (7) and (8). The possible influence on the number of active 

surface sites from SiO4
4-detachment was neglected here, due to the low silicate release into solution in 

comparison with the magnesium ion exchange at the surface.  

≡XO- + Mg2+ + H2O ↔ ≡XOMgOH2
+ pH < 10.7  (7) 

≡XO- + Mg2+ + H2O ↔ ≡XOMgOH + H+ pH > 10.7  (8) 
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The magnesium species in reaction (7) and (8) are given as Mg2+, being the dominating aqueous 

magnesium species at the prevailing experimental conditions. 

The best fit to experimental data was obtained with a model consisting of surface reactions (9) and 

(10): 

  

≡MgOH2
+↔≡MgOH + H+  log K(int) = -10.8 ± 0.1 (9) 

≡MgOH2
+↔≡Mg(OH)2

- +2 H+ log K(int) = -22.3 ± 0.1 (10) 

The stability of the model was tested by investigating its capacity to fit the model to experimental data 

generated at different conditions. Experimental data from continuous titration and batch experiments 

with two different mass concentrations, 25.0 and 50.0 g dm-3 have been used in the evaluation of the 

model. The proposed model and its surface reactions of the active magnesium sites were able to well fit 

the model to the experimental data. Titration points and model data are presented in Figure 7 and 8, 

where H is the proton concentration balance in the suspension: 

H=
− V

OHadded
− × [OH− ]burette

V 0+V
OHadded

−
      (11) 
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Figur 7. The proposed model (solid line) and experimental data (◊) from continuous titrations, mass 

concentration of solids was 25.0 g dm-3. 
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Figur 8. The proposed model (solid line) and experimental data (◊) from the batch experiments. The 

concentration of solids was 50.0 g dm-3. 
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4 Conclusions 

Olivine and its protolytic behaviour in alkaline aqueous solutions have been studied by XPS analyses 

of olivine before and after titration experiments concluded that serpentinization of the surface occurs 

already at the milling of the mineral. This serpentinization process of the olivine surfaces proved to be 

reversible. When adding magnesium ions to the background electrolyte before immersion resulted in a 

significantly increase of the Mg:Si ratio after equilibration. 

It has been shown that it is possible to perform and model the results from both continuous 

potentiometric titrations and batch experiments at near equilibrium conditions in a small limited pH 

range, 9.8–11.1. Two protolytic surface reactions were proposed, assuming a variable number of 

surface magnesium sites responsible for aqueous phase–surface interaction with hydroxide ions. 

An approach on how to estimate the varying total concentration of active surface sites, S0, at the studied 

pH range was suggested and proven to improve the fit of the model to experimental data.  

Olivine displays a incongruent dissolution behaviour at all pH except at pH ≈ 10.4, where experiments 

indicated a Mg:Si ratio close to 2:1. At more acidic pH, the Mg:Si ratio was > 2:1 and at more alkaline 

pH, < 2:1. 

XPS and SEM have been used to evaluate if surface precipitation will take place to a significant extent 

on the olivine surfaces at high pH. No such signs could be found, zeta potential measurements were 

also supporting these conclusions. 
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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.
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