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Abstract 
 

Mineral carbonation is a naturally occurring process to capture CO2. Research at Åbo 

Akademi University (ÅAU) has tried to speed up the process in order to find a suitable option 

for future CO2 capture and storage. Mineral carbonation is a safe way to store CO2 since no 

leakage is expected in a time range of hundred thousand years. This study was focused on the 

possibilities to use the iron by-product that is extracted from different suitable rocks suggested 

for use in the in-direct gas solid route developed at ÅAU. 

Two different serpentinites from Finland and Lithuania were studied. Serpentinite is a 

magnesium silicate rich rock which is found to be suitable for mineral carbonation. 

Magnesium will be extracted by allowing serpentinite react with ammonium sulphate. This 

reaction will make it possible for magnesium to form sulphates which can be dissolved in 

water. Magnesium hydroxide will precipitate as pH of the solution is increased. The 

hydroxides are in next step carbonated to magnesium carbonate by carbon monoxide. 

Iron content in the studied rocks is approximately 10 wt%, which makes it interesting to study 

the possibility to utilize iron as a by-product from mineral carbonation. The focus of this 

report was held on the characterization of the chosen rock types as well as finding a suitable 

iron-rich product which could be used for iron and steel making. Goethite has until today been 

precipitated in the process route developed at ÅAU. Attempts were therefore done in order to 

precipitate magnetite instead, which has some benefits with respect to energy needs 

comparing to other iron oxides. Increased temperature and sufficient time for iron to form 

magnetite seems to be two important factors to achieve optimum magnetite precipitation. 

Twelve precipitation experiments were conducted and two of the final iron precipitates were 

found to contain visible amounts of magnetic material. This indicates that it is possible to 

precipitate magnetite instead of goethite as the developed process proposes. Precipitations 

were done at different temperatures, with/without nitrogen gas supply and with 

ammonia/sodium hydroxide to increase solution pH. Iron will precipitate at pH 8-10 while 

magnesium will precipitate at higher pH. Taking advantage of this, it becomes possible to 

extract iron and magnesium separately. 

Analyses of the presence of ferrous and ferric ions in the starting solutions were done by the 

ferrozine method. Some differences could be found between the Lithuanian and Finnish 

serpentinite. The Finnish serpentinite, unlike the Lithuanian serpentinite, resulted in an iron 

rich initial solution containing both ferrous and ferric ions. This can partly explain why it 
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seemed to be somewhat easier to precipitate magnetite from the Finnish serpentinite than from 

the Lithuanian serpentinite, which seemed to contain only ferrous ions. 

Reduction tests by TGA/DTA showed a large weight decrease upon reduction of two different 

iron precipitates. Hydroxide compounds are expected to form upon precipitation. 

Decomposition of these compounds will result in water release when the precipitates are 

heated.  This will contribute to the weight loss. Both samples containing iron precipitate 

seemed to be reduced to metallic iron upon reduction. 

More precipitation experiments together with more reduction tests are needed to optimize the 

stage in the ÅAU process where iron is precipitated. In order to be able to do this efficiently, 

it will be important to find an even more suitable analysis method to analyze the presence of 

different iron compounds in the iron precipitates than used in this study.  

Analyses of the product obtained immediately after the solid/solid reaction with ammonium 

sulphate and serpentinite could give more information about the reactions of the iron. This 

could also give suggestions for how iron should be further treated, and show differences 

occurring when different types of minerals are used. 
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Sammanfattning 
 

Mineralkarbonatisering är en naturligt förekommande process som binder CO2. Forskning vid 

Åbo Akademi (ÅA) har försökt att snabba upp processen och genom detta hitta ett lämpligt 

alternativ för framtida CO2-avskiljning och lagring. Mineralkarbonatisering är ett säkert sätt 

att lagra CO2 eftersom ingen återgång till fritt CO2 förväntas uppkomma sett på ett tidsspann 

av hundratusentals år. Denna studie har fokuserat på möjligheterna att använda den 

järninnehållande biprodukt som uppstår från olika lämpliga mineral föreslagna att användas i 

den in-direkta processvägen utvecklad vid ÅA.  

Två olika serpentinitmineral från Finland och Litauen studerades. Serpentinit är ett 

magnesiumsilikatrikt mineral som funnits passande för mineralkarbonatisering. Magnesium 

utvinns genom att låta serpentinit reagera med ammoniumsulfat. Denna reaktion gör att 

magnesium binds till sulfater som sedan kan lösas upp i vatten. Magnesium fälls sedan ut som 

magnesiumhydroxid genom att höja lösningens pH. I nästa steg karbonatiseras hydroxiderna 

till magnesiumkarbonat med hjälp av koldioxid.  

Järninnehållet i de studerade bergarterna är omkring 10 vikt-%, vilket gör det intressant att 

undersöka möjligheterna att utvinna järn som en biprodukt från mineralkarbonatisering. Fokus 

i denna rapport har lagts på karaktärisering av de valda bergarterna så väl som att hitta en 

passande järnrik produkt som kan användas för järn- och stålframställning. Intill idag har götit 

fällts ut i den föreslagna processvägen utvecklad vid ÅA. Försök gjordes därför att fälla ut 

magnetit istället, som har fördelar med avseende på energibehov i jämförelse med andra 

järnoxider.  

Tolv utfällningsförsök utfördes och i två av de slutliga järnutfällningarna hittades synbara 

mängder magnetiskt material. En XRD-analys bekräftade också senare att magnetit hade fällts 

ut. Detta indikerar att det är möjligt att fälla ut magnetit istället för götit, vilket den redan 

utvecklade processen föreslagit. Utfällningsförsöken utfördes vid olika temperaturer, 

med/utan kvävgastillförsel och med ammoniak/natriumhydroxidlösningar för att justera pH. 

Järn fälls ut vid pH 8-10, medan magnesium fälls ut vid ännu högre pH. Genom att dra fördel 

av detta blir det möjligt att fälla ut järn och magnesium i två separata steg. Ökad temperatur 

och tillräckligt med tid för järnet att bilda magnetit verkar vara två viktiga faktorer för att 

uppnå optimal utfällning av magnetit. 

Analyser av förekomsten av järn(II)- och järn(III) joner i startlösningarna utfördes med 

ferrozinmetoden. Skillnader mellan den litauiska och finska serpentiniten kunde hittas. Den 
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finska serpentiniten, till skillnad from den litauiska, gav en järnrik lösning innehållande både 

järn(II)- och järn(III) joner. Detta kan delvis förklara varför det såg ut att vara något lättare att 

fälla ut magnetit från den finska serpentiniten än från den litauiska, som visade sig endast 

innehålla järn(II)-joner. 

Reduktionstester med TGA/DTA visade på en stor viktminskning som följd av upphettning 

och reduktion av två olika järnutfällningar. Hydroxider förväntas finnas i proven efter 

utfällning. Sönderdelning av molekylerna leder till att vatten frigörs vid upphettning av de 

utfällda produkterna. Detta kan delvis förklara den viktförlusten som uppkommer redan innan 

reduktion sker. I båda proven som innehöll järnutfällning kunde reduktion till metalliskt järn 

indikeras. 

Fler experiment med utfällning av järn samt fler reduktionstester behövs för att optimera 

steget i ÅA:s process där järn fälls ut. För att kunna göra detta på ett effektivt sätt kommer det 

vara av stor vikt att hitta en ännu mer ändamålsenlig analysmetod för att analysera 

förekomsten av de olika järnkomponenter som erhållits i järnutfällningarna än de som använts 

i denna studie. 

Analyser av den erhållna produkten direkt efter reaktion med ammoniumsulfat och serpentinit 

kan ge mer information om till vilka/vilken form järnet reagerat. Detta i sin tur kan också ge 

förslag på hur järnet bör behandlas vidare, samt visa på skillnader som uppstår när olika slags 

mineral används.  
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Nomenclature 
 

Abbreviations 

BFZ  Buffered Ferrozine solution 

BOF  Basic Oxygen Furnace, used to remove carbon from the steel 

CCS  Carbon Capture and Storage 

CCGS  CO2 Geological Storage  

CSM  CO2 Storage by Mineralization 

DRI  Direct-Reduced Iron 

GWP  Global Warming Potential 

ICP-OES  Inductively Coupled Plasma-Optical Emission Spectrometry 

LTU  Luleå University of Technology 

PFB  Pressurized Fluidized Bed 

RSD  Relative Standard Deviation 

SEM/EDX Scanning Electron Microscope/Energy-Dispersive X-Ray 

Spectroscopy 

TGA/DTA  Thermal Gravimetric Analysis/Differential Thermal Analysis 

XRD  X-Ray Diffraction 

XRF  X-Ray Fluorescence 

ÅAU  Åbo Akademi University 

Chemical components 

CO  Carbon monoxide 

CO2  Carbon dioxide 
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CaO  Calcium oxide (burnt lime) 

Fe2+  Iron(II), Ferrous iron  

Fe3+  Iron (III), Ferric iron 

FeO  Wüstite 

Fe2O3  Hematite 

Fe3O4, FeO·Fe2O3 Magnetite 

Fe(OH)2  Iron(II)hydroxide, Ferrous hydroxide 

FeO(OH)  Goethite 

γ-FeOOH  Lepidocrocite 

FeSO4  Iron(II) sulphate, Ferrous sulphate 

Fe2(SO4)3  Iron(III) sulphate, Ferric sulphate 

HOAc  Acetic acid 

Mg3Si2O5(OH)4 Serpentine (lizardite, antigorite and chrysotile) 

MgSO4  Magnesium sulphate 

NaOAc∙3H2O  Sodium acetate trihydrate 

NaOH  Sodium hydroxide 

(NH4)2SO4  Ammonium sulphate 

NH3  Ammonia 
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1 Introduction and Background 
This master thesis project is a cooperation between Åbo Akademi University (ÅAU), Turku, Finland, and Ruukki 

Metals, Raahe, Finland. The project is also the final course which will complete a Master of Science Degree in 

chemical engineering with specialization towards mineral processing and process metallurgy at Luleå 

University of Technology (LTU), Luleå, Sweden. 

1.1 Background 
Worldwide greenhouse gas emissions should have been reduced by 8 % during the period of 

2008-2012 according to the Kyoto protocol. The commitment for Finland thereby became to 

reduce the annual greenhouse gas emissions to the levels of the year 1990 during the same 

period. At time of writing, this period just passed. However, by 2020, the EU is legally 

committed to reduce the greenhouse emissions by 20 %. This percentage is in reference with 

the emissions in 1990.  For Finland, this means a reduction by 16 % from the levels of 

emissions in 2005. In 2009, the target of reducing the greenhouse gas emissions by 80 % until 

2050, was adopted by the Government. Also here the percentage is in comparison with the 

levels in 1990. (Valtion ympäristöhallinto, 2012) 

Rautaruukki Corporation (hereafter called Ruukki) in Raahe is the largest steel making 

company in Finland. They are producing steel from the main raw materials which are iron ore, 

recycled metals and coking coal. Iron is charged to the blast furnace in the form of pellets, and 

coke is acting as reducing agent. The steel production was 2.2 million tonnes in 2011. This 

means also that an amount of 4.1 Mt of carbon dioxide (CO2) emissions was produced during 

the same year, (Ruukki, 2013a). The total greenhouse gas emissions in Finland were 66.8 Mt 

in 2011, which means that Ruukki contributes with approximately 6 % of this number, 

(Tilastokeskus, 2012). The sinter plant at Raahe works was closed at the end of 2011 and 

since then Ruukki only uses pellets from LKAB, Malmberget, Sweden together with 

Kostamus pellets from Russia. The closing of the sinter plant reduced the carbon dioxide 

emissions with 10 %, which corresponds to 500 000 tonnes carbon dioxide per year, (Ruukki, 

2013a). The effect of the change to 100% pellets will hopefully affect the reports of the levels 

of greenhouse gas emissions the coming years.  

Seifritz introduced the concept of CO2 Disposal by Means of Silicates in 1990. Lackner and 

co-workers followed with an article, Carbon Dioxide Disposal in Carbonate Minerals, 

presented in Energy in 1995. Since then, research has focused on different routes for 

capturing CO2 in an energy efficient and environmentally favourable way. Research has to a 

large extent focused on magnesium silicate minerals, which are found in vast amounts and 

seem promising due to their exothermic reaction together with carbon dioxide. The permanent 

storage possibilities, unlike other Carbon Capture and Storage (CCS) methods, make also this 
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process interesting. No leakage of carbon dioxide will occur if carbon dioxide is fixed by 

mineral carbonation. In the case where other methods are used, leakage might make CO2 

sequestration less effective and may cause environmental problems and give rise to health and 

safety issues, (Herzhog, 2002). 

ÅAU has been performing intensive research within the carbon dioxide sequestration field for 

several years. Sequestration can be performed in several different ways and puts different 

demands depending on the process used. Finland lacks possibilities for underground storage 

of carbon dioxide, which has led to intense research towards carbonation of magnesium 

silicate rock, which can be found in vast amounts in Finland, (Teir et al., 2006). 

Main topic in this thesis will therefore focus on mineral carbonation, which is the only 

suitable method for CCS in Finland. Nduagu defended his academic dissertation in December 

2012. The thesis focused on a process producing Mg(OH)2 from different silicate rocks. 

Mg(OH)2 can later be used to capture CO2 by the formation of carbonates, (Fagerlund, 2012). 

This process will be explained more in detail in this thesis. The process also involves the 

possibility to separately precipitate iron, which is present in many of the silicate rocks used so 

far. Since serpentinite might contain up to 12 wt-% iron (Nduagu, 2012), it could be profitable 

to separate the iron in such a way that it could be taken into the steel making process as raw 

material, thus replacing some part of the iron coming into the blast furnace today. 

Many of the minerals used for carbon dioxide sequestration contain some iron. Thus, it is up 

to date to pay more attention to the possibilities to recover iron from the actual mineral either 

before, during, or after the carbon dioxide sequestration takes place. If iron from the mineral 

could be used in the steel making process as raw material, this might help the process of 

mineral sequestration to be more economically and environmentally feasible. 

1.2 Objective  
The aim of this thesis is to investigate if, and how, iron oxide as by-product from mineral 

carbonation can be utilized in the steel making process. It will also be important to bear 

economical as well as environmental aspects in mind throughout the study. Main purpose 

with mineral sequestration is to reduce carbon dioxide emissions, which puts demands on the 

refining steps of being selective and not contaminating the valuable elements with impurities. 

This study will focus on one main question;  

 How could iron as by-product from mineral carbonation be utilized in the steel making 

process?  

In order to be able to answer the question in a thorough way, it could be divided into sub-

questions;  

 How much iron do the magnesium silicate rich minerals suitable for carbonation 

contain? 

 How do the theoretical material balances look for actual options? 

 In what form could iron be separated from the process?  
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 How will the separated iron be further processed- through briquetting or pelletizing? 

1.3 Extent and limitations 
Two minerals have been investigated in this thesis due to the extent of this work and time 

limits. They have been chosen on the basis of industry needs, by means of being minerals low 

in unwanted elements in the steel making process. Another important factor is also the 

presence of serpentinite in or at a location relatively close to Finland. This is the reason why 

the Lithuanian serpentinite is chosen together with the serpentinite coming from Hitura Nickel 

mine. The amount of analyses made is also limited and the analysis methods reduced to a few 

different methods.   

1.4  Structure of report 
This thesis will first give a theoretical background to different parts of the project where some 

basic knowledge might be needed to increase the understanding for the following results and 

discussion. Results are presented together with a discussion where key findings and trends are 

brought up. Different parts of the project are finally concluded and compared and suggestions 

for the best method are given. A sight into the future is given at the end as well as suggestions 

for future work. The author’s hope is that this study will be able to show that the method for 

mineral carbonation is interesting from more than the carbon dioxide point of view, and show 

the steel industry the possibilities of using iron from serpentinite as raw material for steel 

making. 
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2 Theoretical Background 
Following chapter will give an introduction and background to the topic and the concept of carbon capture and 

storage. Theories and processes related to the study are also explained. 

2.1 Ruukki Corporation 
Ruukki was established over 50 years back in 1960 to produce raw materials needed for the 

Finnish shipbuilding as well as for other metal industries. The steel mill in Raahe made 

Finland to become the first country of the western countries to use the modern continuous 

casting technique, which is much more cost efficient than the older technique of ingot casting. 

The number of employees increased from the founding in 1960 from 6 to more than 1700 

people in the end of the 60’s. Metal pipe and sheet production was introduced to the product 

portfolio in the 1970’s in Hämeenlinna. Ruukki started business within the construction 

business area with the Finnish steel roof manufacturer Rannila in the 90’s business with 

Eastern Europe towards the Baltic countries and Poland. Other countries were also involved 

later. Ruukki has 12000 employees, of which 5000 employed outside the borders of Finland. 

The company uses both Ruukki and Rautaruukki Corporation as marketing names since 2004, 

the latter used more widely abroad. Ruukki has during the last years been focusing more and 

more on solutions business within construction and engineering industry. Their specialization 

is put towards special steel products within steel business, which makes it possible to build 

specific products more efficiently and to help demanding construction and projects 

worldwide. Figure 1 shows the growth rate of employees until the 20
th

 century. Around 50% 

of the employees are working within the Ruukki Metals business area, (Ruukki, 2013b, 

2013c). 

 

Figure 1. Growth of employees at Ruukki since the foundation in 1960. 
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Finland currently has three steel making companies located in Raahe, Tornio and Imatra. 

Outokumpu in Tornio is manufacturing stainless steel from recycled metals and ferrochromes. 

Imatra is melting metal scrap using an electric arc furnace to produce steel. Ruukki in Raahe 

is the only company producing steel from iron ore in Finland today, thus using the blast 

furnace which will be described more in detail in this report. Numbers from 2011 show that 

Ruukki needed 1.52 Mt iron ore, 0.95 Mt pellets and 0.48 Mt steel scrap in order to produce 

2.2 Mt steel. The total emissions of carbon dioxide were 4.1 Mt during the same year, 

(Ruukki, 2013a).  

Ruukki closed its sinter plant at the end of 2011. The effect of this is that Ruukki no longer 

buys iron ore in order to produce sinter, but instead run the blast furnace with 100% pellets, 

see, Figure 2. This will have effect on the total amounts of CO2 emissions, since the sintering 

process generates larger CO2 production than the production of magnetite pellets. The reason 

for this is that magnetite is releasing considerable amounts of heat during oxidation to 

hematite. This reaction will contribute to the possibility of up to 85% lower CO2 emissions 

compared to the sintering of fines, (LKAB, 2013). 

 

Figure 2. Iron ore, pellets and recyled steel need 2005-2012.  

Dashed line shows total yearly steel production, (Ruuki, 2013a). 

Briquettes are charged into the blast furnace in addition to the iron containing pellets. The 

purpose of these is to recycle dusts and rest products coming from several places at the steel 

plant. Dust from the blast furnace is added to the briquettes. It contains coke and will work as 

reducing agent in the briquettes. The briquettes become by this more or less self-reducing. A 

maximum amount of briquettes added is 100 kg/t pig iron, according to the process 

parameters at Ruukki in Raahe.  
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2.2 Iron Making Process in Brief 
Iron ore or steel scrap is the main raw materials for steel production. Depending on raw 

material used, different process routes are used (see Figure 3). Almost 50 countries have steel 

production based on the reduction of iron ore in the blast furnace. 60% of the total steel 

production is following this route. About 35% of the steel is produced by adding steel scrap to 

an electric arc furnace. The energy need is about 30-40% lower than for the route of the blast 

furnace. A minor route for steel production (around 5%) is using natural gas for direct 

reduced iron (DRI). CO2 emissions might decrease with 50% by using DRI as an alternative 

raw material input to the electric furnace, (IPCC, 2007).  

This thesis will focus on possibilities for the iron ore based steel production in blast furnace to 

replace some of the iron used today by iron achieved as a by-product from a process for 

carbon dioxide sequestration.   

 

Figure 3. Different Process Routes for Steel Making, (Johansson and Söderström, 2011). 

2.2.1 Blast Furnace  

The blast furnace is the heart of the steel plant, producing pig iron for further refining. It is 

based on a counter-current process where solids are fed from the top of the furnace. Oxygen 

rich air is fed through the tuyeres in the lower part of the furnace. Iron is added as sinter or 

pellets to the furnace. In addition, coke and fluxes are added. To achieve good gas 

permeability it is important that all materials fed into the blast furnace are in the form of 

aggregates. Coke acts as reducing agent and heat is achieved by the burning of coke. The 

melting temperature of iron is lowered when coke is taken up by the iron, according to the 

phase diagram in Figure 4. Melting temperature of iron without presence of carbon is 1535 
o
C, and is subsequently lowered as the amount of carbon to the iron phase increases. 

http://www.sciencedirect.com/science/article/pii/S036054421000616X
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Figure 4. Fe-C phase diagram, (Geffroy et al., 2011). 

In order to be able to separate iron from slag, they both should be kept in liquid form. Coke 

contains ash, which contributes to several compounds in minor amounts. This means also that 

the possible heat obtained from reactions with coke and gas (oxygen enriched air) becomes 

less than in the case where pure carbon is burnt, see the following reactions which takes part 

in the lower part of the furnace close to the tuyeres; 

 ( )  
 

 
  ( )     ( )        (     )                  (2.1) 

 ( )    ( )      ( )        (     )                 (2.2) 

  ( )  
 

 
  ( )     ( )        (   )                 (2.3) 

However, the reaction with carbon and oxygen will still contribute to the heat needed for the 

iron to melt.  These reactions take place in the upper parts of the blast furnace. Carbon dioxide 

will rapidly react with carbon when the temperature is exceeding 1000 
o
C further down in the 

furnace. That means that the following endothermic reaction will take place at higher 

temperatures; 

 ( )     ( )      ( )    (     )                 (2.4) 

As carbon and oxygen react and release heat, the iron will start to reduce as it descends to the 

bottom of the furnace. Figure 5 shows that iron starts to reduce by carbon monoxide already 

in the preheating zone. Magnetite, Fe3O4, is thereafter reduced to wüstite, FeO, and the iron is 

finally fully reduced. Carbon dioxide will react with carbon to form carbon monoxide and if 

any unreduced wüstite is left in the zone where the temperature exceeds 1000
o
C, this will be 

reduced by carbon monoxide, (Björkman, 2009). 
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Figure 5. Temperature profile of the blast furnace with main reactions taking place at different temperatures and 

positions in the furnace, (Biswas, 1981). 

2.2.2 Unwanted Elements in Iron and Steel Making 

The blast furnace is quite flexible, which means that fluctuations in the composition of the 

raw material are allowed to some extent. Still, some compounds are more harmful than others. 

If an iron product is developed it is important to take unwanted elements into account and 

ensure that no accumulation of these will occur in the blast furnace. 

Sodium and potassium, together with zinc, have a tendency of being recirculated and 

accumulated in the temperature zone of 800-1100
o
C. Some alkali containing particles are 

oxidized in the middle zone to fine particles and might escape with the top gas, another part 

might get stuck and react with the refractory. Yet another part of the fine alkali containing 

particles going upwards with the gas will be brought down again with the descending burden. 

Scaffold and scab formation can mainly be found in the upper parts of the furnace, caused by 

these metals (or compounds of these). Scaffolds will lead to hanging and slipping in the 

furnace, which compromise an even material distribution and obstruct a proper gas flow. 

Alkali metals might also cause catastrophic swelling of the pellets as a result of alkali 

impregnation, (Björkman, 2009). 

Magnesium and calcium are good slag formers. It is therefore acceptable that the iron product 

contains some amounts of these elements. However, since the target with mineral carbonation 

as it is processed here is to obtain as much magnesium for sequestering of carbon dioxide, this 

becomes an unwanted element from the point of view of the iron product. According to Jarmo 

Lilja at Ruukki, the sulphur treatment would be improved if the slag would contain somewhat 
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more magnesium than it does today. Magnesium is a common reagent used for 

desulphurization, (Björkman, 2011). 

Silica has the characteristic of gluing small separate iron oxides together which is positive for 

pellets. Silicon will be found both in the metallic and the slag phase as silicon and silica, 

respectively. Silicon is a very good indicator of the thermal state in the furnace since the 

distribution between the two phases will depend on reducing potential and on the extent of the 

high-temperature region. It is an important slag former and will upon oxidation release 

significant amounts of heat, which could melt the steel scrap charged to the basic oxygen 

furnace (BOF). In the BOF excess silicon is removed from the metallic phase. Increased 

amount of burnt lime are needed if the silicon content is increased. Addition of burnt lime, 

CaO, will keep the slag in a certain composition since the slag composition is important in the 

blast furnace as well as in the BOF, (Personal communication, O. Mattila, Ruukki, April 

2013). 

Manganese will have a beneficial effect in the subsequent process for steelmaking. It 

contributes to increased strength and hardness. Thus a nearly complete reduction of the 

manganese is wanted. Manganese is often present as MnO2 which immediately will form 

Mn3O4 upon charging. MnO is formed in the shaft. Reduction to Mn is achieved in the lower 

parts of the furnace, partly when the slag is flowing over the coke in the bosh of the furnace. 

Presence of manganese in the charged iron bearing raw material will not cause any problems 

as long as it is kept at a reasonably low level, (Björkman, 2009).  

Alumina cations in magnetite will cause swelling and cracking upon heating. Alumina has 

low solubility in wüstite, but will diffuse into magnetite as wüstite starts to grow upon 

reduction. This might take place if alumina is finely dispersed in the iron bearing raw 

material, (Paananen, 2013). If alumina does not immerse into the metallic iron phase, it will 

be present as aluminum oxide in the slag phase. A common rule for the aluminum and 

magnesium oxides is that the slag should not contain more than 25-30 wt% of these 

compounds. Too high amounts might cause problems for example during tapping of the blast 

furnace since the spinel phase will block the paths of iron and slag, (Personal communication, 

O. Mattila, Ruukki, April 2013). Aluminum oxide is a very stable compound at normal 

conditions. However, some reduction might occur at around 2000
o
C close to the tuyeres. 

Aluminum in the heart slag will not be reduced in this way but the presence of aluminum in 

coke ash is high and might be affected at the highest temperatures in the furnace, (Björkman, 

2009). 

2.2.3 Pelletizing 

Pellets made from iron ore is the form of iron-bearing material fed to the blast furnace at 

Ruukki in Raahe. Iron ore could be either magnetite or hematite ore-based, of which 

magnetite ore has many benefits compared with hematite ore-based pellets production. 

The iron ore has to be grinded to a comparably small size to achieve a sufficiently good 

magnetic separation of the ore. However, since the blast furnace needs charging of larger 

aggregates in order to get sufficient gas permeability through the burden, it becomes 
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important to produce and charge aggregates with sufficient strength so that good gas 

permeability is achieved. Porosity will at the same time contribute to enhance the reducibility 

of the pellets. These two parameters need to be considered during pellets production.       

Magnetite pellets have some benefits from an energy efficiency point of view since magnetite 

will oxidize to hematite, Fe2O3, during processing, releasing a major part of the energy needed 

for the sintering of the pellets according to, 

                              
  

             
  (2.5) 

A complete oxidation is important, not only from the energy point of view since the energy 

released will be used in further processing, but also because of the fact that many properties 

are improved as a result of oxidation. Hematite is stronger than magnetite when sintered, 

which increases the strength. Insufficiently oxidized pellets will cause magnetite to be 

reduced to a dense wüstite phase in the blast furnace. Hematite on the other hand, will be 

reduced to magnetite, creating cracks and pores in the pellets. This will support further 

reduction. Magnetite shrinks already at temperatures around 900
o
C while hematite shrinks at 

temperatures above 1100
o
C. In some cases this might cause a sintered shell while the inner 

core remains as magnetite. If pellets of different iron oxides are fed to the blast furnace, 

variations both in oxygen content as well as variations in temperature of the recirculated gas 

might occur as a result of differences in enthalpy of involved reactions, (Björkman, 2009). 

 

2.3  CO2 Emissions in Finland and Worldwide 
From some point of view it seems like the environmental state in Finland has not been as 

good in Finland as it is today in 10-20 years according to information given to Finnish 

citizens upon request by EU Environmental Information Directive, (Syke, 2008). Seen from a 

carbon dioxide emission point of view, the picture becomes less good.  A fourth of all CO2 

emissions in Finland in 2006 was arising from traffic and has increased with 16% since 1990. 

Many of the greenhouse gases emitted will stay in the atmosphere for hundreds of years, 

which makes it hard to stop the ongoing climate change. Global greenhouse gas emissions 

have also increased even if intense work has been done in order to try to decrease them. As 

mentioned in the introduction to this report, Finland is obliged to achieve the objectives the 

Kyoto protocol sets. In Figure 6, where the level of equivalent CO2 is set according to the 

protocol, a decrease of emissions in Finland can be seen after 2008. The values of CO2 

equivalent given in the figure are calculated in a way that global warming potential (GWP) of 

gases could be compared. For example, 1 ton of N2O corresponds to 310 t of CO2.      
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Figure 6. CO2 emissions in Finland during 1990-2011, (Statistics Finland, 2013). 

The global steel production was reaching 1129 Mt in 2005. This could be compared with CO2 

emissions of 1500-1600 Mt coming from steel production during the same year. (IPCC, 2007) 

 

2.4 Methods for CO2 Sequestration 
Carbon capture and storage (CCS) refers to the processes where carbon dioxide emissions to 

the atmosphere are decreased, which can be performed in several different ways. Typical for 

most processes of CCS is that carbon dioxide is separated from other gases and transported to 

some kind of storage, (IPCC, 2005).  There are mainly three different ways of CO2 

sequestration, which are geological storage (CCGS), ocean storage and CO2 storage by 

mineralization (CSM). CCGS seems to have largest potential and has gotten most attention 

while ocean storage is highly debated due to different factors, where one contributing factor is 

the environmental aspect. Any method for CCS should be able to capture carbon dioxide 

without any significant risk of leakage and should be well-studied before it becomes 

acceptable for use on a larger scale, (Energimyndigheten, 2008). Finland is lacking 

possibilities for geological storage of CO2, (Fagerlund, 2012), which, together with the fact 

that large mined resources are available has led to research within the field of mineral 

carbonation.  

2.4.1 Storage Time- an Important Factor for Successful Sequestration 

The oceans can store both natural and fossil fuel carbon dioxide and hold the largest amount 

of mobile CO2. The absorption and releasing of the carbon dioxide will change the chemistry 

and pH in the oceans. It is important that the carbon dioxide is stored at a significant depth in 

order to be able to store it over a longer time. If the CO2 is stored at depth of 3000 m, the 

retained fraction could be approximately 85% after a time range of 500 years. Ocean storage 

has not been demonstrated on larger scale yet.  
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In order to be able to answer the question of how long CCGS will be able to keep CO2 in 

storage, it is possible to observe natural systems in which CO2 has been stored in geological 

reservoirs for millions of years. The possibility to keep over 99% of the CO2 sequestered by 

ocean storage is likely to be in a time range of 1000 years. However, this number could be 

affected by sudden failure of the storage seal, earthquakes or by drilling or puncture of the 

reservoir. The local effects could be significant by such an impact, (IPCC, 2005). 

When it comes to mineral carbonation it could be possible to achieve such a storage of which 

nearly 100% of the CO2 could be stored under geological time frames of millions of years. 

The drawback, however, is still that the process might need too much energy and/or is too 

slow and is therefore still developed at lab scale, (IPCC, 2005).  The three different options 

mentioned are shown in Figure 7. 

 

Figure 7. Storage time for different options of CCS. 

2.4.2 Mineral Carbonation Routes 

The focus in this report will be on mineral carbonation, which is the only CCS method that 

can be used in Finland. The concept mineral carbonation is synonymous with carbon dioxide 

capture and mineralization, CO2 storage by mineralization, CO2 mineralization or CO2 

mineral sequestration, (Fagerlund, 2012). This process is based on the natural process of 

weathering of rocks, where CO2 from the air dissolves in water and forms carbonic acid. The 

acidic water reacts easily with minerals like olivine and pyroxene, which are calcium and 

magnesium containing minerals, forming carbonates. This is a process which in natural 

conditions takes place over a geological time range (hundred thousand years). Research tries 

in different ways to speed up the process in order to make it feasible for industry-scale 

processes, (Alexander et al., 2007). 

Different process routes of CSM can be found. The mineral carbonation could be divided into 

a direct or an in-direct process route, where the processes could be aqueous or with gas-solid 

characteristics independent of process chosen, see Figure 8.  
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Figure 8. Overview of the CSM processes, (Reconstructed from Nduagu, 2012). 

As long as the methods are tested in laboratory scale, it is difficult to compare process 

parameters through the in-situ route, which means that the mineral should be carbonated 

directly in the ground in the area where the mineral could be found.  CarbFix is an in-situ 

project at Hellisheidi at Iceland where a natural laboratory has been set up for in-situ 

sequestration of carbon dioxide in basaltic rocks, (OR, 2013). 

Many other materials besides minerals could be used as well for carbon dioxide sequestration, 

as can be seen from Figure 8. Slag from the steel making industry has attracted much attention 

and is still addressed in ongoing projects in Finland and abroad. This is, however, outside the 

scope of this thesis. 

2.4.3 Indirect Gas-Solid Method (ÅAU process) 

ÅAU is mainly focusing on the research of the indirect solid-gas carbonation process route 

where research still is performed in lab-scale. The process will be described more in detail in 

this section. Different minerals have been studied. Common for all of them, however, is that 

they are rich in calcium or magnesium which are suitable elements for carbon dioxide 

sequestration, as explained above. Serpentinite has shown promising results in previous 

experiments and will also be the rock type studied further in this project. The process could be 

divided into two steps, where magnesium hydroxide is produced in the first step. In a second 

step magnesium hydroxide reacts with carbon dioxide in a pressurized fluidized bed (PFB) 

and will produce magnesium carbonate as final product. 

The overall reaction (2.6) for this method can be divided into different parts. If serpentinite is 

used as magnesium containing mineral, the reaction (2.7) will be spontaneous at atmospheric 

pressure and 25
o
C. The heat released will be in the magnitude of 62.4 kJ/mol CO2. The only 
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drawback, however, is that the reaction rate is very low and that it takes very long time for the 

reaction to proceed, (Fagerlund, 2012).   

An overall reaction for mineral carbonation could be written as; 

(     )              ( )      ( ) 

  (     )   ( )       ( )      ( ) (2.6) 

If serpentine is used as magnesium silicate the reaction becomes; 

        (  ) ( )      ( )        ( )       ( )      ( )   

    (    )                  (2.7) 

The net reaction is exothermic, but due to demands of speeding up the process, it is still very 

energy-consuming since additives or energy are needed to be added to the process, (Eloneva, 

2010). 

The different reactions taking place in the process will be explained more in detail below, 

starting with the first step involving MgSO4 production. 

MgSO4 and FeSO4 Formation 

Serpentinite is given as starting rock in this process description since it also will be used for 

further experiments in this project. Serpentinite rock reacts with ammonium sulphate at 

different temperatures between 400-560
o
C depending on the type of serpentinite used. 

Nduagu (2012) run experiments between 270 and 600
o
C. As the work proceeded, it was found 

that serpentinite gave best magnesium extraction when the material was reacted between 400 

and 500 
o
C. The iron extraction, however, reached its maximum close to 400

o
C while the 

extraction of magnesium reached its maximum at somewhat higher temperatures, (Nduagu, 

2012).  

Magnesium sulphate, silica, water and ammonia are produced during the first reaction upon 

heating,  

        (  ) ( )   (   )    ( )   

       ( )       ( )      ( )      ( )    (    )            (2.8) 

Serpentinite has often a remarkable amount of iron in its structure, which will react in a 

similar way as magnesium. If iron is assumed to be present as iron(II)oxide the reaction 

becomes 

   ( )  (   )    ( )       ( )     ( )      ( ) 

   (    )             (2.9) 
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Magnetite is often the main iron compound found together with serpentine which will give the 

following reaction as a possible way to get ferric sulphate 

      ( )    (   )    ( )      (   ) ( )       ( )       ( )     ( ) 

      (    )             (2.10) 

The energy penalty from reaction (2.10) is almost five times higher if magnetite is found 

instead of wüstite (reaction (2.9)) in the rock matrix. According to Nduagu et al. (2012b), the 

exergy
*
 input requirement increases with 68% if iron is present as magnetite compared to the 

case when an iron-free serpentinite is processed. 

Nduagu et al. (2012a) also proposes a possibility that sulphur dioxide from reaction (2.10) is 

consumed 

     ( )   (   )    ( )     ( )        ( )      ( )      ( )  

   (    )             (2.11) 

A mixture of ferrous and ferric sulphate will form if reaction (2.10) and reaction (2.11) take 

place simultaneously. 

Dissolution and Precipitation of Mg and Fe 

The material obtained after reacting serpentinite and ammonium sulphate is in the next step 

dissolved in water. Magnesium and iron ((II) or (III)) sulphate will dissolve in water while 

silica will remain in its solid phase. The solution is filtered to achieve a clear solution without 

insoluble material. Ammonia is used to increase pH in two different steps so that iron and 

magnesium are precipitated separately. Approximate pH values for precipitation are 8-9 and 

11-12 for iron and magnesium, respectively. Iron is according to Nduagu et al. (2012a) 

precipitated as goethite, FeOOH, presumably, and magnesium as magnesium hydroxide, 

Mg(OH)2. Impurities in their oxide forms are assumed to stay in the first filtrate, and some in 

the first precipitation of iron. The aim with the process is to get as pure magnesium hydroxide 

precipitate as possible. This puts demands on a complete precipitation of iron before the 

process is continued to a higher pH.  

Figure 9 below shows the first step of mineral carbonation through the in-direct gas-solid 

route developed at ÅAU, which is the production of magnesium hydroxide. Possible recovery 

routes are marked in the figure, which shows that the process at least at a theoretical basis is 

effective by means of recovery and reagent use. A clear advantage with the proposed process 

is the possibility to recover the reagents used. Another advantage is that only Mg(OH)2 will 

enter the final carbonation step.  Figure 9 below shows the different process steps and the 

recovery streams of water and ammonium sulphate. Ammonia vapour produced in the 

reaction with serpentinite and ammonium sulphate is later used to increase pH. Also water 

from the last step of reaction will be used again to dissolve the material before filtration of 

SiO2 and impurities. 

                                                 
*
 Exergy is the amount of mechanical work which can be extracted from a system when it reaches 

thermodynamic equilibrium. 
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Figure 9.Process scheme for the gas-solid route developed at ÅAU.  

(Reconstructed from the process description given by Nduagu et al. (2012).) 

Carbonation of Mg(OH)2 

Carbon dioxide sequestration is finally performed in a last step of the ÅAU process where 

Mg(OH)2 is allowed to react with CO2 in a pressurized fluidized bed according to  

  (  ) ( )     ( )       ( )     ( )         
  

      
 (2.12) 

which further could be divided into (Fagerlund et al., 2012) 

  (  ) ( )         ( )    (2.13) 

       ( )     ( )       ( )     ( )     (2.14) 

From reaction (2.12) it becomes clear that the partial pressure of both CO2 and H2O will affect 

the stability of magnesium carbonate according to Le Chatelier’s principle. 

Carbonation of magnesium is exothermic in comparison with the endothermic and highly 

energy consuming reactions for the initial Mg(OH)2 production, (Fagerlund, 2012). 

Fagerlund (2012) studied the possibilities of carbonating Mg(OH)2 by changing parameters 

such as temperature, pressure, carbonation time, particle size fraction, bed composition, 
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fluidization velocity as well as a dry CO2 process compared with a wet CO2 process. A 

maximum carbonation efficiency of 65% was reached after 10 minutes at a temperature of 

545
⁰
C

 
and 51 bar pressure of CO2. These conditions are relatively severe. Incomplete 

carbonation resulting in a mixture of MgO and MgCO3 was the result of this experiment, see 

reactions 2.13 and 2.14. If temperature is set too high, there is a possibility to produce MgO 

through calcination of Mg(OH)2. MgO is less reactive than Mg(OH)2. It was also seen that the 

Finnish serpentinite derived Mg(OH)2 gave better conversions than the commercial Mg(OH)2 

used, which might be explained by the more porous characteristics of the derived Mg(OH)2, 

(Fagerlund and Zevenhoven, 2011).  

2.4.4 Suitable Minerals for CO2 Sequestration  

Many different minerals are potentially possible to use in the mineral carbonation process 

described above. The key is to find minerals which contain calcium or magnesium, 

preferably. Sodium (Na) and potassium (K) carbonates would be too soluble in water to 

achieve a stable product by using minerals containing mainly these compounds. The mineral 

used should also be relatively easy to find in the earth crust. Mg/Ca (hydr)oxides would be 

ideal for sequestering CO2, but are too rare to be found in nature in sufficient amounts. Mg/Ca 

silicates, however, are found in abundant amounts, (Eloneva, 2010; IPCC, 2005). Research at 

ÅAU has studied the possibility for mineral carbonation with serpentinite as magnesium 

silicate containing mineral, (Nduagu, 2012). Nduagu (2012) could also see that serpentinite 

had an as much as five times higher reactivity than e.g. olivine. Magnesium silicates have also 

the advantage of being present in all continents worldwide. Finland is one of the countries 

where magnesium silicates can be found in large deposits. What may be added is that 

magnesium silicates already are mined or produced as overburden together with some 

industry minerals and metals today. This decreases the need to mine the mineral before it 

could be treated with CO2, (Eloneva, 2010). 

Serpentinite can be found in three different polymorphs as antigorite, lizardite and chrysotile. 

Thermodynamics and kinetic parameters are different for the three polymorphs. Serpentintie 

is altered from ultramafic rocks usually consisting of olivines and pyroxenes. Water in contact 

with these minerals will reduce and form molecular hydrogen and oxidize iron 

simultaneously. Magnetite will form to different extent depending on at what temperature 

range the process takes place, (Müntener, 2010). Evans (2010) presents the reaction of dunite 

which is a rock type mainly consisting of olivine 

(    )            (    )           (    )                (  )   

The author suggests that the serpentinization takes place in different ways depending on 

where the rock is located. Temperature influence is also discussed by Evans (2010). Lizardite 

is the dominating form of serpentinite at 5-300
o
C. Antigorite, on the other hand, is formed at 

higher temperatures resulting in decreasing possibility to find accompanying precipitation of 

magnetite in the lattice. There are some possibilities for antigorite to form from lizardite or 

chrysotile, which might increase the possibility to find some magnetite inherited in the 

antigorite. Antigorite could also form directly from anhydrous FeO-MgO-SiO2-H2O 

peridotite, resulting in very low or no formation of either magnetite or hydrogen. Antigorite 
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serpentinization close to the mantel wedge will result in growth of Mg-rich antigorite and iron 

enrichment of the olivine. Only minor amounts of magnetite could by this mechanism be 

found in the rock. Lizardite will, independent of the conditions for antigorite formation, 

always contain somewhat more magnetite than antigorite according to Evans (2010).  

This study will focus on serpentinite from Finland and Lithuania and a short description of the 

serpentinite in the countries will be given below. 

Finnish Serpentinite  

According to Teir et al. (2006), it should be possible to sequester CO2 for 200-300 years using 

the serpentinites found in the Outokumpu-Kainuu ultramafic rock belt in middle-eastern part 

of Finland assuming that approximately 10 Mt of CO2 is sequestered each year. The total area 

where serpentinite could be found is estimated to be 121 km
2
. 30% of this area is unavailable 

as a result of environmental laws, water systems and habitations. Hitura Nickel mine is 

located in the middle part of Finland. Mined overburden containing too low amounts of nickel 

could be found in vast amounts in stock piles close to the mine. According to XRD analyses 

the rock contains mainly serpentinite in the form of chlinochrysotile, FeO, MgFe2O4, and 

SiO2, see Appendix A1.  

Lithuanian Serpentinite  

The rock used in this study comes from the Varena district in the south-eastern part of 

Lithuania. It associates with the magnetite ore deposits in the so called Varena Iron Ore 

Province. The total capacity of the cluster in the south eastern part of Lithuania is 2.5 Mt/a of 

CO2 according to Stasiulaitiene (2010). Serpentinite can be found at different depths which 

will lead to the fact that all three different polymorphs of serpentinite could be found. XRD 

for samples taken from different drill holes gives serpentinite as antigorite and lizardite 

together with both Fe3O4 and Fe2O3, see Appendix A2.    

 

2.5 Different Ways of Adding Iron from Serpentinite into 

the Steelmaking Process 
From now on this study will keep main focus on the possibilities for utilization of iron from 

serpentinite.  There are different ways of adding iron to the blast furnace depending on in 

what phase the iron is available. Goethite has until today been precipitated according to the 

process description of the ÅAU process. More common, however, is that hematite pellets are 

fed to the blast furnace as raw material. Common ways of handling the material before it is 

charged to the blast furnace is briefly presented in Table 1 below. 
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Table 1.Effect of different iron phases in the context of pelletizing and briquetting. 

Using iron 

in  

steelmaking  

FeO(OH) Fe2O3 Fe3O4 

Pelletizing FeO(OH) will most 

likely be too porous 

when heated due to 

water release. 

2FeO(OH) Fe2O3 

+ H2O 

∆H= +5.59 kJ/mol 

(Value from HSC 

5.1) 

Requires more energy 

than magnetite, but is 

very common for 

pelletizing due to the vast 

amounts of hematite ore 

found in the earth crust. 

Could be compared with the 

LKAB pelletizing process in 

Kiruna, Sweden. Magnetite 

will be oxidized to hematite 

and release a lot of energy 

since the reaction is 

exothermic. 

4Fe3O4 + O2  6Fe2O3  

∆H= -119kJ/mol 

(Value from HSC 5.1) 

Briquetting 

 

FeO(OH) will most 

likely be too porous 

when heated due to 

water release.  

Hematite will be reduced 

to magnetite, causing 

pores and cracks which 

improve further 

magnetite reduction 

(Björkman, 2009). 

Magnetite will be reduced to 

a dense wüstite phase upon 

heating in the blast furnace, 

(Björkman, 2009). 

 

2.5.1  Goethite-Hematite Reaction 

The ÅAU process precipitates iron as goethite in a separate step. Several papers point out the 

possibility to use the precipitated iron for iron and steelmaking. In order to be able to know 

how this iron could be utilized and used for steelmaking, a literature study was made of the 

possible behavior of goethite in the blast furnace. However, when precipitating iron in the 

ÅAU process, mainly Fe(OH)2 will precipitate first and after contact with oxygen rapidly 

form FeO(OH), (Nduagu et al., 2012a). 

Earlier studies (Balek and Šubrt, 1995) have been done on the thermal behavior of ferric 

oxide hydroxide. Fe(OH)2 was first precipitated from a 0.5 M  FeSO4 solution using 13.5 % 

aqueous ammonia. Nearly pure γ-FeO(OH) (lepidocrocite) will form  if pH is kept at 7-7.5. 

By heating a 2 M FeSO4 solution to 80 
o
C and adding an air flow and ammonia it becomes 

possible to form α-FeO(OH) (goethite), according to Balek and Šubrt (1995). Agglomeration 

of the samples occurs at the same time as formation of α-Fe2O3 takes place. This happens at 

approximately the same temperature by heating either γ-FeO(OH) or α-FeO(OH) to 850-900 
o
C. The experiments showed also that physically bound water will release before the 

structurally bound water from the FeO(OH) structure. This is suggested to take place at 120-

130
o
C and 250

o
C, respectively, (Balek and Šubrt, 1995).  

Many authors have also stated that the transition temperature where goethite decomposes to 

hematite and water should be in the interval 250-300 
o
C (McCann et al., 2004, Miura et al., 

2011) or 180-270 
o
C (Ruan et al., 2001)  
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                   (    )                (2.15) 

Reaction (2.15) plays an important role in the sintering of goethitic ores, where it was found 

that the dehydration might cause more intra-particle pores making the sintered particles more 

porous. This was according to Loo (2004) suggested to improve reducibility of the sinter by 

better gas permeability, which could be interesting if goethite is added as raw material to the 

blast furnace. The same article also states that the energy for dehydrating goethite only 

contributes with a minor amount to the total energy need, (Loo, 2004). 

However, according to Miura et al. (2011), a drawback with the goethitic ore is the presence 

of the many hydroxide groups which have to be removed as water by the endothermic 

reaction (2.15) above. Obtained iron precipitates coming from the ÅAU process are also 

expected to contain large amounts of hydroxide groups. The mentioned authors were studying 

the possibilities to add carbon to the goethite rich iron containing raw material at temperatures 

of 250-300⁰C. This would enable carbon to enter the pores which will occur as a result of 

water release.  

2.5.2 Formation of Magnetite from an Iron Hydroxide Solution 

Ruukki has used 100% pellets as iron source since the end of 2011 after the sinter plant in 

Raahe was shut down. A significant amount of the iron comes from LKAB in Sweden, where 

production is based mainly on magnetite ore. The resulting product is called green pellets, 

requiring 60 % less energy than the production of hematite-based pellets, as described in 

section 2.2, (LKAB, 2013). Studies demonstrated possibilities to precipitate magnetite instead 

of goethite from iron sulphate rich solutions (Olowe et al., 1991b; Siles-Dotor et al., 1997; 

Dufour et al. 1997).  Magnetite would have benefits by being more energy efficient to use for 

steel production, as mentioned earlier. The following section will summarize earlier studies 

done in order to precipitate magnetite focusing on different factors that might have influence 

on the formation. 

Parameters of Importance for Magnetite Formation 

Olowe et al. (1991b) have studied the possibility to produce magnetite by oxidation of ferrous 

hydroxides in a sulphated aqueous medium. The starting solution was made by FeSO4 and 

NaOH and from previous work it was shown that a suitable initial ratio (R) of 
      

     
 =0.5 

would give the best magnetite extraction. Temperatures of 8-60 
o
C were tested and magnetite 

was dominantly produced at the highest temperatures. At R=0.56 and the highest temperature, 

a magnetite share of 94.8 % was reached. 

The oxidation rate seems to have an impact on the magnetite precipitation efficiency as well. 

Siles-Dotor et al. (1997), studied how the oxidation rate affects the formation of goethite and 

magnetite, respectively. A starting solution was made by FeSO4∙7H2O and NaOH with R 

close to 0.5. It was shown that magnetite precipitation was favoured by an oxygen supply 

consisting of pure air. Other options with oxygen enriched gas were also tested but the 

amount of precipitated goethite increased as oxygen content increased. 
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Dufour et al. (1997) stated that an increased temperature will favour magnetite formation and 

that magnetite is formed prior to goethite at pH around 8. At the same time slow oxidation 

conditions are needed in order to form magnetite instead of goethite. The study is focusing on 

sulphuric liquors from steel pickling
*
. This solution might to some extent be compared with 

the solution obtained from the reaction of serpentinite and ammonium sulphate in the ÅAU 

process. It contains iron and sulphur which are two of the main elements in the solution 

obtained after the thermal reaction with serpentinite and ammonium sulphate.  

Important parameters mentioned by the authors above are temperature, oxidation rate, pH, 

addition of alkaline together with stirring speed and initial concentration ratio, R. In order to 

favor magnetite precipitation, it seems from literature that temperature, initial ratio of R and 

slow oxidation conditions are the most important parameters.   

Suggested Routes for Magnetite Formation 

Roonasi and Holmgren (2009) studied the behavior of two different ways of magnetite 

synthesizing. One method for magnetite formation was accomplished by co-precipitation of 

Fe(II) and Fe(III) and the other was oxidation of ferrous hydroxide, Fe(OH)2. The latter 

method is more similar to the other experimental procedures found in literature. Iron (II) 

chloride was used as iron source and stirring was kept for 30 hours, which is a much longer 

time than the other options mentioned. (For example, Siles-Dotor et al. (1997) oxidized the 

samples for two hours at 25
o
C. Correa et al. (2006), on the other hand, considered the reaction 

to be complete in an hour at 70
o
C.) The study was, however, focusing on the possibility for 

different isotopes of iron to form during reaction. This aspect will not be further investigated 

in this study, but this article also points out the possibilities to precipitate magnetite under 

similar reaction conditions as mentioned above. 

Olowe and Génin (1991a), Dufour et al. (1997) and Correa et al. (2006) all mention that 

intermediate products will form before the final precipitation of magnetite takes place. All 

authors refer to products called green rust and green complex depending on the reaction 

conditions that are held. The proposed mechanism according to Dufour et al. (1997) will be 

explained more in detail below. 

Iron hydroxide is formed initially when an iron sulphate containing solution is mixed with 

NaOH (possibly also NH4OH) under low oxidizing conditions resulting in a pale green slurry. 

The first intermediates which are formed are iron hydroxides more or less independent on 

oxidation rate, (Dufour et al., 1997). Depending on the presence of iron (II) and iron (III), 

different reactions will occur according to Fagerlund (2012) when iron is precipitated as 

goethite according to the suggested ÅAU process route. 

     (  )        (  )    (  ) ( )  (   )    (  )  (2.16) 

   (   ) (  )        (  )     (  ) ( )   (   )    (  ) (2.17) 

                                                 
*
 Steel pickling refers to a method for washing steel slabs in sulphuric baths in order to dissolve iron oxides 

formed on the surfaces of the slabs. 
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The continuing reaction will either form complexes called green complex(II) or green rust(II) 

(referred to as 4Fe(OH)2·2FeOOH·FeSO4·4H2O) according to Dufour et al. (1997). Magnetite 

will subsequently form as mild pH conditions and slow oxidation are applied. A conversion of 

the iron hydroxides to goethite or magnetite is complex since ferrous hydroxide has a 

hexagonal structure and both magnetite and lepidocrocite (γ-FeOOH) have a cubic structure. 

If sufficiently slow oxidation is applied, the oxygen from the ferrous hydroxide will have time 

to extract and enough time for rearrangement of the remaining iron and oxygen will lead to 

magnetite formation. Lepidocrocite, on the other hand, will form if the reaction proceeds to 

fast, (Dufour et al., 1997). 

The second mechanism after green rust formation will, according to Dufour et al. (1997), 

form complex iron cations, which gives red color to the solution. Higher pH for precipitation 

is needed if iron (II) ions are dominating over iron (III) in the solution. Assuming that pH is 

higher than 7, co-precipitation of FeOH
+
 with hydroxoferric complexes will take place. 

Nuclei of Fe(OH)2 (or green rust) will be enclosed by a dense layer of FeOH
+
 which will react 

further to Fe2(OH)3
3+ 

       
 

 
           (  )  

         (2.18) 

Oxygen in reaction (2.18) is given from dissolved oxygen in solution. Ferric ions will in the 

next reaction co-precipitate with excess ferrous ions and finally form magnetite according to 

    (  )  
                           (2.19) 

Mizutani et al. (2008) studied the effect of different Fe
2+

/Fe
3+

 ratios on the formation of 

magnetite nanoparticles, which will affect the reaction mechanisms. Ferrous sulphate and 

ferric chloride were mixed and sodium hydroxide was added. The solution was kept in argon 

atmosphere at 120
o
C and the precipitate was washed with water and dried afterwards. The 

Fe
2+

/Fe
3+

 molar ratio was kept at different values between 0.25 and 2. The heating time in 

argon atmosphere was set to 0, 4 and 20 h. The authors propose the following reaction 

mechanisms to happen: 

Goethite is formed from ferric hydroxide and ferrous hydroxide will form on the goethite 

particles. The Fe(OH)2-FeOOH complex will convert to Fe3O4  according to  

  (  )           (  )                      (2.20) 

The ratio of Fe
2+

/Fe
3+

 should be at least 0.5 according to the reaction above. One ferrous 

hydroxide molecule it needed for every two molecules of ferric oxyhydroxide. Excess of Fe
2+

 

will result in more Fe(OH)2 which does not react since FeOOH molecules are lacking. 

According to the Schikorr reaction, however, it is still possible to precipitate more magnetite 

under development of hydrogen gas 

   (  ) (  )       ( )    ( )      ( )   (2.21) 

The reaction rate for the reaction above is slow but can be increased if temperature is 

increased according to Mizutani et al. (2008). Magnetite crystals will become larger for iron 
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ratios above 1 as a result of the growth of surplus Fe(OH)2 and increased temperature 

according to the Schikorr reaction (2.21). 

All mentioned methods and explanations of reaction paths are based on experiments done 

with pure solutions, except the study where a solution from iron pickling was used.  It is not 

yet investigated how more contaminated solutions will behave or how other iron phases may 

be formed under the same conditions. A possible way to study this could be by the use of the 

solution obtained after thermal reaction of serpentinite and ammonium sulphate.  
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3 Materials and Methods  
Specific minerals used are presented together with Experimental Design and the equipment used. Analysis 

methods are also presented. 

3.1 Materials 
The study focuses on the extraction of iron from serpentinite, which has given interesting 

results by means of mineral carbonation so far. It will focus on the iron extraction of Finnish 

and Lithuanian serpentinite. Earlier reported iron extractions are lower than the magnesium 

extraction for these minerals and previous results have shown a slightly better extraction for 

the Finnish serpentinite than for the Lithuanian serpentinite. (Teir, 2008, Stasiulaitiene et al., 

2011 and Nduagu, 2012).  

3.1.1 Serpentinites Used in the Study 

Two different rocks were used for the magnetite precipitation experiments as mentioned. 

Compositions of these are given below. 

Finnish Serpentinite 

Serpentinite rock from the Finnish Hitura nickel mine is used with composition in Table 2. 

The size fraction of the analyzed material was between 74-125 µm and units are given in 

wt%. 

Table 2. Composition of the Finnish serpentinite used for the experiments. The Finnish serpentinite used for the 

experiments is the same material as Teir (2008) and Nduagu (2012) used. The same composition of the rock can be 

found in their respective doctoral dissertations. Values are given in wt%. Mg, Fe, Ca, Al,  Cr and Ni are analyzed by 

ICP-OES, Si, S, Cl are analyzed by X-Ray Fluorescence (XRF) and C by Total Organic Carbon (TOC). 

MgO SiO2 
 

Fe CaO
 

Al2O3
 

S
 

Cr
 

Ni
 

Cl
 

CO3
 

36.2 40.3 10.1 0.48 0.08 0.52 0.007 0.02 0.21 <0.1 

 

Some of the elements are given as their oxides. It should be mentioned however that 

serpentine mainly consists of Mg3Si2O5(OH)4 and that iron most likely is present as oxides or 

in spinel phase with other elements. XRD analyses on the Finnish serpentinite give 

clinochrysotile as main component for the serpentine. Iron is given as iron oxide and iron in 

spinel phase with magnesium as MgFe2O4. (See Appendix A1) 

Lithuanian Serpentinite 

Lithuanian rock from the Varena area in south-eastern part of Lithuania was used since 

Lithuania is close to Finland and the serpentinite reserves in this area also have been found to 
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be suitable for mineral carbonization. A serpentinite sample given the number 980/630 was 

earlier used for investigation by Stasiulaitiene (2010). Number 630 refers to a sample taken at 

a depth of 630 m and is a sample containing 35.4 % MgO, which could be compared with the 

Finnish serpentinite which contains 36.2 % MgO.  

Table 3. Compositions of the Lithuanian serpentinite used for the experiments. The rock is of the same type as 

Stasiulaitiene has been studied. Analyses are done by XRF and values given in wt%. 

MgO SiO2 Fe2O3 (Fe) CaO Al2O3 TiO2 K2O Na2O MnO P2O5 

35.4 35.7 14.1 (9.7) 0.34 0.12 <0.01 0.04 0.04 0.17 0.12 

 

Lithuanian rock used in this study mainly consists of antigorite, lizardite and magnetite 

according to XRD analyses made in 2011. (See Appendix A2 for XRD analysis result.) No 

other significant iron phases than magnetite are detected according to the given XRD analysis. 

Ammonium sulphate 

Ammonium sulphate from Merck with a purity of 99.5 % was used in all experiments. No 

account of the particle size was taken.  

 

3.2 Methods 
A rotary kiln was used for the experiments where serpentinite and ammonium sulphate were 

reacted. The resulting product was later used in order to precipitate iron at different 

conditions. The ÅAU method as it was used here will be explained in detail below. 

Experimental Design was applied to the set of precipitation experiments in order to minimize 

the amount of experiments.  

More studies of the minerals used were done (optical microscopy and Scanning Electron 

Microscopy/ Energy-Dispersive X-Ray Spectroscopy, SEM/EDX) and different analyses 

(magnetic, SEM/EDX, X-Ray Diffraction(XRD)) were done on the iron precipitates achieved. 

Analyses of the solutions were made (Inductively Coupled Plasma - Optical Emission 

Spectrometry (ICP-OES), spectrophotometry) and reduction tests were done (Thermal 

Gravimetric Analysis/Differential Thermal Anaysis (TGA/DTA)). Analyses will also be 

explained further in this section. 

3.2.1 Rotary Kiln Experiments 

The procedure for the experiments performed in the rotary kiln was similar to the one used by 

Nduagu (2012).  See Figure 10 of the rotary kiln used below. A maximum of 120 grams of 

material can be added to the kiln. The glass tube is rotating with an angle of 315⁰ around its 

axis. Each end is sealed but gas may escape from the kiln through the hose seen to the right in 

the left Figure 10. A hood will help to keep temperature constant. Water will in this case wash 

reacted material out of the glass tube after reaction and subsequent cooling. 
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Figure 10. Rotary kiln to the left and glass tube which was filled with material upon heating to the right. 

A mixture of 40 g of serpentinite with particle size 125-250 μm and 60 g of ammonium 

sulphate was added to the glass tube in every experiment. One experiment serving for initial 

solution to the three iron precipitation experiments 1-3 was run by adding the material to the 

furnace before heating it. The furnace was thereafter allowed to cool under a closed hood for 

several hours. 

All other experiments (corresponding to final Experiment 4-12) were run in an already heated 

furnace. The hood was opened after the experiment was completed, allowing for a more rapid 

cooling of approximately one hour.  

Temperature was allowed to decrease below 100⁰C before dissolution of the material. All 

experiments were conducted in the same way after the cooling procedure. 35 ml distilled 

water was added through a hose into the glass tube and the reactor was rotating for 

approximately 5 minutes in order to dissolve material from the walls of the reactor. All 

material was finally washed out of the glass tube with distilled water into a beaker. The total 

amount of water used was 600 ml for all experiments except from the first experiment where 

845 ml in total was used. Solubility for magnesium sulphate is 26 g/100 mL at 0⁰C and 78.6 

g/100mL at 100⁰C. Ferrous sulphate, FeSO4 solubility is 25.6 g/100mL, while ferric sulphate, 

Fe2(SO4)3 is less soluble. (Handbook of Chemistry & Physics 1982; Wikipedia, May 2013) 

The amount of water should thereby be enough to dissolve at least the divalent sulphates. 

More water than needed to dissolve iron and magnesium was used order to ensure that all 

material stuck to the walls of the glass tube was collected. 

A silica rich fraction of the material did not dissolve and filtration was necessary to get a clear 

solution. Two 10 ml samples from every solution were taken for ICP-OES analyses. (See 

some of the obtained solutions after the first filtration in Figure 11.) A total of six experiments 
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were run in the rotary kiln, four using Finnish serpentinite as feed stock and two using the 

Lihtuanian serpentinite. 

  

Figure 11. Different colors of basic solutions with corresponding pH value. 

Table 4 shows the parameters used in the kiln and pH where iron precipitation was found to 

take place. Precipitation of iron is explained in following section. 

Table 4. Parameters for the two minerals tested. pH is given as a bit lower values in order to get a cleaner precipitate 

and due to the fact that the precipitation is done at somewhat higher temperatures than given in literature. 

Mineral Temperature Time of 

reaction 

pH for Fe 

precipitation  

Reference for optimal 

conditions 

Finnish 

Serpentinite 

430
o
C 60 min 8.5  Nduagu (2012) 

Lithuanian 

Serpentinite 

535
o
C 30 min 9.3 Stasiulaitiene et al. 

(2013)  

 

3.2.2 Precipitation Experiments  

Precipitation was done in a 1 litre spherical vessel with four different inlet/outlet passages. 

One served the vessel with nitrogen (if used), another with basic solution, a third for nitrogen 

outlet (with a mounted condenser to prevent evaporation of the solution) and a fourth for pH 

measurements. The vessel was immersed in a thermostatic water bath keeping constant 

temperature throughout the whole experiment. See experimental set up in Figure 12. 
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Figure 12. Experimental setup for the precipitation of iron. A magnetic stirring plate is placed under the thermostatic 

bath enabling stirring during the precipitation. 

All precipitations were done by taking 250 ml of initial solution obtained from the experiment 

in the rotary kiln and adding it to the spherical vessel. pH was adjusted as the temperature was 

increased. When the set temperature was reached in the solution, a nitrogen gas flow of 1.6 

L/min was applied. This was followed by 90 minutes of continuous magnetic stirring. All 

openings were sealed except the nitrogen outlet with the mounted condenser. Filtration was 

done immediately after the precipitation time of 90 minutes. Whatman glass fiber filters GF/F 

with pore size 0.7 µm were used in order to decrease filtration time. The filtrate was first 

dried in a fume hood in order to let ammonia evaporate. All samples were finally dried in an 

oven at approximately 70⁰C. Drying was interrupted when no change in weight could be 

noticed. Two samples of 10 ml each were taken from the final iron-deficient solution (from 

which iron was precipitated) and one of them was sent for analysis by ICP-OES. 

Sodium hydroxide, NaOH, was used for the first four experiments to increase pH. It was 

added to the vessel as aqueous solution through a separating funnel. pH 8.5 and 9.3 was set 

using the Finnish and Lithuanian rock types, respectively. A syringe was later used to add 

ammonia, NH3(aq),  since it became much easier to control the addition. 

3.2.3 Experimental Design 

A total of twelve precipitation experiments were run in order to study if some parameters 

would affect the magnetite precipitation more than the others. Initially, an experimental 

design plan was created in order to obtain maximum information from a limited set of 

experiments. Four parameters were changed, which are given in Table 5. All factors were held 

at a low and a high level, respectively.  
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Table 5. Factors changed during experimental work. 

Factor Low (-) High (+) 

A Mineral Lithuania Hitura 

B Gas flow (N2) Gas atmosphere, Air N2 

C Temperature (oC) 40 60 

D Base NH4OH NaOH 
 

It was not possible to run all material needed for the precipitation experiments in one batch in 

the rotary kiln. Table 6 shows the conditions held for different batches in the rotary kiln. A 

total of 6 experiments were run in the rotary kiln. Batch 1 (denoted by Block 1) was given 

much longer time in the furnace since it was added to a cool furnace, as explained above. 

Later ICP-OES analyses showed that the iron extraction increased if the sample was inserted 

to a preheated furnace and cooled rapidly (corresponding to Block 2-6 in Table 6). This 

became the procedure for all following experiments. Block (batch) 1-4  used Finnish 

serpentinite and block (batch) 5-6 used Lithuanian serpentinite. 

Table 6. Difference between batches used for the individual precipitation experiments. 

 

Four precipitation experiments were run using an aqueous solution of NaOH (factor D) as 

basic solution in order to increase pH in solutions obtained by heating serpentinite from the 

Hitura nickel mine. By replacing NaOH with ammonia, it was concluded that this would give 

better results with respect to later recoveries of the different components (see process scheme 

in Figure 9). NaOH would require additional washing of the precipitates to get sodium free 

precipitates. NaOH is, however, easier to handle since no fume hood was used during 

precipitation of iron.  

Batch 1 was used for experiments done with NaOH and differs from the other experiments 

run with respect to both initial solution composition and the use of NaOH. The initial 

experimental design plan in Table 7 was therefore reduced to the experimental design plan 

given in Table 8, which would result in experiments more relevant to compare. Experiment 1-

4 will despite this be presented and analyzed in the same way as the other samples obtained. 

Precipitation experiments 9, 11, 13 and 15 in the initial experimental design plan were not 

conducted at all (marked with grey in Table 7). 

Block 1

Block 2,3,4

Block 5, 6

From material inserted to cool furnace and cooled slowly; run at 430 C 1 h+ heating

From material inserted to already heated furnace and cooled rapidly;  run at 430 C 1 h

From material inserted to already heated furnace and cooled rapidly;  run at 535 C 0.5 h
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Table 7. Initial Experimental Design plan. Four of the experiments were not conducted (marked with grey colour)   

 

Constraining the precipitation experiments gave a reduced experimental design plan 

according to Table 8. Every batch used in the reduced experimental design plan was diluted to 

600 ml upon dissolving the material. The total amount of solution was split to 250 ml each for 

two precipitation experiments and the rest of the solution was taken to ICP for analysis. Batch 

2 was only used in one experiment, see Table 8.  

Table 8. Reduced experimental design plan. 

 

3.2.4 Analysis Methods 

All solutions from the first filtration step as well as the final solutions poor in iron were 

analyzed with ICP-OES and all iron precipitates were analyzed with SEM/EDX in order to 

see if any distinct iron particles could be found by point analyses. The device used was a LEO 

1530 Gemini with a Scientific Ultra Dry Silicon Drift Detector. A thin section of the 

Lithuanian rock was also analyzed with the same device. Analyses of the Finnish serpentinite 

were done by Sonja Sjöblom, PhD candidate at the Geology Department at ÅAU. All samples 

analyzed by SEM/EDX were covered with conducting carbon. The carbon was later removed 

from the final analysis results. 

Std order Block (Batch) Factor A Factor B Factor C Factor D

1 6 - - - -

2 2 + - - -

3 5 - + - -

4 4 + + - -

5 5 - - + -

6 3 + - + -

7 6 - + + -

8 3 + + + -

9 - - - +

10 1 + - - +

11 - + - +

12 1 + + - +

13 - - + +

14 2 + - + +

15 - + + +

16 1 + + + +

Std order Block (Batch) Factor A Factor B Factor C

1 6 - - -

2 2 + - -

3 5 - + -

4 4 + + -

5 5 - - +

6 3 + - +

7 6 - + +

8 3 + + +
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XRD analyses were initially done on a few of the iron precipitates using a Philips X’pert X-

ray diffraction analyzer, but most of the samples were found to be very amorphous, which 

made the analysis method unsuitable for further use. The absence of crystalline material was 

also found in earlier experiment under conditions suggested in the ÅAU process by Nduagu 

(2012a). A simple magnetic method was used instead in order to get a clue about the amount 

of magnetic material achieved in all iron precipitates. The material was grinded to a powder 

using a mortar before magnetic separation. A magnet was covered with a paper and allowed 

to touch the precipitated material. Magnetic material was easily removed from the paper as 

the magnet was removed. This fraction as well as the non-magnetic material were thereafter 

weighed and the amount of magnetic material was finally calculated. 

3.2.5 HSC Chemistry 5.1 

HSC Chemistry 5.1 is a thermochemical software developed for chemical reactions and 

equilibrium calculations.  

It is possible to study equilibrium compositions in a system at different conditions by giving 

the program information about input material and initial conditions. The program will 

thereafter simulate the resulting products at given conditions in a closed system. A closed 

system will exchange energy but not material with the surroundings. Products which could be 

assumed to form are also given together with amounts of input material. The function of 

simulating equilibrium conditions was used to simulate the solid/solid reactions in the rotary 

kiln. 

Eh-pH diagrams were also simulated in order to study the dissolution of the material used in 

this thesis.  The diagrams were also used in order to see if it according to the diagrams could 

be possible to precipitate magnetite instead of goethite. 

3.2.6 Characterization of the Two Different Rock Types 

A thin section of the Lithuanian rock 980/630 was analyzed in order to see if any dominating 

phases could be found. It was first studied in a conventional microscope to get an initial 

estimation of the mineralization. Secondly, the sample was analyzed by SEM/EDX. Point and 

area analyses were taken, which could tell about the present minerals in the rock. Analyses 

results were compared with analyses done by Sonja Sjöblom, PhD candidate at the Geology 

Department at ÅAU, of the Finnish serpentinite, a sample taken from the Hitura Nickel mine. 

The thin section of Finnish serpentinite which was analyzed could be compared with the 

Finnish rock used in the experiments in this study, since both the thin section and the material 

used for the experiments are samples taken from a stock pile with rock containing too low 

amounts of nickel to be profitable to process further. The rock has in both cases also been 

stored in the stock pile for several years. 

3.2.7 Determination of Fe2+/Fe3+ Ratio in Initial Solutions 

The Ferrozine method was used in order to determine the ratio of Fe
2+

/Fe
3+

 in samples run 

with both Finnish and Lithuanian serpentinite. According to Mizutani et al. (2008), different 

Fe
2+

/Fe
3+

 ratios could influence the magnetite formation. Ferrozine is a reagent only binding 

to Fe
2+

 ions, giving a colored solution at the same time as it leaves Fe
3+

 unaffected. This 
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behavior makes it possible to measure a ratio between Fe
2+

 and Fe
3+

 ions by a method 

described below.  

Ferrozine has the systematic name Sodium 4-[3-(2-pyridinyl)-6-(4-sulfophenyl)-1,2,4-triazin-

5-yl]benzenesulfonate and the chemical formula is C20H13N4NaO6S2. It is able to form 

complexes with Fe
2+

 ions to Fe(Ferrozine)3
4-

, which will make the solution magenta coloured. 

The complex is very soluble in water. Its maximum absorbance was found to be at 562 nm 

according to Stookey (1970). The visible absorption spectrum will show only one single sharp 

peak at this specific wavelength. pH should be kept between 4 and 10 in order to ensure 

optimal complex binding according to Stookey (1970). This is done by preparation of a 

buffered ferrozine solution (BFZ).  

BFZ was prepared by Berndt Södergård at the Laboratory for Inorganic Chemistry, ÅAU. A 

pH 5 buffered solution of 270 g NaOAc∙3H2O and 60 ml of HOAc was prepared and 10 ml of 

the solution was diluted to 1 litre. 0.1 g of Ferrozine powder was added to 10 ml of the diluted 

and buffered solution. This was finally diluted to 200 ml. The same buffered solution was 

used in all experiments in this study. 

Two samples with 2 g of serpentinite and 3 g of ammonium in each were prepared using both 

Lithuanian and Finnish serpentinite, respectively. These were run in a smaller furnace than the 

rotary kiln described above, see Figure 13. Aluminum foil was used to keep the material 

together and the total length of the “cigar” was 11 cm. The middle figure shows the furnace in 

operation. 

 

 

Figure 13. Left: Furnace used for tests determining amount of different iron ions. Middle: Heated furnace in 

operation, Right: Foil with reacted material. 

The samples were run one by one in the furnace. Directly after the solid/solid reaction and 

cooling the material was dissolved in 100 ml of distilled water. Same temperatures and times 

were used as for the experiments run in the rotary kiln for the two rocks, respectively, see 

Table 4. Particle size was 75-125 µm, which is a fraction finer than used for the experiment 

run in the rotary kiln. The solutions were filtrated and taken for Fe
2+

/Fe
3+

 analyses by the 

Ferrozine method. 5 ml of the initial solution was diluted to 100 ml with distilled water. 5 ml 

http://www.chemspider.com/Molecular-Formula/C20H13N4NaO6S2
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from this solution was thereafter diluted to 25 ml by BFZ. A magenta colored solution was 

obtained immediately upon the complex binding of ferrozine and Fe
2+

 ions. The solution was 

stirred to achieve a homogenous solution.  

Analyses were done on both Finnish and Lithuanian rock using 1h and 24 h old solutions. No 

oxidation of Fe
2+

 was assumed to take place anymore after addition of BFZ to the sample. 

Absorbencies were measured using a spectrophotometer (model Spectronic Genesys 2PC) 

measuring at the specific 562 nm, where the maximum absorbance was expected to be found. 

This absorbance was noted and a small amount of ascorbic acid was added to the rest of 

solution in order to reduce remaining Fe
3+

 ions to Fe
2+

. Ascorbic acid was added in such small 

amounts that the volume change was neglected. The solution was stirred again in order to give 

time for the Fe
2+

 ions to react with ferrozine and form more iron-ferrozine complexes. Finally, 

the solution was measured a second time within the same absorption spectrum to get the 

concentration of the total dissolved iron ions present in the solution. 

A separate test was done using the Finnish serpentinite in order to ensure that all iron in the 

solution was analyzed. This was done by taking 5 ml of the filtrated starting solution and 

adding another 5 ml of concentrated nitric acid. The mixed solution was boiled in a sand bath 

for 20 minutes followed by cooling. The solution was diluted to 100 ml with distilled water. 5 

ml of this solution was thereafter diluted to 25 ml by BFZ in a similar way as described 

above. A small amount of ascorbic acid was added to reduce all Fe
3+

 ions to Fe
2+

. A final total 

absorbance was measured after mixing and giving time for the ferrozine solution to react with 

all the iron. 

The absorbance is following the Beer-Lambert law, according to  

             (3.1) 

where A is the absorbance, ɛ the molar absorption coefficient given in l/(cm∙mol), c 

concentration given as mol/l and l the length of the cuvette given in cm. By this, the initial 

iron concentration could be calculated. The ratio between Fe
2+

 and Fe
3+

 was calculated using 

the measured absorbencies since the Lambert-Beer law follows a linear relationship. The 

calculations for the ratio becomes 

    

     
  

     
       (3.2) 

where A1 corresponds to the first absorbance measured indirect referring to concentration of 

Fe
2+

 and A2 corresponds to the second absorbance indirect giving the total amount of iron in 

the sample. 

The amount of Fe
2+

 out of the total iron could be calculated by rearranging equation (3.2)  

    ( )  
  

  
         (3.3) 
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3.2.8 Comparisons between Finnish and Lithuanian Rock at Lower Reaction 

Temperatures 

Until today, the Lithuanian rock types have mainly been run at higher temperatures (but 

shorter times) than the Finnish rock. Higher iron content in many of the Lithuanian rocks will 

need higher temperatures. Three additional experiments were run in the same furnace as 

described in the previous section, see Figure 13.  Two experiments were run at 430
o
C for 60 

minutes with the Finnish and Lithuanian rock, respectively. As a reference sample, the 

Lithuanian rock was reacted at 535
o
C for 30 minutes. The idea was to see if any improved or 

impaired effect of iron and magnesium extraction could be achieved of the Lithuanian rock. 2 

g of serpentinite (particle size 75-125 µm) and 3 g of ammonium sulphate were mixed and 

distributed in an 11 cm cigar made by aluminum foil in every experiment. Reacted material 

was cooled and dissolved in 100 ml of water and mixed for 10 minutes each.  Filtration of the 

insoluble material was done and samples were sent for ICP-OES analyses. No further 

precipitation was done of iron and magnesium. Calculations for extractions are based on the 

total amount of magnesium and iron measured in the solutions after first filtration.   

3.2.9 Reduction Experiments by TGA/DTA 

TGA/DTA analyses were done in order to study the behavior of goethite and magnetite pellets 

at higher temperatures under reducing conditions. Three different types of pellets were 

produced. One pellet type contained nearly pure magnetite (98%), another contained 

magnetite rich precipitate from experiment 7 (presented in this study) and a third pellet type 

contained iron precipitate from an experiment run by Inês Romão (PhD candidate at the 

Thermal- and Flow Engineering Laboratory at ÅAU). This sample was given the name 

goethite iron 32. It is derived from a Portuguese serpentinite from Donai, Bragança which is 

located in the north eastern part of Portugal. Thermal reaction was kept at 500
o
C resulting in 

an iron extraction of 63%.  

All iron products were grinded using a mortar, and the material was sieved to achieve a 

particle size less than 75 µm. The pure magnetite used, however, had a particle size of less 

than 5 µm. All three different iron materials were mixed with 9 wt% bentonite powder with a 

particle size less than 75 µm. Water was added to increase strength and ability to form larger 

aggregates of the mixture and were later dried at 60
o
C for several hours. Aggregates smaller 

than 1 mm were removed and pellets larger than 1 mm were used for further experiments. 

A TGA/DTA model STD Q600 was used for all of the three experiments performed. Weight 

and temperature difference were measured continuously as temperature and gas composition 

changed. All samples were run through the same program and starting weight was roughly 16 

mg for all samples which corresponded to a few aggregates of the prepared mixtures. A 

heating rate of 20
o
C/min was chosen and applied until the temperature reached 900

o
C. N2 

with a flow of 100 ml/min was flowing through the reactor from start. The pure N2 gas was 

changed to a gas composition of 30% carbon monoxide (CO), 15% CO2 and 55% N2 when the 

reactor reached a temperature of 710
o
C. Total gas flow rate was 100 ml/min throughout the 

whole experiment. N2 gas was needed throughout the whole experiment to cool the equipment 

even if it is considered to be an inert gas. Temperature was further increased until 900
o
C was 

reached and kept at this level for 30 minutes under constant gas flow. The reducing gas was 
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not added before 710
o
C in order to prevent possible ash development at lower temperatures. 

710⁰C was chosen since this more likely will correspond to a real temperature of 700⁰C in the 

center of the TGA device. Full reduction is possible to achieve at 900⁰C, see Figure 5 in 

section 2.2, and the gas composition is meeting a normal gas composition in the middle of the 

blast furnace.   

Possible reductions and comparisons could be done from the achieved data from the 

experiments, see section in results and discussion. 
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4 Results and Discussion 
Results will be presented and discussed and important aspects are illuminated. A discussion of the methods 

used is also given in the end of the chapter. 

4.1 HSC 5.1 Calculations 
HSC 5.1 was used in order to get a theoretical understanding of the solid/solid reactions 

taking place as well as for the following filtration. This was done before any experiments 

were conducted. Figure 14 and Figure 15 show the thermal compositions for the reaction of 

ammonium sulphate and serpentinite. Iron species are given separately in Figure 14 since they 

are found in smaller amounts than magnesium. 

An input of 3.7 kmol ammonium sulphate, 1 kmol serpentinite and 0.2 kmol magnetite was 

given for the simulations. This was calculated to meet the conditions of adding 40 g of 

serpentinite (S) and 60 g of ammonium sulphate (AS), which were the amounts used in all 

experiments run with the rotary kiln. 

 

Figure 14. Thermodynamic composition of reaction with 3.7 kmol AS, 1 kmol S and 0.2 kmol Fe3O4 with iron species 

given. 

In Figure 14 it can be seen that ferrous and ferric sulphates will form at a temperature range 

that lies within the temperature range for the thermal reactions run in this study with 

ammonium sulphate and serpentinite. Fe2O3 will start to form due to thermal decomposition 

of the soluble Fe2(SO4)3 if the temperature is kept too high, (Nduagu, 2012). This will 
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decrease the iron extraction and also give significant SO3 vapour release. Goethite will 

decompose to water and hematite at temperatures between 200-400⁰C, which can explain the 

increase of hematite at these temperatures. Hematite will not dissolve in water and end up in 

the first filtrated insoluble fraction. This will lower the final iron extraction. 

Figure 15 shows that a maximum magnesium sulphate formation is achieved already at 

temperatures around 300 
o
C. Kinetics are, however, still assumed to be slow at this 

temperature. Further temperature increase will enhance the reactions. All ammonium sulphate 

seems to have reacted at temperatures above 400
o
C. According to the diagrams it is possible 

to achieve a maximum extraction of both iron and magnesium in a temperature range of 400-

600⁰C. 

 

Figure 15. Thermodynamic composition of reaction with 3.7 mol AS, 1 mol S and 0.2 mol Fe3O4. Mg containing 

species given. 

Hematite and magnetite will be two of the dominating iron compounds as pH is increased by 

any solution containing hydroxide ions according to Figure 16. This will be the case if the 

simulations are based on the assumption that both hematite and magnetite can form during 

reaction. Goethite will also be present in a large amount. The diagram shows that given 

starting conditions of the solution will give possibilities to form some of these three 

compounds.  It was given as 0.1 kmol Fe
2+

, 0.5 kmol Mg
2+

 , 0.6 kmol SO4
2-

 and 55.56 kmol 

H2O, which is a composition corresponding to the solution which is obtained after dissolution 

and filtration of insoluble compounds.  
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Figure 16. Equilibrium composition for species involved in the precipitation step of iron. Note: Amount are given as 

logarithmic scale.   

Figure 17 shows stability Eh-pH diagrams simulated in HSC 5.1 for iron and magnesium 

containing solutions.  

An Eh below 0 means that the system is able to supply the electrons to the species found in 

solution.  Some reducing agent (or cathode electrode) could enable this. The closed vessel and 

nitrogen gas will lower the oxidating conditions.  

The system tends to remove electrons from the species if Eh is above 0. This condition may 

exist if any oxidating agent is present or takes place close to an anode.  

Looking at Figure 17, a stability field of magnesium sulphate will occur in the middle of the 

stability area for water if sulphur is taken into account. Since the ions are in excess of water, it 

is assumed that iron more likely will precipitate to some other soluble compound.  

The diagrams in Figure 17 show that iron still will precipitate at lower pH than magnesium 

even if temperature is elevated. Magnetite should, according to the upper two diagrams in the 

figure, precipitate if low oxidating conditions are maintained. Magnesium will precipitate as 

Mg(OH)2 if pH is increased sufficiently.    
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Figure 17. Eh-pH diagrams for iron and magnesium rich solutions at 20 and 60⁰C. Iron and magnesium are givens in 

amounts of 0.1 mol/l H2O and 0.5 mol/l H2O, respectively.  
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4.2 Replacement of Iron at the Steel Plant- Theoretical 

Calculations 
A goal of the project was to investigate if it was possible to extract iron from the serpentinite 

as magnetite. Magnetite could serve as an excellent iron source, at least on a theoretical basis, 

for pellet production. By simple theoretical calculations it was shown that a significant part of 

the magnetite bought today could be replaced with iron from the serpentinite, see Table 9. 

Values for production at the Ruukki plant and CO2 emissions are taken from the Ruukki 

official web page, (Ruukki 2013a). Calculations are based on the assumption that iron is 

present as 10wt% in serpentinite and that 25% of all iron is extracted. Magnesium extraction 

is assumed to 100% based on earlier studies which suggest 1 tonne of CO2 to be sequestered 

by 3.1 tonne serpentinite, (Fagerlund et al. 2012). 

Table 9. Calculation of theoretical amount of pellets replaced with iron from serpentinite. 

Numbers of 2012 Amount Unit 

Ruukki production 2.299 Mt 

Pellets charged to the blast furnace 2.994 Mt 

Iron content in pellets assuming 67wt% 2.006 Mt 

CO2 emissions 4.1 Mt 

Serpentinite needed to capture all  CO2 12.71 Mt 

      

Iron content in serpentinite 10 % 

Total amount of iron 1.271 Mt 

Corresponding amount of magnetite 1.77 Mt 

Proportion of iron source replaced,      

assuming an extraction efficiency of 25% Fe 16 %   
 

Nduagu (2012) was reporting extractions of iron up to 35% using the rotary kiln. Assuming 

an iron extraction of 25% becomes by this results quite realistic. Iron extractions reached in 

this study are reported under section 4.4. 

 

4.3 Microscopy Results for Finnish and Lithuanian 

Serpentinite 
Optical microscopy and SEM/EDX were used to get information about similarities and 

differences between the two rock types used. Point and area analyses were made on different 

parts of two thin sections, one coming from the Lithuanian Varena district and the other from 

the Finnish Hitura Nickel mine. All analyses of the Finnish rock were done by PhD candidate 

Sonja Sjöblom at the Geology and Mineralogy Laboratory at ÅAU, Finland.  
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4.3.1 Lithuanian Serpentinite 

An initial study of the Lithuanian thin section 980/630 in an optical microscope showed that 

the section contained serpentinite as main material to 70-80% and accessory minerals were 

found to be and quartz and muscovite. Opaque minerals were found besides these, which 

needed further analysis to be identified. Seven larger areas of the thin section were analyzed 

closer. Three of them will be described below. 

Figure 18 shows an area where muscovite was assumed to be present by looking at the thin 

section in an optical microscope. Analyzing closer however, it seems that biotite or chlorite 

might be present instead. The mineral is minor, and will most likely not affect the extraction 

of iron or magnetite. Table 10 shows that two iron rich areas are found. These contain most 

likely magnetite by looking at the iron/oxygen ratio. Pure magnetite contains 72.4 wt% iron. 

Theoretical compositions of pure minerals in atomic % could be found in Appendix A3. All 

other analyses also show the presence of iron, even if it is in smaller amounts in some areas. 

The chemical composition of serpentine shows that this is possible, since some of the 

magnesium might be replaced by iron, (Mg,Fe)3Si2O5(OH)4.  

 

Figure 18. SEM image of a thin section of Lithuanian rock showing an area where biotite/muskovite could be found. 

Table 10. Element analyses for areas and points given in Figure 18. All numbers are given in wt% and compositions 

are normalized with oxygen. One suggestion of possible mineral is given in each area/point. 

 

Weight%   O-K   F-K  Mg-K  Al-K  Si-K   P-K  Cl-K  Ca-K  Mo-L  Na-K   K-K  Fe-K

b_pt1magnetite 27.6 0.2 72.2

b_pt2biotite 47.0 15.8 6.2 20.1 8.1 2.9

b_pt3chlorite 53.5 20.4 7.0 15.9 3.2

b_pt4serpentinite 52.9 23.4 19.2 0.3 4.3

b_pt5serpentinite 53.7 23.7 0.0 18.7 0.3 0.1 3.5

b_pt6magnetite 27.8 72.3

b_pt7hornblende? 41.1 1.2 3.6 2.6 15.7 34.6 0.1 0.2 1.0
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Figure 19 shows several different areas with different shade. Area analysis 10 in the figure is 

containing high amounts of carbon. The thin section is probably too thin at this point, which 

makes the carbon coating appear as the main component. The darkest areas in the figure will 

probably all show very thin/no layers at all of the rock. Magnetite could be found in the 

whitish areas whereas apatite is found in the middle grey grains shown in the figure. 

Serpentinite is found in the dark grey larger areas. Table 11 shows that the iron content in 

these might be up to 7 wt%, which also indicates that the iron content might vary a lot even 

over a short distance.  

 

Figure 19. SEM image of Lithuanian rock showing area and point analyses of an area containing serpentinite, 

magnetite and apatite. The dark areas in the image are occurring as a result of the brittleness in the mineral and gives 

analyses results of high carbon content. 

Table 11. Element analyses for areas and points given in Figure 19. All numbers are given in wt% and compositions 

are normalized with oxygen. One suggestion of possible mineral is given in each area/point. 

 

The last image presented of the Lithuanian serpentinite is found in Figure 20 with 

corresponding analyses in Table 12. Points 2-4 all represent serpentine even if the shade of 

the areas in the image itself vary somewhat. Point 5 is the only iron rich area that could be 

found. The very light area in the upper right corner is found to have a composition agreeing 

with the one of apatite.  

Weight%   C-K   N-K   O-K   F-K  Mg-K  Al-K  Si-K   P-K  Cl-K  Ca-K  Ti-K   V-K  Fe-K

d_pt1magnetite 27.7 0.2 0.1 72.1

d_pt2serpentinite 52.6 23.1 19.1 5.2

d_pt3apatite 40.2 1.8 18.5 0.9 38.6

d_pt4apatite 39.7 1.3 18.8 1.0 39.2

d_pt5apatite 40.2 1.6 0.1 18.3 0.8 39.0

d_pt6serpentinite 52.6 23.4 18.2 0.4 5.4

d_pt7magnetite 27.6 0.4 0.2 0.2 0.2 0.2 71.3

d_pt8serpentinite 52.7 23.5 19.7 0.1 4.0

d_pt9serpentinite 50.5 22.6 19.5 7.4

d_pt10glue+mineral 62.2 5.1 30.2 0.9 0.6 0.6 0.1 0.4
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Figure 20. SEM image of Lithuanian serpentinite showing a serpentinite rich area with some grains of apatite and 

magnetite. 

Table 12. Element analyses for areas and points given in Figure 20. All numbers are given in wt% and compositions 

are normalized with oxygen. One suggestion of possible mineral is given in each area/point. 

 

Attempts were also done in order to be able to determine the particle size of the iron particles, 

but since the iron is found in veins in the serpentine, it is not possible to give any specific 

grain size of the iron.  

4.3.2 Finnish Serpentinite 

Following section is based on data from Sonja Sjöblom, which recently analyzed Finnish rock 

from Hitura Nickel mine for studies.  

The rock which is studied is a nickel deficient gangue
*
 which has been displaced without 

being further processed a few years back. It is found in stock piles close to the mine. It has 

also a composition similar to the valuable rock but has too little nickel to be valuable for 

further processing.  

Optical microscopy was done on a thin section of the rock, showing that the main mineral is 

serpentinite. Accessory mineral found is biotite and some opaque minerals are also found but 

not possible to identify by the optical microscope, (Sjöblom, S. ÅAU, Mail conversation, May 

2013).  

                                                 
*
 Gangue is rock which is surrounding or mixed with the valuable ore.  

Weight%   C-K   O-K   F-K  Mg-K  Al-K  Si-K   P-K  Cl-K  Ca-K   S-K  Mn-K  Fe-K

g_pt1apatite 39.4 1.5 0.1 0.1 18.9 0.9 39.1

g_pt2serpentinite 52.5 22.9 18.5 0.2 0.2 5.7

g_pt3serpentinite 51.9 22.1 16.5 0.7 8.8

g_pt4serpentinite 50.3 24.7 18.4 0.4 0.5 0.3 5.5

g_pt5magnetite 28.3 0.5 0.1 0.3 0.6 70.2

g_pt6glue+mineral 38.5 27.7 8.6 9.4 0.4 0.2 0.2 15.2
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SEM images do not show as clear phases as the chosen areas of the Lithuanian thin section 

do. One contributing factor might be that the magnification was larger while studying the 

Lithuanian rock, which will make it clearer to distinguish between different phases by looking 

at the images. It is clear, however, that the main composition of the Finnish rock consists of 

magnesium silicates. SEM/EDX analyses of the two rocks used in this study confirm that the 

Finnish rock contains elements of nickel and chromium, while the Lithuanian rock contains 

grains of manganese and phosphorous, which could not be found in the Finnish rock type 

studied. It seems like iron is more separated from the main rock in the Lithuanian rock, where 

visible veins of magnetite could be found. This cannot be seen to the same extent in the 

Finnish rock.  

Element analyses of chosen areas in the Finnish rock cannot give any specific composition of 

the iron, as for the Lithuanian rock, see for example Figure 18 and Table 10, point 6. Figure 

21 and corresponding Table 13 show analyses of light areas of the thin section. Point 2 

contains large amounts of magnesium and silica, while point 1 is higher in iron and nickel. 

The sulphur content seems to be higher in the Finnish serpentinite than in the Lithuanian, 

which is confirmed by the given element analyses found in section 3.1 under Materials and 

Methods.  

 

Figure 21. SEM image of an area of serpentinite from Hitura Nickel Mine. Analyses done by Sonja Sjöblom. 

Table 13. Element analyses for areas given in Figure 21. All numbers are given in wt% and compositions are 

normalized with oxygen. 

 

 

Atom%   O  Mg  Al  Si   S  Ti  Cr  Fe  Ni  Zn

Hitb 50x_pt1 26.48 0.4 0.07 0.41 34.17 22.26 16.21

Hitb 50x_pt2, serpentinite 49.95 20.88 0.37 15.26 5.76 0.14 5.33 2.3

Hitb 50x_pt3 44.71 5.26 0.13 2.73 16.53 22.29 8.36

Hitb 50x_pt4 48.43 4.28 10.41 0.11 0.26 21.9 14.14 0.48
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Point 3 in Figure 22 gives an analysis with a composition close to the one of magnetite, even 

if some trace elements of the surrounding rock could be found. Point 4 in the more greyish 

area has a composition close to serpentine. 

 

Figure 22. SEM image of Finnish serpentinite where an area containing serpentinite and magnetite could be found. 

Analyses done by Sonja Sjöblom, ÅA. 

Table 14. Element analyses for areas given in Figure 22. All numbers are given in wt% and compositions are 

normalized with oxygen. 

 

 

4.4 Extraction Efficiencies from Rotary Kiln Experiments 
All solutions obtained after a first filtration of insoluble material (assumed to be SiO2 and 

unreacted feed rock) were sent for analysis by ICP-OES. Results are presented in Table 15. 

Some obvious differences between experiments with the Lithuanian and the Finnish 

serpentinite, respectively, could be noticed. It seems, according to the analyses that the 

Lithuanian rock is lacking presence of aluminum, copper and nickel, but on the other hand 

contains sodium and some traces of phosphorus, which not can be found in the Finnish rock.  

In comparison with the given compositions of the rocks in section 3.1, it can be seen that the 

usage of Lithuanian rock will lead to sodium and phosphorus in the filtrated solution. 

Aluminum, however, can hardly be found in the analyzed solutions presented. The amount of 

nickel in the Finnish serpentinite is expected and could not be found in the Lithuanian 

serpentinite. Table 15 gives the analyzed values and reports only the presence of different 

Atom%   O  Mg  Al  Si  Ti  Cr  Fe  Zn

Hitf 200x_pt1 60.18 17.89 7.57 12.48 0.6 1.29

Hitf 200x_pt2 46.75 2.91 4.6 0.43 26.11 18.91 0.28

Hitf 200x_pt3, magnetite 58.03 0.45 0.14 0.44 40.95

Hitf 200x_pt4, serpentinite 59.19 21.37 0.39 17.32 0.26 1.47
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elements. Other tables presenting the actual composition of the iron precipitates are given in 

section 4.5. 

Table 15. Element analyses by ICP-OES for all solutions after first filtration of SiO2 rich insoluble material. Boxes 

marked with (-) are present under detection level. 

 

Assuming the iron and magnesium content, respectively, in the two different rocks to be the 

same as presented in section 3.1, the iron and magnesium extractions were calculated from the 

analyses with ICP-OES, see Table 16. The extractions are achieved to approximately the same 

extent for all experiments except from Batch 1 with Finnish serpentinite. The reason for this 

might be the fact that the sample was inserted into a cool furnace and thereafter heated. The 

cooling was done slowly under closed hood for several hours. The actual reaction time at the 

set temperature became hereby shorter. All other samples were inserted into an already heated 

furnace and cooled rapidly by opening the hood as the samples had been reacting at the set 

temperature for 1 hour. This might have caused a more explosive reaction and the set 

temperature in all samples was reached faster. It should also be mentioned that the extraction 

does not vary much for both the Finnish and Lithuanian serpentinite even if the Lithuanian 

serpentinite was heated to higher temperature (on the other hand it was only run for 30 

minutes). 

Table 16. Iron and magnesium extractions from experiments run in the rotary kiln. 

 

Element Al Ca Cu Fe K Mg Mn Na Ni P S Si 

Sample mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Batch 1 Hitura filtrated 5 69 10 453 - 3126 18 - 33 - 16008 17

Batch 2 Hitura filtrated 40 115 29 1143 - 5166 28 - 47 - 24380 28

Batch 3 Hitura filtrated 47 122 31 1304 - 5574 30 - 51 - 24840 30

Batch 4 Hitura filtrated 51 126 32 1300 - 5272 29 - 50 - 24920 28

Batch 5 Lithuania filtrated 4 202 - 1050 - 5494 35 22 - 6 20280 23

Batch 6 Lithuania filtrated - 153 1 1227 - 5744 36 22 - 6 20740 30

Rock type

Batch no. Batch 1 07.02 Batch 2 15.02 Batch 3 06.03 Batch 4 08.03 Batch 5 15.03 Batch 6 20.3.2013

Reaction time 60 60 60 60 30 30

Temperature 430 430 430 430 535 535

ICP-OES

Fe (mg/L) 453 1143 1304 1300 1050 1227

Mg (mg/L) 3126 5166 5574 5272 5494 5744

Dilution (ml) 845 600 600 600 600 600

Serpentine tot (g) 40 40 40 40 40 40

Fe in rock (wt%) 10.1 10.1 10.1 10.1 9.7 9.7

Mg in rock (wt%) 21.8 21.8 21.8 21.8 21.3 21.3

Fe ext (g) 0.38 0.69 0.78 0.78 0.63 0.74

Fe ext (%) 9 % 17 % 19 % 19 % 16 % 19 %

Mg ext (g) 2.64 3.10 3.34 3.16 3.30 3.45

Mg ext (%) 30 % 36 % 38 % 36 % 39 % 40 %

FINNISH SERPENTINITE HITURA LITHUANIAN SERP. 980/630
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4.5 Iron Precipitation 

4.5.1 Extraction Efficiency According to ICP-OES Analyses 

All iron deficient solutions (which is ready for magnesium precipitation) were sampled and 

sent for ICP-OES analysis. These, together with the analyses made on the solutions before 

iron precipitation was conducted, were used in order to calculate the contribution of different 

elements in the iron precipitates, see Table 17. The differences between the solutions before 

and after iron precipitation were assumed to entirely end up in the iron precipitate. 

Full element analyses are not given, as analyses of elements like hydrogen, oxygen and 

nitrogen were not given by ICP-OES.  Analyzed elements and raw data of analyses results can 

be found in Appendix A6. 

The iron content is roughly varying between 11 and 44 wt% according to Table 17. 

Magnesium is present to different extent in most of the iron precipitates. A reason for this 

could be that the addition of hydroxide ions became too fast, resulting in magnesium 

hydroxide formation. The solubility of magnesium hydroxide is low, which might result in 

magnesium ending up in the iron precipitate even if stirring is continued. Continuous stirring 

should, however, distribute hydroxide ions to the entire solution relatively fast. A trend 

towards lower magnesium content in the iron precipitates seems to occur in the experiment 

were nitrogen was used as inert gas. The gas was bubbling at the surface of the solution which 

might have enhanced the mixing as well, preventing temporary peaks in pH in the solution. 

Experiment 7 and 9 shaded by grey in Table 17 show the composition of the two clearly 

magnetic samples obtained out of a total of twelve experiments. Nearly all particles were 

magnetic in the iron precipitate from experiment 7, while roughly 50 wt% of the iron 

precipitate from experiment 9 was separated magnetically from the sample. These magnetic 

separations are just able to indicate the magnetic properties in the sample. Many of the 

particles could be a mixture of magnetic and non-magnetic material, even if the material was 

grinded to fine particles in a mortar before the separation was done.  

Table 17. Contribution of different elements for all iron precipitates obtained in Experiment 1-12. Changing 

parameters corresponding to every experiment are also given. Values are given in wt% if not anything else is 

reported. The two clearly magnetic precipitates are marked with grey. 

 

 

Values in Wt% if 

nothing else is given

N2 (g)

(+/-)

Temp

(⁰C, +/-)

Alkali

[OH‾]

pH

at end Fe Mg Si Mn Al Ca Cu Na Ni P S 

Weight iron

precip. (g) TOT

Exp 1 Iron product - - NaOH 8,4 43,60 - 0,82 1,71 0,47 - 0,93 - 3,15 - - 0,26 50,7

Exp 2 Iron product + + NaOH 8,2 41,98 1,55 0,42 1,64 0,45 - 0,89 - 3,03 - - 0,27 50,0

Exp 3 Iron product + - NaOH 8,2 41,03 - 0,71 0,66 0,45 - 0,89 - 1,39 - - 0,27 45,1

Exp 4 Iron product - + NaOH 8,3 34,84 13,50 0,57 0,87 1,22 - 0,28 - 1,42 - - 0,82 52,7

Exp 5 Iron product - - NH₄OH 8,6 18,92 5,11 0,42 0,36 0,66 0,16 0,10 - 0,17 - 17,93 1,51 43,8

Exp 6 Iron product + + NH₄OH 7,7 29,36 - 0,68 0,15 1,05 0,07 0,70 - 0,43 - - 1,11 32,5

Exp 7 Iron product - + NH₄OH 8,0 25,32 7,31 0,55 0,33 0,91 0,22 0,50 - 0,25 - 2,25 1,28 37,6

Exp 8 Iron product + - NH₄OH 7,9 21,35 2,34 0,45 0,14 0,84 0,12 0,53 - 0,38 - 0,73 1,52 26,9

Exp 9 Iron product + - NH₄OH 9,0 15,42 4,39 0,30 0,23 0,06 0,18 - 0,002 - 0,09 - 1,70 20,7

Exp 10 Iron product + + NH₄OH 8,5 10,91 7,89 0,25 0,18 - 0,03 0,01 - - 0,05 - 2,81 19,3

Exp 11 Iron product - - NH₄OH 9,3 14,42 6,59 0,33 0,25 - 0,06 0,01 0,003 - 0,07 - 2,13 21,7

Exp 12 Iron product - + NH₄OH 9,2 11,48 20,87 0,25 0,25 0,04 0,25 - 0,01 - 0,07 - 2,29 33,2
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Ruukki add briquettes up to 100 kg/t pig iron
*
 to the blast furnace. These are a mixture of 

different waste materials, such as iron scrap, dust from different stages in the iron and steel 

making process and cement added to act as binder. A typical composition of the briquettes is 

given in Table 18. The results in Table 17 were compared with the normal composition of the 

briquettes. Some similarities as well as differences were found. It should be mentioned that 

the briquettes contain cement as binder, which not is added to the iron precipitates. This 

should be taken into account when the compositions are compared. 

Ruukki charges LKAB pellets from Malmberget (MPBO) together with Kostamus pellets 

from Russia. A typical composition of MPBO pellets as an average of two given values of 

unreduced pellets is also given in Table 18.  

Table 18. Typical composition of briquettes and MPBO pellets added to the blast furnace at Ruukki. Only elements 

found in the iron precipitates are given. Values are calculated from internal data provided by Ruukki and given as an 

average of the analyses of 10 briquettes. Pellet composition is given a san average of the pellets used by Lövgren 

(2005) and Larsson Brännmark (2006). 

 

Sodium is lower in the achieved iron precipitates than in the briquettes or pellets. Nickel and 

copper are on the other hand present in the iron precipitates where the Finnish serpentinite has 

been used. Lithuanian serpentinite is more or less lacking these two compounds and is very 

low in sodium as well. Phosphorous can only be found in the Lithuanian rock and show the 

same levels in the iron precipitates as for the conventional briquette composition. The 

phosphorous level in pellets is somewhat lower. Calcium is found to the same extent in the 

iron precipitates as in the pellet composition, while its content is much higher in the 

briquettes. Magnesium is, on the other hand, remarkably higher in the experimental iron than 

in the briquettes. The pH adjustment should be optimized to decrease the amount of 

magnesium accompanying the iron. Iron content is much lower in many of the iron 

precipitates when comparing with the composition of briquettes and pellets. Oxygen content 

in the samples is high, see section 4.5.3. This will affect the total element balance, giving 

lower iron content.    

Experiment 12 shows very high amounts of magnesium in the iron precipitate, see Table 17, 

resulting in a higher content of magnesium than iron in the material. One reason for this could 

be that pH was set too high (9.3) for the Lithuanian rock. Once formed, magnesium hydroxide 

is hard to re-dissolve in water. Proper stirring is also important since an occasional higher pH 

might occur locally. Stirring speed was kept constant in all experiments. An option could be 

to increase stirring as more products start to precipitate making the solution thicker. 

Sodium hydroxide, which was used to increase pH in experiment 1-4, does not seem to end up 

in the iron precipitate, meaning that the subsequent solution from where magnesium is 

precipitated will contain significant amounts of sodium as well. Higher iron content (up to 44 

wt%) is also achieved when sodium hydroxide was used instead of ammonia. Sodium will, 

                                                 
*
 Pig iron is an intermediate product of melted iron ore. Carbon content is often around 4wt% in pig iron. 

Wt% Fe Mg Si Mn Al Ca Cu Na Ni P S 

Briquette 46.96 0.89 3.72 0.67 0.53 9.36 0.01 0.29 0.02 0.06 0.43

Pellet MPBO 66.98 0.92 0.83 0.06 0.16 0.29 0.06 0.01
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however, need additional treatment later in the process, which makes it unsuitable since a 

proper recycling of the reagents is desirable. Sodium  

The composition of the material shows promising results when it comes to the question if the 

iron precipitate is a suitable product for the blast furnace or not. Impurity levels are, at least 

for some of the samples, not startling high, which makes it interesting to continue the work of 

finding suitable parameters to precipitate magnetite. ICP-OES is not able to answer whether 

the iron content consists mainly by magnetite or not, but the magnetic properties of some of 

the samples show that the precipitation has resulted in magnetic material, which most likely 

corresponds to magnetite.  

In summary it could be noticed that the Lithuanian rock (see Table 17) does not contain any 

copper or nickel. Finnish rock, on the other hand, will contribute to these elements. 

Depending on desired steel quality, it could be feasible to use different rocks. Lithuanian rock, 

contains some traces of sodium and phosphorous, which not could be found in the Finnish 

rock. These levels are very low, however which makes it interesting to further investigate the 

possibilities of iron utilization from this rock type. 

Another important aspect is the mentioned problems which will arise if sodium hydroxide is 

used. Additional washing might be needed if sodium contaminates the iron or magnesium 

precipitates. Accumulation of sodium will also take place as a result of the recycling of water 

in the ÅAU process. 

Presence of Magnesium in the Iron Precipitate 

An important aspect is to ensure that the magnesium is left in the solution after precipitation 

of iron since the main target for mineral carbonation is to capture carbon dioxide, producing 

magnesium carbonate. Seen from a steelmaking process point of view, magnesium will 

enhance slag quality and is thus not one of the unwanted elements in the iron precipitate, see 

section 2.2.2. Table 19 below shows results from ICP-OES analyses made on solutions before 

and after iron precipitation. It seems that the magnesium is more balanced especially for the 

first experiments (Exp1-Exp3) were sodium hydroxide was used to increase pH. There appear 

to be larger losses of magnesium in the experiments done with Lithuanian rock. pH was for 

these experiments higher (9.3). According to earlier experiments (Stasiulaitiene et al., 2013), a 

pH above 9 was recommended to get an optimum iron precipitation for the Lithuanian 

serpentinite.  Balances for experiment 4-8 show some losses of magnesium to the iron 

precipitates. It should be taken into account that the relative standard deviation, RSD, for the 

analyses is 1-3%, which might affect the analyses to some extent. 
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Table 19. Mass balances based on ICP-OES analyses of magnesium before and after precipitation of iron. Ingoing 

magnesium is calculated from the total magnesium content in the total initial solution volume. 

 

4.5.2 Presence of Magnetite in the Samples 

Three iron precipitates from experiments 2, 3 and 7 were analyzed with XRD in order to 

identify resulting phases in the samples. Precipitates from experiments 2 and 3 showed 

amorphous structure. The iron precipitate obtained from experiment 7 showed magnetite as 

only crystalline phase, see Figure 23. Much of the material is still amorphous according to the 

pattern given by XRD. More detailed analyses for all three samples are found in Appendix 

A7. 

 

Figure 23.XRD analysis result for iron precipitate from experiment 7. The marked peaks are all corresponding to 

magnetite. 

All samples were also grinded in a mortar and spread out on a paper. A magnet was held over 

the surface to see if any material showed magnetic characteristics. Only two samples, from 

Experiment 7 and 9, contained measurable amounts of magnetic material using the simple 

method for magnetic separation described. Close to 100% of the particles in the iron 

precipitate from Experiment 7 was magnetic. Experiment 9 resulted in approximately 50% 

Mg ingoing Mg out Mg balance Error 

Exp 1 781.5 796 -15 -1.86 %

Exp 2 781.5 777 4 0.54 %

Exp 3 781.5 799 -18 -2.26 %

Exp 4 1291.5 1181 111 8.57 %

Exp 5 1291.5 1214 77 5.98 %

Exp 6 1393.5 1412 -19 -1.35 %

Exp 7 1393.5 1300 94 6.71 %

Exp 8 1318 1282 36 2.70 %

Exp 9 1373.5 1299 75 5.44 %

Exp 10 1436 1214 222 15.45 %

Exp 11 1436 1296 140 9.76 %

Exp 12 1373.5 896 477 34.75 %

Based on given ICP (mg)

Position [°2Theta]

20 30 40 50 60

Counts

0

100

400

 Exp7
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magnetic material by applying the same simple magnetic separation as explained above. 

Experiment 11 showed also magnetic characteristics but not any measurable amounts were 

achieved to a magnetic fraction.  

4.5.3 Composition of Iron Precipitates According to SEM/EDX 

All iron precipitates were analyzed by SEM/EDX in order to identify phases and 

compositions of the material. Analyses similar to the analyses done of the thin sections were 

made. The material was fixed to carbon tape and excess iron bearing material was removed by 

blowing air towards the sample. Carbon acts as conducting material and is not taken into 

account in the final element compositions.  

All analyses given were normalized with respect to oxygen, since oxygen is expected to be 

present in the sample in large amounts. SEM/EDX is, unlike ICP-OES able to take nitrogen 

and oxygen into account. These two elements were found to be present in large amounts in the 

sample. Nitrogen and oxygen are calculated towards heavier elements like Fe and Si with 

standards, (Silvander, L., ÅAU, Personal communication, June 2013). Most of the samples 

also contained sulphur according to SEM/EDX. Close to 100% of the sulphur remained in 

solution in 9 experiments out of 12 even if iron was precipitated end filtrated, according to 

ICP-OES, which is in contradiction to the results given by SEM/EDX. (cf. Table 17)  

No distinct phases of magnetite were found by SEM/EDX, even if iron rich areas were 

analyzed. A reason for this might be that the distinct magnetite particles are so small that it 

becomes hard to analyze only magnetite since the sample contains other particles as well. An 

even larger magnification could have been able to give the analysis of a distinct magnetite 

rich particle. All iron precipitates show a presence of sulphur and nitrogen in significant 

amounts. A high sulphate content is expected in the solution going to iron precipitation, since 

both magnesium and iron are expected to be found as soluble sulphates in the reacted material 

coming from the rotary kiln. Nitrogen could be assumed to be present in the final product. It is 

added as ammonium sulphate for the thermal reactions and later as ammonia solution to 

increase pH to achieve precipitation. It is found that most of the iron precipitates are 

containing twice as much nitrogen as sulphur (molar %). Considering the formula for 

ammonium sulphate, (NH4)2SO4 it becomes obvious that two nitrogen atoms are needed for 

every sulphur atom. Magnesium is another element found in significant amounts in the 

precipitation. If the formation of insoluble magnesium species is a result of too high pH, it 

could be assumed to be present as magnesium hydroxide, Mg(OH)2.   

Ammonium sulphate is decomposed to ammonia gas and sulphur oxides gas upon heating, 

Still, there might be some unreacted material which is dissolved in water together with iron 

and magnesium. For the last eight experiments where ammonia was used, it is expected to 

find even higher amounts of ammonium ions in the solution. Upon filtration, there might be 

some ad/absorption of the ammonium and sulphate ions to elements in the solution due to 

decrease in water content. Additional subsequent washing of the material should be able to 

decrease the amount of nitrogen and sulphur in the iron precipitate. 
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Results from analyses of material from experiment 7 are shown in Figure 24 and Table 20. 

The sample was found to contain more magnetic material than the other precipitates when 

magnetic separation was applied. Attempts were therefore done to find magnetite rich areas 

by SEM/EDX. The analyzed points, however, show that several different elements could be 

found at every point. As discussed above, the molar amount of sulphur seems to be 

approximately half of the molar amount of nitrogen, which could indicate that ammonium 

sulphate is present together with the iron. The amount of hydrogen are not given in the 

analysis by SEM/EDX, but are expected to be found mainly in absorbed/adsorbed ammonium 

ions and as hydroxides. 

 

Figure 24. SEM image of an sample of iron precipitate (experiment 7) where nearly all of the material could be 

separated from the sample magnetically. 

Table 20. Element analyses of areas in Figure 24. All compositions are normalized with oxygen. 

Atom %   N-K   O-K  Mg-K  Al-K  Si-K   S-K  Ca-K  Cr-K  Mn-K  Fe-K  Cu-K 

Exp7_pt1 9.27 67.76 2.45 1.57 1.02 3.94 
 

0.27 0.19 12.86 0.68 

Exp7_pt2 8.09 58.14 2.91 1.34 0.85 5.18 
 

0.44 0.34 22.71   

Exp7_pt3 9.23 56.62 1.29 1.51 1.23 6.48 0.21 0.34 0.2 22.4 0.48 

 

Figure 25 shows some grains of the iron precipitate achieved in experiment 9. Lithuanian rock 

was used and iron precipitation was done at 40⁰C with nitrogen gas to ensure low oxidizing 

conditions. Table 21 gives element analyses for the three areas marked in the figure. The same 

trend is found in the analyzed areas of nitrogen, being present two times more than sulphur. 

20 atom% of iron is found in point 3, which corresponds to nearly 44 wt% of iron. However, 

the main point of the SEM/EDX analyses was to see if any compositions, distributions or 

specific grains could be found. Figure 25 clearly shows that the composition might vary in the 

precipitate. Lighter areas indicate heavier particles, while the darker areas indicate not as 

heavy particles. This could be seen both from the image and from the area analyses shown 
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Figure 25. It is clear that the iron content is varying from one grain to another in the sample. 

Iron is also the heaviest element amongst the found elements, seen on the molar mass which is 

55.85 g/mol. 

 

Figure 25.SEM image of an sample of iron precipitate (experiment 9) where half of the material was possible to 

remove using a magnet.  

Table 21. Element analyses of areas in Figure 25. All compositions are normalized with oxygen. 

Atom%   N-K   O-K  Mg-K  Al-K  Si-K   P-K   S-K  Cl-K  Ca-K  Mn-K  Fe-K 

Exp9_pt1 11.97 65.25 5.25 0.09 0.71 0.26 6.11 0.17 0.09 0.19 9.92 

Exp9_pt2 18.95 59.13 5.95 
   

15.3 
   

0.67 

Exp9_pt3 9.11 57.92 6.4 0.09 0.73 0.2 5.39 0.4     19.76 

 

A trend towards more homogenous material could be noticed by looking at the precipitates of 

the first experiments. Sodium hydroxide was used instead of ammonia in these experiments. 

The concentration of sodium hydroxide was also lower than for ammonia (0.1 M versus 13.4 

M). This resulted in slower increase of pH, which could have influenced the homogeneity as 

well. However, no magnetic material was found in the case where sodium hydroxide was 

used. Images of the iron precipitates from the three first experiments are shown in Figure 26. 
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Figure 26. SEM images from the three first experiments. No magnetic material was found in these samples when 

applying simple magnetic separation. 

Table 22 . SEM/EDX element analyses corresponding to the images in Figure 26. 

 

Some changes to the suggested ÅAU process will be given after analyzing the results and it 

was found that magnetite could be possible to precipitate. By increasing temperature and 

keeping low oxidizing conditions it can be possible to precipitate magnetite instead of 

goethite, as the iron precipitate was suggested to contain by Nduagu et al., (2012a). Figure 27 

below shows the proposed changes which will make it possible to precipitate magnetite 

instead of goethite. The figure can be compared with Figure 9 in section 2.4.3. Temperatures 

up to 60⁰C were tested, but precipitation at even higher temperatures could be investigated. 

Atom%   N-K   O-K  Na-K  Mg-K  Al-K  Si-K   S-K   K-K  Ca-K  Cr-K  Mn-K  Fe-K  Ni-K  Cu-K

Exp1_pt1 7.69 64.99 1.37 1.3 0.35 2.12 3.8 0.24 0.45 17.08 0.61

Exp1_pt2 7.52 62.71 1.35 0.3 1.52 4.12 0.14 0.17 0.57 20.72 0.87

Exp1_pt3 9.85 61.39 1.16 0.29 1.6 3.18 0.09 0.48 21.15 0.82

Exp1_pt4 7.2 64.79 2.3 0.94 0.45 3.25 2.82 0.08 0.12 0.22 0.42 16.78 0.63

Exp2 250x (1)_pt1 3.94 60.28 2.95 0.36 1.45 7.19 0.36 21.32 1.26 0.9

Exp2 250x (1)_pt2 7.51 48.21 4.31 2.96 0.15 0.64 16.5 0.28 0.23 18.06 1.17

Exp3 250x (1)_pt1 10.58 70.27 1.22 0.19 0.75 4.44 0.12 0.09 11.87 0.24 0.25

Exp3 250x (1)_pt2 10.61 54.87 1.2 1.65 0.21 0.97 8.42 21.55 0.53
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Figure 27. Suggested changes to the ÅAU process based on the results for iron precipitation where magnetite was 

precipitated. 

4.6 Iron and Magnesium Extraction from Lithuanian rock 

at lower temperature  
All experiments planned in the Experimental Design plan for Lithuanian serpentinite were run 

at temperatures already suggested and optimized by other authors (Stasiulaitiene, 2010, 

Stasiulaitiene et al., 2011 and 2013). Lithuanian rock has often been reacted at higher 

temperatures than the Finnish rock. A few experiments were therefore run in order to see if it 

becomes possible to extract iron and magnesium to the same extent at lower temperatures. 

Results from the experiments with Lithuanian rock were also compared with a similar 

experiment done with the Finnish serpentinite.  Experiments were run in the same furnace 

used for the tests analyzing the precipitates by the ferrozine method, see Figure 13 in Chapter 

3.   

Table 23 gives extractions of iron and magnesium. This could be compared with Table 16, 

which shows the extraction achieved using the rotary kiln. Both iron and magnesium 

extractions were reported much lower than for the rotary kiln experiments. Nduagu (2012) 

reported somewhat higher extractions of magnesium using the smaller furnace, while the iron 

extraction became somewhat higher in the rotary kiln. 
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Both iron and magnesium extraction remained at similar levels even if temperature was 

lowered. Magnesium extraction was 24% for both Finnish and Lithuanian serpentinite. Iron 

extraction, however, was calculated to only 2 and 3% for the Lithuanian rock. See results 

from ICP-OES analyses in appendix A6. 

Tests show that it might be possible to reach similar extractions even at lower temperatures, at 

least as far as magnesium is concerned. More tests should be conducted in order to optimize 

the process. It would also be interesting to run experiments in the rotary kiln in order to scale 

up the process. Extractions of iron and magnesium were also reported to be higher using the 

rotary kiln, see Table 16. 

Table 23.Calculated iron and magnesium extractions from experiments run in the furnace shown in Figure 13. 

 

 

4.7 Determination of Fe2+/Fe3+ Ratio by the Ferrozine 

Method 
Figure 14 in section 4.1 suggests that iron could be present as hematite or ferrous sulphate in 

the actual temperature range where experiments have been run. This can explain why it is 

hard to reach a higher iron extraction than, at best, around 50% for Lithuanian serpentinite 

(Stasiulaitiene, 2013). Much iron will stay in the first silica rich precipitate since hematite is 

insoluble in water. Mizutani et al. (2008) studied the presence of Fe
2+

 and Fe
3+

 to find 

optimum parameters for magnetite formation. The ferrozine method was thus used in order to 

Rock type FINNISH SERPENTINITE

Batch no. Low T High T Low T

Reaction time 60 min 30 min 60 min

Temperature 430⁰C 535⁰C 430⁰C

ICP-OES

Fe (mg/L) 135 48 59

Mg (mg/L) 1060 1024 1031

Dilution (ml) 100 100 100

Serpentine tot (g) 2,00 2,00 2,00

Fe in rock (wt%) 10,1 9,7 9,7

Mg in rock (wt%) 21,8 21,3 21,3

Fe ext (g) 0,01 0,005 0,006

Fe ext (%) 7% 2% 3%

Mg ext (g) 0,106 0,102 0,103

Mg ext (%) 24% 24% 24%

LITHUANIAN SERP. 980/630
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detect the oxide state of iron before precipitation. The results might give an explanation to the 

behaviour of the different serpentinites used.  

According to the reference samples run with a Mohr’s salt ((NH4)2Fe(SO4)2 ) solution and 

according to Stookey (1970), ɛ could be determined to 27900 l/cm·mol. The length of the 

cuvette, l, was 1.0 cm.  

Experiments done with the Finnish serpentinite showed that at least 79% of the iron was 

present as Fe
2+

. In order to get knowledge about the oxidizing rate of the iron in a solution, a 

similar test with ferrozine was run at a sample which was 1 h old and another sample from the 

same batch after 24 h. Results show a slight decrease from the initial 79% to 78% of Fe
2+

. The 

reason for this is probably oxidation with air and with oxygen present in the water since 

deoxygenated water was not used when dissolving the sample.  

Similar experiments were done with Lithuanian serpentinite. The amount of Fe
2+ 

remained 

constant at 97% in1h and 24 h old solutions.  

Possible oxidation of Fe
2+

 to Fe
3+

 ions could take place over time when working in aerobic 

conditions with the solution analyzed by the method. However, oxidation will proceed faster 

at neutral conditions (pH close to 7) but is slowed down at lower pH, (Morgan and Lahav, 

2007). All solutions obtained after the first filtration of unreacted rock and silica have shown 

pH below 7, see Appendix A5. This might explain why the oxidation seems to proceed very 

slowly in the two solutions analyzed with respect to iron ions also. 

Some of the initial solutions obtained (after filtrating the dissolved material from the 

solid/solid reaction) were allowed to stay unreacted for several days until it was possible to 

run any experiments were iron finally was precipitated. Changes in Fe
2+

/Fe
3+

 ratio by time 

might have an effect on the magnetite formation since a ratio closer to 0.5 will have a positive 

effect on magnetite formation according to Mizutani et al. (2008). However, the results show 

that very little change in oxidation state of the iron takes place. The different results of the 

precipitates should thus not have been affected by the fact that some of the solutions were 

allowed to stay for some days. 

It was observed that the absorbance was increasing every time it was measured after addition 

of the ascorbic acid. The solution should have had enough time to react with ferrozine 

completely but the absorbance was increasing even if an hour passed from the addition of the 

ascorbic acid. Attempts were therefore made to find the absolute total value of iron in 

solution. If any small invisible particles of iron were left in the samples after filtration and 

slowly dissolved in the water, this could explain the increase of absorbance. A sample was 

prepared according to the description in section 3.2.7 and the total iron gave an absorbance of 

0.784 which corresponds to an iron extraction of 9.3%, see Table 24. The measured ratio 

between Fe
2+

 and Fe
3+

 is still expected to be accurate and will give an indication of the 

presence of the two iron ions in the two solutions. Values were calculated using equations 

(3.1)-(3.3) on page 34. The summary of these calculations is given in Table 24. 
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Table 24. Presence of Fe2+and Fe3+ in solutions obtained after filtration of silica. A total amount of iron was analyzed 

only for the Finnish serpentinite.  

 

An equilibrium diagram was created in HSC in order to meet the conditions of the Lithuanian 

rock based solution before precipitation, were almost only ferrous ions were found to be 

present. Figure 28 is given as a complement to Figure 14.  

If hematite still is assumed to be one of the possible iron compounds which can form, iron 

will consist of both iron sulphate and hematite in the actual temperature range. The formation 

of hematite, however, would require oxidation of the present ferrous iron to ferric iron first.  

If hematite is formed, this could explain why it is hard to get better iron extractions than the 

19% that was achieved in this thesis. Hematite will end up in the first filtrate and does not 

dissolve in water. In comparison with Figure 14 it can be seen that hematite will form even if 

iron is present as a mixture of Fe
2+ 

and Fe
3+

, but not as much as in Figure 28. This could 

explain why the extractions of iron became lower for the Lithuanian rock than for the Finnish 

rock. 

 

Figure 28. Thermal composition if soluble iron initially is assumed to be present only as ferrous iron. 

Most magnetic material was achieved in the case were Finnish rock was used. One iron 

precipitate originated from the Lithuanian rock also contained some magnetic material, but 

not as much as for the Finnish sample. The presence of both ferrous and ferric ions could 

Finnish serpentinite 1 h 24 h Finnish serpentinite Total Iron Lithuanian serpentinite 1 h 24 h

A1 [Iron(II)] 0.547 0.552 - A1 [Iron(II)] 0.360 0.357

A2 [Iron tot] 0.693 0.711 A2 [Iron tot] 0.784 A2 [Iron tot] 0.371 0.368

Fe[2+] 78.9 % 77.6 % Dissolution factor 118.616 Fe[2+] 97.0 % 97.0 %

Fe[3+] 21.1 % 22.4 % [Fe]in BFZ sol (mol/l) 2.81E-05 Fe[3+] 3.0 % 3.0 %

Fe[2+]/Fe[3+] 3.747 3.472 [Fe] in sample (mol/l) 0.003 Fe[2+]/Fe[3+] 32.727 32.455

m(Fe ext) (mg) 13.87 14.23 m(Fe ext) (mg) 18.62 m(Fe ext) (mg) 7.43 7.37

Fe extraction 6.9 % 7.1 % Fe extraction 9.3 % Fe extraction 3.71 % 3.68 %
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explain why it could be easier for the Finnish rock to form magnetite since the presence of 

both iron ions will make it possible to precipitate magnetite through more of the suggested 

mechanisms described in section 2.5.2. 

 

4.8 Theoretical Mass Balance 
A theoretical mass balance for the thermal reaction of serpentinite and ammonium sulphate 

was set up. Initial values used were based on the ingoing material of 40 g serpentinite and 60 

g ammonium sulphate. It was found that the ratio of  [Fe2+]/[Fe3+] was very high, indicating 

the excess presence of Fe
2+

 ions, see section 4.7. XRD analyses of the serpentinites, however, 

show that magnetite is present in the samples. This indicates that the iron in the serpentinite 

could be present as a mixture of Fe
2+ 

and Fe
2+ 

ions. 

A theoretical mass balance was made assuming that iron is present as both magnetite (Fe3O4) 

and wustite (FeO) in the rock, see Table 25.  For more detailed tables with individual 

reactions for iron and magnesium respectively, see Appendix A4. FeO is given as main 

compound in the Finnish serpentinite and Fe3O4 in the Lithuanian serpentinite according to 

XRD analyses made of the rocks, see Appendices A1 and A2. Table 25 is calculated assuming 

50% of magnetite and 50% of wüstite. This will result in a final mixture of 75 at%  ferrous 

and 25 at% ferric sulphates. This will almost meet the results obtained in section 4.7, where in 

was shown that the Finnish serpentinite derived solution roughly contains 78 % ferrous and 

22 % ferric ions. 

The total iron content is assumed to be 10 wt% of the serpentinite, which is close to the 

analyses given of both the Lithuanian as well as the Finnish serpentinite.  

Calculating the mass balance from magnetite and wüstite will give rise to an intermediate 

reaction where sulphur dioxide is used, see reaction (2.10) under section 2.4.3. The 

calculations are based on the assumption that the sulphur dioxide will react further with 

magnetite to produce even more iron sulphate, see reaction (2.11).  

Table 25a-c. Theoretical mass balance assuming that 50% of iron is present as Fe3O4 and the rest of FeO. 

 

Theoretically it should be possible to get as much as 43 g of magnesium sulphate (Table 25b)) 

and 14 g of SiO2. This value could be compared with the amounts of insoluble material which 

was filtrated before any precipitation of iron and magnesium takes place, which has been in 

the range of roughly 31-36 g, see raw data in Appendix A5. From this value it could be 
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assumed that some of the material (17-22g) still remains unreacted after heating in the rotary 

kiln. The total massof ferrous and ferric sulphates is calculated to be 12 g in total, based on 

the initial presence of 10wt% iron in the serpentinite. Around 1.5 g of the total fed material 

corresponds to impurity elements and are not taken into account in the calculations. 

Therefore, the balance gives a total mass of ingoing material for the calculations as 98.54 g. 

From Table 25 it can also be seen that the amount of ammonium sulphate should be enough 

for the reactions to occur. 

 

4.9 Reduction Tests by TGA/DTA 
Three different samples were run through the same temperature program using TGA/DTA, 

see results in Figure 29. The main idea of the tests was to study how the samples containing 

different iron precipitates behaved in comparison with a sample consisting of a known iron 

product, given as 98% pure magnetite. Magnetite as reference sample was chosen since the 

intention in this study was to change the existing process to get magnetite as by-product 

instead of goethite. Maximum temperature was 900⁰C and possibly wüstite (FeO) and some 

metallic iron (Fe) could form during the reaction.  

4.9.1 Weight Loss during Reduction 

Calculations were done in order to get a theoretical value of the reduction degrees depending 

on different reduction degrees. Values are shown in Table 26.  

Table 26. Theoretically calculated reduction degrees of iron oxides. Calculations are based on the assumption that 9 

wt% bentonite in the sample will remain unreacted during reduction.  

 

A theoretical weight loss of 6.9 wt% was calculated from the reaction where magnetite is 

reduced to wüstite. Sample magnetite 98% (reference sample containing nearly pure 

magnetite) was reaching a weight loss of 6.5 wt% at a temperature over 700⁰C and in 

reducing environment, see Figure 29, which is giving a reduction degree of;  

                    
   

   
       

The calculations are based on the assumption that all magnetite is assumed to be reduced to 

wüstite.  

Running the magnetite rich iron precipitate (containing iron precipitate from Experiment 7) 

through the temperature program gave a weight loss of 23.9 wt% in the reducing environment 

Reaction Formulas Reduction degree (wt%)

1 FeOOH Fe2O3 9.2 (takes place without reducing gases)

2 Fe2O3    FeO 9.1

3 Fe2O3    Fe 27.1

4 Fe3O4    FeO 6.9

5 Fe3O4    Fe 25.2
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between 700-900⁰C. Reduction of, goethite iron 32 (containing iron derived from Portuguese 

serpentinite), resulted in a weight loss of 19.9 wt% during reduction, see Figure 29.  

All values of the weight losses during reduction (mentioned above) are calculated with 

starting weight taken at the start of reduction at 700⁰C. Larger weight loss in the samples 

containing iron precipitates might indicate that more reduction reactions take place than in the 

sample containing nearly pure magnetite. One explanation can be that magnetite was much 

fine-grained than the iron precipitates with a particle size smaller than 5 microns. A finer 

initial product might give rise to a more compact product, decreasing the possibilities for the 

reducing gas to enter the center of the aggregates.  

Another option is that the magnetite has lower reducibility. As mentioned in the literature 

study, magnetite fed to the blast furnace could give rise to a dense wüstite phase decreasing 

the possibilities for further reduction to metallic iron, (Björkman, 2009).  

Values of the weight losses for both samples containing iron precipitates are agreeing with the 

values for full reduction, in comparison to the pure magnetite sample, magnetite 98%, where 

the weight loss seems to meet the reduction from magnetite to wüstite.  

Reduction degrees were therefore calculated, assuming that the iron precipitates reach full 

reduction and that main initial component is magnetite and hematite, respectively; 

                                 
    

    
       (Reduction from Fe3O4 to Fe is assumed, see Table 26) 

                  
    

    
       (Reduction from Fe2O3 to Fe is assumed, see Table 26) 

Goethite is assumed to decompose, giving the initial composition of hematite at start of 

reduction in the calculations above. 

Goethite (hematite) was fully reduced to metallic iron already at temperatures of 700-770⁰C 

according to Miura et al., (2011). If the addition of thermoplastic resins is compared with the 

sudden addition of CO rich gas, there might have been a possibility for the samples in this 

study to be fully reduced as well. 

There is a difference in reduction degree which could be explained by the fact that goethite 

needs to react in more steps before it is fully reduced to metallic iron. It should be pointed out, 

however, that the calculations are based on assumptions of the samples being either pure 

magnetite or pure goethite, which might be too simplistic. More experiments and analyses of 

the final product should be done in order to give more definite conclusions. The sample 

magnetite rich iron precipitate, for example, is most likely a mixture of magnetite and 

goethite. Goethite iron 32, however, should mainly contain goethite since the proposed ÅAU 

process was used to obtain the sample. Since these two samples show very similar behavior 

throughout the whole temperature program, it could be assumed that the main fraction of the 

iron in the magnetite rich iron precipitate still is present as goethite, even if magnetite also 

was found according to XRD.  
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4.9.2 Weight Loss before Reduction 

A total remaining weight is given for all samples in Figure 29. Magnetite 98% was losing 

weight by 8.3 wt% and corresponding values are 40 wt% and 48.1 wt% for goethite iron 32 

and magnetite rich iron residue, respectively.  

The weight loss is over 20 wt% for the two iron precipitates already before the reducing gases 

are added, which could be compared with 2% weight loss in the magnetite sample. All 

samples were dried at the same temperature and for several hours, which should give nearly 

equal water content remaining in all samples. This amount, however, is assumed to be very 

low, since magnetite 98% only lost 2wt% before the reducing gases were introduced. All 

water should have been evaporated before the reducing stage started. Goethite iron 32 and 

magnetite rich iron precipitate are both samples containing impurities. These might evaporate 

upon heating, increasing the weight loss which is noticed before reduction starts. If iron is 

present as goethite, there is also a possibility to achieve a weight loss of approximately 9 wt% 

when it is decomposed into water and hematite, see Table 26.  

If any ammonium and sulphate ions are present as ammonium sulphate in the sample, as 

analyses by SEM/EDX indicate, it might decompose at low temperatures as well. Ammonium 

sulphate starts to decompose at 100⁰C when ammonia, NH3(g), is evaporated. Its 

decomposition temperature is 235⁰C, which will give rise to formation of different gases, 

(Halstead, 1970). This will, naturally, also decrease the weight of the solid sample.  

The structure of Mg(OH)2 (if it is found together with the iron precipitates) will also change 

upon heating. This might also contribute to the weight change. Hydrogen will evolve at 300-

600⁰C and oxygen at 600-900⁰C according to Martens et al., (1976). A suggestion becomes 

hereby that the first marked area in Figure 29 between 100-170⁰C correspond to some kind of 

water loss, either by mechanically or chemically bonded water. At a temperature of 390-

460⁰C decomposition of ammonium sulphate or magnesium hydroxide apparently occur. The 

magnesium content in the magnetite rich iron precipitate was calculated to 7.3 wt% which 

could contribute to a visible weight loss when it starts to decompose. A change at the same 

temperature could be seen studying the weight loss for the goethite iron 32 sample. 

Magnesium in this sample was calculated to 4.2 wt%, which could explain why this change is 

much smaller. Some reaction could still take place, since the temperature difference is 

changing at the same temperature and time for both samples. 

Approximately 5-10 wt% are lost in both samples containing iron precipitate between 170 and 

390⁰C. This could explain the decomposition of goethite, which was reported to take place at 

temperatures between 180-300⁰C (McCann et al., 2004, Miura et al., 2011, Ruan et al., 2001).   
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Figure 29. TGA/DTA results from three experiments. Upper image shows change in weight as function of time and the 

lower image shows enthalpy changes.  Blue dashed lines combining the images shows transformations giving raise to 

endothermic or exothermic reactions. Final weight of all samples is given in the upper figure.  

 

Looking at Figure 30 in the Fe-O equilibrium diagram, it could be seen that iron should have 

the possibilities to be reduced to metallic iron applying the chosen gas composition of 15% 

CO2 and 30% CO which gives a ratio on the y-axis of 67(%). A ratio of at least 60 is needed 

to reach full reduction of iron at 700⁰C. 



-Utilization potential of iron oxide by-product from serpentinite carbonation- 
-Evelina Koivisto- 

 

64 

 

Gas composition in the experiments was kept constant from 700 to 900 ⁰C. When temperature 

is increased, the system will move to the right in the diagram, reaching the stability field of 

wüstite. The reaction is exothermic. According to the diagram it could be possible to reach a 

mixed iron-wüstite phase. Looking at the upper diagram in Figure 29, a very slight weight 

increase could be noticed after the reduction seems to be completed (around 750-900⁰C). It 

could be explained by the fact that some Fe will form FeO as a result of increased 

temperature, according to Figure 30.    

 

Figure 30. Fe-O equilibrium diagram with CO-CO2 stability line, (Biswas, 1981). The stability lines for hydrogen are 

not considered. The actual reducing conditions are marked with a dotted line in the diagram  

 

4.10 Method Discussion 
Evaluation of the Experimental Design and short discussion about the analysis methods used 

are following below. 

Experimental Design 

16 planned experiments were reduced to 12 experiments due to the fact that no better results 

were achieved using sodium hydroxide instead of ammonia solution. Even if the sodium did 

not end up in the iron precipitate, it might lead to contamination later in the process. Iron 

precipitated with sodium seemed to result in a fluffier final product than the iron precipitated 

with ammonia. Any reason for this has not been investigated. Initial solution obtained from 

the samples showed approximately the same iron and magnesium extractions. This makes it 

more clear when the final results are compared.   

Constantly Changing Composition 

Serpentinites could be found with very varying composition of both magnesium and iron. The 

analyses are based on the assumption that all material fed to the rotary kiln had the same 



-Utilization potential of iron oxide by-product from serpentinite carbonation- 
-Evelina Koivisto- 

 

65 

 

composition, even if there is a possibility of the material to vary in composition. This is also 

the reason why no calculations have been done on the energy demand of magnetic separation. 

Precipitation of iron by the studied method makes it possible to handle rocks of different 

composition. Comparisons between different methods are, however, something that is 

suggested for future work.    

Particle Size 

This study was done using only one particle size fraction for the experiments in the rotary 

kiln. Particles in the size range of 125-250 μm were used since other parameters tested by 

Nduagu (2012) in the rotary kiln were based on this fraction. A particle size fraction of 75-

125 μm was used for the experiments run in the smaller furnace. Nduagu (2012) already 

studied the effect of iron and magnesium extraction with decreasing particle size, which will 

increase the finer the material is. The finer the material is grinded, however, the more energy 

will also be needed. Using different particle size fractions was determined to be out of the 

scope of this thesis since this already was done by Nduagu (2012).  

ICP-OES  

Main analysis method used in this study.  Accuracy is relatively high with a RSD of 1-3%, 

which means that the given element analyses might vary with maximum 3%. The method was 

not able to measure nitrogen, which according to SEM/EDX seemed to be an element present 

in all samples. The method has been used by other researches in the field, which might make 

comparisons to previous papers and studies more straight forward. Iron begun to precipitate in 

some of the samples analyzed by ICP-OES. 30% hydrochloric acid was in these cases used to 

dissolve the samples. Ten drops were added in the worst case. A total of ten drops could affect 

the analysis result by maximum 1.0%. The possible difference has not been taken into 

account.  

Magnetic Separation 

Magnetic separation was used to give a clue about the magnetic susceptibility in the sample. 

More accurate methods should be used in order to be able to make more comparisons between 

the samples. Two samples were, however, found to contain measurable amounts of magnetic 

material. This was not found in the other samples. 

SEM/EDX 

By looking back and analyzing analyses methods, SEM/EDX was not seen as the best option 

when analyzing the iron precipitates obtained in this study. SEM/EDX was chosen in default 

of better methods at that time. The expectation was to detect specific phases in the sample. 

Since some of the phases formed most likely consist of very small particles together with 

amorphous phases, it became hard to get analyses of these. One finding which should be 

pointed out, however, was the presence of sulphur and ammonia in the samples. Additional 

washing could decrease the presence of these elements in the final product. It should also be 

mentioned that most accurate element analyses are given when flat surfaces are analyzed. The 

particles analyzed here were not prepared in a way so that this was achieved. Indications of 

the compositions, however, could still be given. If the image is magnified too much in 

SEM/EDX, there will be a risk that the X-rays will cover a larger area than the chosen area 
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give in the image. This will not happen at the magnifications presented in this study, but could 

be the case if nanoparticles of magnetite particles would have been analyzed.   

XRD 

Three samples of the obtained iron precipitates were initially analyzed with XRD. Only one 

sample showed the presence of magnetite while the rest of the samples were too amorphous to 

be able to be analyzed by XRD. No other samples were thus analyzed.  

Analyses by XRD on the products obtained from the solid/solid reaction with ammonium 

sulphate and serpentinite could give indications about the iron compounds obtained. This 

could also have helped to improve the following process route for iron precipitation. It could 

also show more differences between the Finnish and the Lithuanian serpentinite than were 

studied in this thesis. It is, however, hard to get a representative amount of solid sample from 

the glass tube in the rotary kiln.This was therefore not done in this thesis. 

XRF 

XRF could be a preferable analysis method to get accurate element analyses of the samples. 

This analysis method, however, was not possible to use in this study since the weight of the 

samples were too small. XRF analyses would also have confirmed that the ICP-OES results 

showed consistent results. 

TGA/DTA 

Focus in this report has been put on the work of finding a possibility to precipitate magnetite 

instead of any other iron (hydr)oxides. If further experiments would have been conducted 

regarding the reducibility and strength of the pellets, the initial experiments would have been 

done differently. Oxidation of magnetite to hematite should have been done, followed by 

reduction, to meet reality. It was still of main interest to see how the iron products would react 

in reducing environment first, while reduction was chosen in the first step in this study. Some 

other reference sample than magnetite should have been added to the reduction tests 

compared. A suggestion is goethite since both iron samples finally seemed to contain a lot of 

goethite, even if one of the samples (from Experiment 7) contained a lot of magnetic material. 

Larger pellets should tell more about the strength before and after reduction. Smaller 

aggregates were produced this time to ensure better distribution of the material within the 

aggregated. By rolling larger pellets there is a possibility of for example some of the bentonite 

to aggregate together within the pellet.  

Portuguese Serpentinite 

This iron precipitate was mainly used because of the need of getting sufficient amount of iron 

precipitate to produce agglomerates for reducing experiments. The amounts of iron from 

Experiment 1-12 were too small to have enough material for finding a proper composition of 

iron precipitate and bentonite. Thus the iron precipitate from the Portuguese serpentinite 

became a test material.  
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5 Final Conclusions and Suggestions 

for Future Work 
Final conclusions and suggestions for future work are given. 

5.1 Final Conclusions 
This study has provided some information about the iron oxide product, which is a by-product 

from serpentinite carbonation. Attempts were mainly focused on possibilities to achieve a 

magnetite product, which later could be used for iron and steel making. Another focus was 

kept on closer studies of the precipitates, since compositions as well as structure are important 

factors when the material is charged to the blast furnace.  

Close to 20wt% of the iron was extracted in the best case in this study. According to the 

theoretical calculations and taking an iron efficiency of 25% into account, it would be 

possible to replace 16% of the pellets used by Ruukki assuming that all CO2 emissions of the 

plant were sequestered at the same time. Both serpentinites used in the study were estimated 

to contain iron of approximately 10wt%. The calculations for iron replacement were based on 

this number. 

Earlier investigations showed the possibilities for magnetite formation in an iron sulphate rich 

solution at temperatures between 40 and 60⁰C, with a slightly decrease in magnetite content at 

the lower temperature. Similar findings could be seen in this study. The two samples found to 

be magnetic were precipitated at 40⁰C under nitrogen gas supply and 60⁰C at air atmosphere 

containing some (Experiment 9) and much (Experiment 7) magnetic material, respectively. 

These experiments show that an increased temperature together with low oxidizing conditions 

and sufficient time for the iron to form magnetite will be needed.   

No evidence for the need of using nitrogen was given by this study. Sufficiently low oxidating 

conditions seemed to be obtained by the use of a closed vessel. One of the most magnetic 

precipitate was formed at a temperature of 60⁰C under air conditions. Finnish serpentinite was 

used in the experiment. Analyses of the initial solutions showed that the Finnish serpentinite 

derived solution contained more ferrous ions than the solution obtained using Lithuanian rock. 

This might explain why it was easier for the Finnish rock derived solution to form more 

magnetite than the corresponding solution from Lithuanian rock. 

If properly optimized, it is expected that the process could yield an end product mainly 

consisting of magnetite. It is suggested that the product should be pelletized before further 

reduction and refining at the steel plant. Magnetite will release a significant amount of heat, 
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which will improve the process. Drawbacks of adding magnetite into the blast furnace was 

discussed in the theoretical background of this study. 

Briquetting is another option, since a material of less good quality could be added into these. 

However, the main point for briquetting is to recycle iron bearing waste material arising at the 

steel plant. A better option would from this point of view be to add the material as pellets. It is 

then assumed that the material has a sufficiently high amount of magnetite. 

 

5.2 Suggestions for Future Work 
Suggestions for future work leads immediately to think about the importance of running more 

experiments in order to see if the magnetite formation could be improved. As presented, two 

of twelve experiments were found to contain visible amounts of magnetic material by 

applying magnetic separation after the precipitation. A XRD analysis of one of the magnetic 

samples confirmed that the magnetic sample in fact was containing magnetite.  

Thus experiments show that it is possible to precipitate magnetite as by-product from 

serpentinite carbonation. More experiment should be conducted to optimize the process. 

Suggestions are that larger temperature intervals should be tested and that different 

concentrations of the added alkali could have influence on the process. The last parameter 

mentioned was not tested in this study. Alkali in low concentrations will increase the volumes 

added. It is thus preferable to use an (ammonia) solution with high concentration to make the 

process flows easier to handle.  

Depending on where the minerals are found, it could be profitable to crush the material 

sufficiently much to be able to separate iron from the rock before further processing of the 

magnesium. Calculations for this were not done due to time limits and the extent of this 

project. Calculations of the energy demands could be done, taking exergy penalty for the iron 

present in the rock in mind. The exergy penalty assessment for iron was presented by Nduagu 

(2012b). 

More thorough reduction tests should also be run in order to increase knowledge of the 

behaviour of the iron products obtained from precipitation. If larger pellets are produced, it 

becomes easier to perform tests with respect to strength and porosity.  

Effort should first and foremost be put into finding a suitable method to analyze the iron 

precipitates. This would make the work of finding optimal parameters for magnetite 

precipitation easier and more straight forward. 
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Appendix 
 

A1. XRD Analysis Result for Finnish Serpentinite 0-125 µm 
Measurement Conditions:   

Dataset Name SERPENTIINI(0-125) 

 

File name C:\X'Pert Data\RonZ_XRD\SERPENTIINI(0-125).xrdml 

 

Comment Configuration=Pulver, Owner=Kaj Fröberg, Creation 

date=26.11.2007 12:00:51 

Goniometer=PW3020 (Theta/2Theta); Minimum step size 

2Theta:0,005; Minimum step size Omega:0,005 

      Sample stage=PW1768/xx Specimen Shaft 

      Diffractometer system=XPERT 

      Measurement program=Glaze, Owner=Kaj Fröberg, Creation 

date=2.1.2006 10:15:18 

Measurement Date / Time 22.10.2008 12:49:05 

Operator master 

Raw Data Origin XRD measurement (*.XRDML) 

Scan Axis Gonio 

Start Position [°2Th.] 15,0100 

End Position [°2Th.] 59,9900 

Step Size [°2Th.] 0,0200 

Scan Step Time [s] 2,0000 

Scan Type Continuous 

Offset [°2Th.] 0,0000 

Divergence Slit Type Fixed 

Divergence Slit Size [°] 0,5023 

Specimen Length [mm] 10,00 

Receiving Slit Size [mm] 0,1000 

Measurement Temperature [°C] 25,00 

Anode Material Cu 

K-Alpha1 [Å] 1,54060 

K-Alpha2 [Å] 1,54443 

K-Beta [Å] 1,39225 

K-A2 / K-A1 Ratio 0,50000 

Generator Settings 30 mA, 40 kV 

Diffractometer Type 3701000001288227 

Diffractometer Number 0 

Goniometer Radius [mm] 173,00 

Dist. Focus-Diverg. Slit [mm] 73,00 

Incident Beam Monochromator No 

Spinning No 



 

II 

 

 

Main Graphics, Analyze View:  

 
Peak List:  

 
Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] 

15,6469 10,69 0,9446 5,66361 2,07 

19,4465 65,58 0,3149 4,56474 12,72 

20,2727 23,88 0,1968 4,38054 4,63 

24,3917 515,77 0,1378 3,64933 100,00 

26,5951 216,70 0,0590 3,35178 42,01 

30,3366 118,95 0,0590 2,94638 23,06 

35,5280 142,56 0,1574 2,52686 27,64 

36,0394 256,37 0,2362 2,49217 49,71 

42,1154 88,98 0,3936 2,14561 17,25 

51,3939 50,05 0,2362 1,77795 9,70 

57,0214 26,46 0,5760 1,61379 5,13 

Pattern List:  

 

Visible Ref. Code Score Compound 

Name 
Displacement 

[°2Th.] 
Scale Factor Chemical 

Formula 

* 01-075-1550 53 Iron Oxide 0,000 0,172 Fe O 
* 01-073-1720 47 Magnesium 

Iron Oxide 
0,000 0,231 Mg Fe2 O4 

* 00-027-1275 49 Clinochrysoti

le 
0,000 0,888 Mg3 Si2 O5 ( 

O H )4 
* 00-002-0369 20 Sulfohalite 0,000 0,083 Na6 ( S O4 

)2 Cl F 
* 01-078-1252 34 Quartz $-

alpha, syn 
0,000 0,593 Si O2 

Position [°2Theta]

20 30 40 50

Counts

0

100

400

 SERPENTIINI(0-125)



 

III 

 

A2. XRD Analysis Result for Lithuanian Serpentinite  

980/630 (sample used in this study) 



 

IV 

 

XRD Analysis Result for Lithuanian Serpentinite 989/451.7 



 

V 

 

A3. Mineral composition- element composition without 

hydrogen  
 

 

 

All values are calculated from the total amount of atoms in one molecule of the mineral. 

Hydroxide groups are calculated as one atom. 

Name Chemical

formula

O

at%

Fe

at% at% at% at%

Hematite Fe2O3 60.0 40.0

O Fe

Magnetite Fe3O4 57.1 42.9

O Mg,Fe Si

Serpentinite (Mg, Fe)3Si2O5(OH)4 64.3 21.4 14.3

O Ca P F,Cl,OH

Apatite Ca5(PO4)3(F,Cl,OH) 57.1 23.8 14.3 4.8

O Mg,Fe Si,Al OH

Chlorite (Mg,Fe)3(Si,Al)4O10 35.7 21.4 14.3 28.6

(OH)2·(Mg,Fe)3(OH)6

O Ca Mg,Fe,Al Al,Si OH

Hornblende Ca2(Mg, Fe, Al)5 56.4 5.1 12.8 20.5 5.1

(Al, Si)8O22(OH)2



 

VI 

 

A4. Theoretical Reduction Reactions with Serpentinite, 

Fe3O4 and FeO Present in Sample 
 



 

VII 

 

A5. Raw Data from Experiments in Rotary Kiln and 

Following Iron Precipitation 

 



 

VIII 

 

A6. ICP-OES Analysis Results of Initial and Final Solutions 
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IX 

 

A7. XRD Analysis Results of Iron Precipitates 
Experiment. 2. Hitura serpentinite, 60⁰C, N2, NH4OH  

Measurement Conditions:   

 

Dataset Name Exp2 

File name C:\X'Pert Data\Kaj Fröberg\Annat\Exp2.xrdml 

Comment Configuration=Config1, Owner=Kaj Fröberg, Creation 

date=16.6.2005 12:14:01 

      Goniometer=PW3020 (Theta/2Theta); Minimum step size 

2Theta:0,005; Minimum step size Omega:0,005 

      Sample stage=PW1768/xx Specimen Shaft 

      Diffractometer system=XPERT 

      Measurement program=Glaze, Owner=Kaj Fröberg, Creation 

date=2.1.2006 10:15:18 

Measurement Date / Time 22.3.2013 13:52:31 

Operator master 

Raw Data Origin XRD measurement (*.XRDML) 

Scan Axis Gonio 

Start Position [°2Th.] 15,0100 

End Position [°2Th.] 69,9900 

Step Size [°2Th.] 0,0200 

Scan Step Time [s] 1,5000 

Scan Type Continuous 

Offset [°2Th.] 0,0000 

Divergence Slit Type Fixed 

Divergence Slit Size [°] 0,5023 

Specimen Length [mm] 10,00 

Receiving Slit Size [mm] 0,1000 

Measurement Temperature [°C] 25,00 

Anode Material Cu 

K-Alpha1 [Å] 1,54060 

K-Alpha2 [Å] 1,54443 

K-Beta [Å] 1,39225 

K-A2 / K-A1 Ratio 0,50000 

Generator Settings 30 mA, 40 kV 

Diffractometer Type 3701000001288227 

Diffractometer Number 0 

Goniometer Radius [mm] 173,00 

Dist. Focus-Diverg. Slit [mm] 73,00 

Incident Beam Monochromator No 

Spinning No 

 

 

 

 

 

 



 

X 

 

Main Graphics, Analyze View:  

 

 
Peak List:  

 

Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] 
15,2590 50,53 0,5760 5,80191 100,00 
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Experiment. 3. Hitura serpentinite, 40⁰C, N2, NH4OH  

Measurement Conditions:   

 

Dataset Name Exp3. 

File name C:\X'Pert Data\Kaj Fröberg\Annat\Exp3..xrdml 

Comment Configuration=Config1, Owner=Kaj Fröberg, Creation 

date=16.6.2005 12:14:01 

      Goniometer=PW3020 (Theta/2Theta); Minimum step size 

2Theta:0,005; Minimum step size Omega:0,005 

      Sample stage=PW1768/xx Specimen Shaft 

      Diffractometer system=XPERT 

      Measurement program=Glaze, Owner=Kaj Fröberg, Creation 

date=2.1.2006 10:15:18 

Measurement Date / Time 22.3.2013 15:08:39 

Operator master 

Raw Data Origin XRD measurement (*.XRDML) 

Scan Axis Gonio 

Start Position [°2Th.] 15,0100 

End Position [°2Th.] 69,9900 

Step Size [°2Th.] 0,0200 

Scan Step Time [s] 1,5000 

Scan Type Continuous 

Offset [°2Th.] 0,0000 

Divergence Slit Type Fixed 

Divergence Slit Size [°] 0,5023 

Specimen Length [mm] 10,00 

Receiving Slit Size [mm] 0,1000 

Measurement Temperature [°C] 25,00 

Anode Material Cu 

K-Alpha1 [Å] 1,54060 

K-Alpha2 [Å] 1,54443 

K-Beta [Å] 1,39225 

K-A2 / K-A1 Ratio 0,50000 

Generator Settings 30 mA, 40 kV 

Diffractometer Type 3701000001288227 

Diffractometer Number 0 

Goniometer Radius [mm] 173,00 

Dist. Focus-Diverg. Slit [mm] 73,00 

Incident Beam Monochromator No 

Spinning No 

 

 

 

 

 



 

XII 

 

Main Graphics, Analyze View:  
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XIII 

 

 

 
Experiment. 7. Hitura serpentinite, 60⁰C, no N2, NH4OH  

 

 

Measurement Conditions:   

 

Dataset Name Exp7 

File name C:\X'Pert Data\Kaj Fröberg\Annat\Exp7.xrdml 

Comment Configuration=Config1, Owner=Kaj Fröberg, Creation 

date=16.6.2005 12:14:01 

      Goniometer=PW3020 (Theta/2Theta); Minimum step size 

2Theta:0,005; Minimum step size Omega:0,005 

      Sample stage=PW1768/xx Specimen Shaft 

      Diffractometer system=XPERT 

      Measurement program=Glaze, Owner=Kaj Fröberg, Creation 

date=2.1.2006 10:15:18 

Measurement Date / Time 22.3.2013 16:21:22 

Operator master 

Raw Data Origin XRD measurement (*.XRDML) 

Scan Axis Gonio 

Start Position [°2Th.] 15,0100 

End Position [°2Th.] 69,9900 

Step Size [°2Th.] 0,0200 

Scan Step Time [s] 1,5000 

Scan Type Continuous 

Offset [°2Th.] 0,0000 

Divergence Slit Type Fixed 

Divergence Slit Size [°] 0,5023 

Specimen Length [mm] 10,00 

Receiving Slit Size [mm] 0,1000 

Measurement Temperature [°C] 25,00 

Anode Material Cu 

K-Alpha1 [Å] 1,54060 

K-Alpha2 [Å] 1,54443 

K-Beta [Å] 1,39225 

K-A2 / K-A1 Ratio 0,50000 

Generator Settings 30 mA, 40 kV 

Diffractometer Type 3701000001288227 

Diffractometer Number 0 

Goniometer Radius [mm] 173,00 

Dist. Focus-Diverg. Slit [mm] 73,00 

Incident Beam Monochromator No 

Spinning No 

 

 

 



 

XIV 

 

Main Graphics, Analyze View:  

 

 
Peak List:  

 

Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] 
21,1100 139,55 0,1181 4,20864 100,00 
23,3688 69,70 0,2362 3,80671 49,95 
32,0770 36,15 0,4723 2,79039 25,90 
35,5234 51,69 0,6298 2,52718 37,04 
62,6418 24,79 1,1520 1,48183 17,76 

 

Pattern List:  

 

Visible Ref. Code Score Compound 

Name 
Displacemen

t [°2Th.] 
Scale Factor Chemical 

Formula 
* 00-003-0863 46 Magnetite 0,000 0,152 Fe3 O4 
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