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Abstract

Slag is a vital part of metal production, since it removes impurities from the 

metal. As slag is continuously produced, the options are either to dispose slag in

landfill or acknowledge it as a useful product. Slag can be used in many 

different applications, ranging from fertilizer to construction material; in some 

cases, the properties of slag make it a superior alternative to virgin stone

materials. The slag properties and thereby the field of application are

determined by the mineralogical composition of the slag. Slag is considered an 

environmentally friendly material, as long as the leaching of certain elements 

stays below specified thresholds; for leaching of chromium the limit is 0.5

mg/kg for slag to be considered inert material.

The most common approach to studying leaching is to compare leaching 

analyses from slag to deduce which elements and/or phases contribute to or 

prevent leaching of specific elements. With this method each slag type must be 

investigated separately and the results may only apply to that specific slag type.

In this thesis the approach is different: individual minerals are synthesized and 

dissolved separately at various pH to accurately assess their dissolution

capabilities. By studying the dissolution of individual minerals the leaching of 

any type of slag can be anticipated. Slag leaching can then be tailored; for 

example, chromium leaching can be eliminated if all chromium-containing 

phases are removed or not capable of dissolving.
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In this thesis the dissolution - and -dicalciumsilicate, 

merwinte, monticellite, pseudowollastonite and magnesiowüstite with varying 

FeO/MgO ratios are studied. Leaching tests of magnesiowüstite with 4 wt% 

Cr2O3 were also included. The dissolution of each mineral is calculated by the 

acid addition required to maintain a constant pH with 50 mg of mineral in 100 

ml water.

As expected, the dissolution decreases as pH increases, with the exception of 

the dicalcium silicates, which dissolved completely at pH 4 to 10. The 

dissolution of the minerals is largely connected to the elemental composition. In

the silica-based minerals a high Ca ratio promotes dissolution, while a high Si 

ratio impedes the dissolution rate. Both dissolution and chromium leaching of

magnesiowüstite depend on the FeO content, with increasing FeO content the 

dissolution and leaching decrease and magnesiowüstite with at least 60 wt% 

FeO does not dissolve at pH 10. None of the magnesiowüstite compositions

were close to the chromium leaching limit of inert material, 0.5 mg/kg, as the 

highest leaching sample, with 52 wt% FeO, leached 0.069 mg/kg.
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1. Introduction
The earliest evidence of metal smelting dates back 7000 years1. Ever since 

metals were discovered they have had a profound impact on human society. The 

foundations of modern civilization, for instance infrastructure for transporting

water and electricity, are dependent on metal production. 

The major part of metals is produced via the pyrometallurgical route. With 

metal production come byproducts, slag being one of the most abundant.

Worldwide, crude steel production was over 1.6 billion tonnes in 2013 

(www.worldsteel.org, 2015-05-04), solid residue corresponds to about 200 to 

500 kg per tonne of crude steel production2. In Sweden almost 5 million tonnes 

of iron and steel was produced in 2010; at the same time around 1.4 million 

tonnes of iron and steelmaking slag was produced3.

Slag is a vital part of pyrometallurgical metal production. In the furnace oxides

are mixed with slag-forming agents, often oxides themselves. The slag-forming 

agents are added to produce the right amount and composition of slag. The 

molten slag has a lower density than the liquid metal and forms a layer on top 

of the metal. The slag layer works both as a protective barrier against oxidation 

of the metal and as insulation, keeping the heat in the metal. However, the main 

purpose of slag is to remove unwanted elements from the metal4. Unfortunately, 

not only the impurities but also some of the alloying elements in the metal will 

partially oxidize and report into the slag. In steel the alloying elements have 

positive traits, for example, preventing the steel from corroding; however, in the 

slag the same elements can cause problems. For example, chromium, a common 

alloy in steel, may leach if incorporated in slag.
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As an integral part in the pyrometallurgical route, slag is continuously 

produced. The choice is to either regard the produced slag as waste and landfill 

it, or to find a suitable use for it. Slag has been utilized for a long time but its

use as a raw material is gaining in popularity as the cost of landfilling increases

and conservation of natural resources becomes necessary. Directive 

2006/12/EC of the European parliament and the council of the European Union

established that “The recovery of waste and the use of recovered materials as 

raw materials should be encouraged in order to conserve natural resources”.

Solid slag can have many different appearances; some slags look like gravel, 

some like fine sand and some are glossy. Some slags may be amorphous,

lacking a long-range elemental structure, depending on the cooling rate and 

chemistry, but most slags are multicrystalline. This means that slag is built up 

of many different minerals in “grains”. These grains are too small to be seen by

the naked eye and can only be seen using a microscope, see Figure 1.

Figure 1. SEM picture of a slag with 4 different minerals 1: spinell, 2: magnesiowüstite, 3: -dicalcium silicate, 4: 

merwinite

1

2

3

4
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Even though most slags contain the same type of oxides of the elements, 

calcium, silicon, magnesium, iron, manganese, aluminum and chromium, each

slag type has its own mineralogical composition, see examples in Table 1. The 

mineralogical composition depends on the amount of the different elements, 

which depends on raw materials, process unit and kind of metal being 

produced5.

The many different types of slag with diverse mineralogy make slag a versatile 

material with many possible applications; fertilizer and construction material 

are two examples6. In Sweden ground blast furnace slag is used to enhance the 

soil quality, as the slag neutralizes acid and provides silicon to strengthen the 

resistance in plants towards vermin. EAF slag is excellent as a road building 

material, among other reasons, as the bitumen in asphalt and the slag react and 

adhere better than bitumen and virgin material, which results in better wear

resistance and load-bearing capacity3. The different properties of slag are all 

connected to the mineralogical composition. Some properties, like volume 

expansion, disintegration and leaching of some elements, prevent or restrict the 

usage of slag.
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Table 1.Examples of mineralogical composition of some ferrous slags. There are many more different types of slag 

and variations in mineralogical compositions of the mentioned slags.
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2. Leaching and dissolution
In metallurgy there is both intentional and unintentional leaching. In 

hydrometallurgical copper production the main perspective is to extract the 

copper from the ore and the leaching is enhanced by bacteria or acidic liquid.

Slag leaching is unintentional, although it is desired in some applications, e.g. 

in fertilizer. For some elements, like chromium, leaching restrictions must be 

taken inte account if slag is to be considered environmentally friendly. For slag 

to be classified as inert landfill according to the 2002 European Landfill 

Directive (2003/33/EC), the leaching of chromium cannot exceed 0.5 mg/kg in 

a column test. This regulation tends to be followed when judging the suitability 

of slag in applications such as construction material. The restrictions make

leaching a well-studied phenomenon and the leaching of chromium is of 

particular interest.

2.1 Previous chromium leaching research
There are mainly two motives for studying leaching: either to evaluate the slag 

for future use or to determine factors preventing one or more elements from 

leaching. The most frequent leaching approach is to expose slag to water and 

from there deduce which elements and/or phases contribute or prevent leaching 

of the studied element. Kilau et al.7 investigated stainless steel slag with 

different composition from different companies. The authors concluded that the 

CaO/SiO2 ratio together with the MgO content determined the leaching of 

chromium7. Mudersbach8 discovered that as the amount of spinels increased the 

leaching of chromium decreased in EAF stainless steel slag. Based on the 

composition of the slag the authors concluded that some elements contributed

to the formation of the spinels and thereby prohibited leaching of chromium,

and the factor sp, Equation 1, was born. A high number results in low 

chromium leaching.
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= + + [ %] (1)

The factor sp is of assistance when estimating and regulating the leaching of 

chromium from slag coming from an EAF furnace in stainless steel production.

However, the spinel factor is only valid for EAF slag from stainless steel 

production; the leaching of chromium from other types of slag is not affected in 

the same way, as they have different mineralogical compositions, as seen in 

Table 1. Piatak et al.5, who clearly state that “leaching behaviors of the various 

slag types are unique and strongly controlled by their bulk chemistry and 

mineralogy”. Durinck et al.9 concluded that other factors than the factor sp, like 

the cooling of slag, can influence the leaching of chromium from stainless steel 

EAF slag.

The factor sp is a specified tool that can only be used in the right conditions. 

There is a need for a more universal method to examine the leaching potential

and the possibilities to prevent it.

2.2 The approach in the thesis
The leaching properties of slag are controlled by the dissolution of the 

minerals10. Different types of slag may consist of different mineralogical 

compositions but a mineral with the same composition has the same properties 

regardless of the slag type. Therefore, the dissolution of individual minerals can 

be studied, instead of each slag type. The advantage of this method is that the 

results are applicable to any type of slag or material and this thereby

significantly reduces the number of experiments.

Elements can only enter minerals with a suitable lattice structure depending 

amongst others on size, valance and electronegativity. Because of this 

limitation, one mineral cannot contain all different kinds of elements. Although

only some minerals contain the elements with restricted leaching limits, other 
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minerals may affect the conditions of dissolution of this mineral. With that in 

mind, the dissolution of all minerals needs to be studied under different 

conditions to evaluate the interdependence in slag leaching. 

2.3 Scope
This thesis aims to advance the knowledge of how the mineralogical 

composition governs the dissolution and leaching of iron- and steelmaking slag. 

This is done by studying the dissolution of individual ferrous slag minerals at

different pH values. Leaching studies of chromium are included to confirm the 

correlation between dissolution and leaching. The results can be applied when

designing a slag system with the desired properties, for instance, minimizing

the leaching of chromium.
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3. Studied minerals
The studied minerals, akermanite, - and -dicalcium silicate, merwinite, 

monticellite, pseudowollastonite and magnesiowüstite, are the most prevalent

minerals found in common ferrous slag types. Figure 2 shows the composition

of the different minerals, excluding magnesiowüstite, in the CaO-MgO-SiO2

phase diagram. Magnesiowüstite differs from the other minerals, as it contains

FeO but not SiO2.

Figure 2. Phase diagram of CaO-MgO-SiO2 with the pure slag minerals displayed, Copyright 1995 Verlag Stahleisen 

GmbH, Düsseldorf, Germany4
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3.1 Akermanite, Ca2MgSi2O7

Akermanite has been observed in slag coming from the production of both 

high- and low-alloy steel by Tossavainen et al.11 and Engström et al.12.

Akermanite has a tetragonal-scalenohedral lattice structure 

(www.webmineral.com, 2016-10-29).

3.2 - and -dicalcium silicate, Ca2SiO4

Dicalcium silicate has many different lattice structures, most of which depend 

on temperature. Some of the phase transitions can be seen in Figure 3. The only 

lattice structure thermodynamically stable at room temperature belongs to -

dicalcium silicate, although the other lattice structures can exist at lower 

temperatures, either by fast cooling or by the use of stabilizing agents. The 

- -dicalcium silicate increases 

the size in the lattice structure, which leads to disintegration, which is generally 

undesirable, as it can cause problems like dusting.

Figure 3. Different phases of dicalcium silicate
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-dicalcium silicate is found in steel and ladle slags11 from stainless steel 

production. Slag from BOF11, blast furnaces, and EAF may contain -dicalcium 

silicate without added stabilization agents, as the slag’s natural composition 

stabilizes the -phase. There are som -

dicalcium silicate, whereof boron oxide is the most effective, according to Kim 

and Hong13. Ghose et al.14 showed that a B2O3 content of 0.13 wt% stabilized 

the slag. The -phase belongs to the monoclinic-prismatic crystal system, while 

the -phase is orthorhombic. 

3.3 Merwinite, Ca3MgSi2O8

Merwinite is monoclinic-prismatic (www.webmineral.com, 2016-10-29). 

Tossavainen et al.11 and Engström et al.12 report that merwinite is common in 

slag from stainless steel production. 

3.4 Monticellite, CaMgSiO4

Partly iron substituted monticellite15 is a major component in some EAF slags16.

Monticellite can be formed if the slag has a magnesium content or when the 

slag comes in contact with magnesium-rich materials like refractories17 or 

tundish plaster18. Monticellite is in the orthorhombic-dipyramidal crystal system 

(www.webmineral.com, 2016-10-29).

3.5 Pseudowollastonite, CaSiO3

Wollastonite has three lattice forms. Although the low-temperature lattice 

structure is the most frequent in nature19, in slag the high-temperature lattice 

structure, pseudowollastonite, is common20 and has, for example, been seen in 

blast furnace slag21. This should not be a surprise, since slag is formed at

relatively high temperatures. Pseudowollastonite has a monoclinic C2/c 

symmetry.20
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3.6 Magnesiowüstite

Magnesiowüstites are seen in EAF slag22 and BOF slag23. It forms a complete 

solid solution with respect to FeO, MgO and MnO but can also contain minor 

amounts of other elements like chromium and calcium. As a solid solution the 

phase has wide-ranging compositions and thereby the possibility of diverse

properties. As there is no fixed composition, the magnesiowüstites are 

simplified when investigated. All of the three major components in 

magnesiowüstites, FeO, MgO and MnO, are in the isometric-hexoctahedral 

crystal system (www.webmineral.com, 2016-10-29).

The hydration of magnesiowüstite results in volume expansion and has been 

studied by Geiseler et al.24 and Qian et al.25. Geiseler et al. studied pure 

magnesiowüstite with different MgO-FeO and MgO-MnO-FeO contents while 

Qian et al. studied slag with magnesiowüstites with different FeO content. Both 

studies have the same conclusion; the hydration decreased with increasing FeO 

content. Geiseler et al. reported that hydration does not occur in 

magnesiowüstites with less than 40 wt% MgO. 
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4. Method and equipment
Of the silica-based minerals, synthesis and dissolution are presented for boron 

-dicalcium silicate, monticellite and pseudowollastonite. The studies 

of a -dicalcium silicate and merwinite have been published

elsewere2. The dissolution of these minerals is included in this thesis.

4.1 Synthesis
A temperature below melting temperature was chosen for each sample, as the 

purpose is sintering rather than melting. 

4.1.1 Synthesis of the silica-based minerals

For the synthesis of the silica-based minerals the following chemicals were 

used: MgO, CaO and SiO2, all with 99.5% purity. For stabilizing the -

dicalcium silicate B2O3 was used. B2O3 is chosen as a stabilizing agent for the 

-dicalcium silicate mainly for two reasons; the process of manufacturing -

dicalcium silicate is complicated without any stabilization agent and boron is a 

common stabilization agent used within the steel industry. The chemicals for 

the silica-based minerals were mixed and formed into a ball together with 

deionized water. This agglomerate ball was dried at 50°C for 24 hours before 

sintering. The sintering of the silica-based minerals was conducted in an air 

atmosphere with the time and temperature stated in Table 2.

Table 2. Sintering time and temperature of the silica-based minerals

Silica-based minerals temp [°C] time [h]
Boron stabilized -dicalcium silicate 1400 24
Monticellite 1300 50
Pseudowollastonite 1300 48
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4.1.2  Synthesis of magnesiowüstite

In the synthesis of magnesiowustite, Fe, Fe2O3, MgO with 99.5 % purity and 

Cr2O3 with >98 % purity was mixed to receive the right compositions (see 

Table 3). The compositions of the magnesiowüstite samples without chromium 

extend from 20 wt% FeO, while the magnesiowüstites with chromium start at 

52 wt% FeO. The different ranges are due to formation of spinels in the 

chromium-containing magnesiowüstite with less FeO content. 

Table 3. Composition in wt% for the magnesiowüstite samples

Magnesiowüstite in dissolution study FeO MgO Cr2O3

20% 80% none
40% 60% none
60% 40% none
80% 20% none

Magnesiowüstite in leaching study FeO MgO Cr2O3

52% 44% 4%
62% 35% 4%
70% 26% 4%
84% 12% 4%

The magnesiowüstite samples were pressed into briquettes and sintered in an 

inert atmosphere of nitrogen to avoid oxidation of the wüstite into hematite.

The briquettes were sintered for 1 hour at 1600°C, except for the compositions 

with 80 wt% FeO, which were sintered at 1500°C to avoid melting. After

sintering the briquette was grinded and the material pressed into a new 

briquette. The sintering process was repeated once to ensure a homogenous 

magnesiowüstite.
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4.1.3 XRD
The purity of the silica-based minerals was confirmed by a Siemens D5000 

XRD, while the magnesiowüstite samples were verified by an Empyrean Series 

2 PANalytical XRD unit, both units were equi

magnesiowüstite was reanalyzed a year after the synthesis to ensure that no 

hydration occured from the time of the synthesis to completion of the

dissolution studies.

4.2 pH dependent dissolution study and leaching test
For simplification, the minerals in this study can be said to be composed of

different amounts of CaO, MgO, FeO and SiO2. These components react with 

the water molecules and hydroxide is formed as the mineral dissolves, as seen 

in Equation 2 to 4, increasing the pH. In this study constant pH was maintained 

by additions of 0.1 M HNO3 (Equation 5). In contact with an oxidizing acid like 

HNO3, FeO will react further (Equations 6 and 7(, with the sum of the reactions

resulting in Equation 8. SiO2 does not affect the pH, as seen in Equation 9,

unless pH is alkaline where the reaction releases a proton (Equation 10). The 

dissolution of each mineral is calculated from the acid consumption required to 

maintain pH. The proton produced by the dissolution of SiO2 decreases the acid 

requirement and has to be considered when calculating the dissolution at

alkaline pH.

+ + 2 (2)

+ + 2 (3)

+ + 2 (4)

+ (5)

+ + ( ) + (6)
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+ 3 ( ) ( ) (7)

+ + ( ) + ( ) (8)

+ 2 ( ) ( ) (9)

( ) ( ) ( ) + (10)

4.2.1 Dissolution study
A beaker with 100 ml Milli-Q water® and a magnet was placed on a magnetic 

stirrer in a water bath at 25°C. To this beaker nitrogen gas flow of 50 cm3/min,

a pH electrode and a Radiometer Copenhagen ABU 901 Autoburette attached 

to a Radiometer Copenhagen PHM 290 pH meter automatic titrator filled with 

HNO3 were connected.

The pH in the Milli-Q water® was regulated to 4, 7 or 10 using NaOH or 

HNO3. The acidic pH of 4 was a precaution in case the slag should encounter 

acidic rain or other low pH environments. Neutral pH was selected, as slag will 

be exposed to rain outdoors. The pH 10 was chosen, as the pH will increase as 

the minerals dissolve and leachate from slag is alkaline. To avoid particle size 

dependence on kinetics a specific particle size was chosen. All experiments 

were repeated to confirm the results. As the experiment started 50 mg of the 

mineral in particle size 20-38 μm was added and the titrator recorded the acid

addition required to maintain the pH for 40 h. 

4.2.2 Dissolution study of silica-based minerals

The dissolution of the silica-based minerals were measured at pH 4, 7 and 10.

Pokrovsky et al.26 reported that the dissolution rates of calcite and dolomite 

depend on the stirring velocity, where increased stirring led to increased 

dissolution. The stirring velocity was therefore set to match the experiments

done by Engström et al.2, by keeping the experimental parameters as similar as 

possible an accurate comparison of the minerals can be achieved.
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The concentration of the HNO3 acid was set to 0.1 M. The acid requirements 

for all minerals were calculated for stoichiometric compositions.

4.2.3 Dissolution study and leaching test of magnesiowüstite

A magnetic stirrer with a digital display was used in the dissolution studies of

magnesiowüstite; the speed was set to 320 rpm. In the wüstite-based minerals

studies of pH 7 and 10 were performed. For 20 wt% and 40 wt% FeO

magnesiowüstite the HNO3 concentration was set to 0.1 M at pH 7. In all other 

experiments the acid concentration was at 0.05 M, as additions with higher 

concentration gave rise to excessive pH fluctuations.

The leaching of magnesiowüstite with 4 wt% chromium was conducted 

according to a rescaled modified version of standard EN 12457-2. The minerals

were crushed into 0-4 mm and placed in water already at pH 10 at a liquid/solid 

ratio of 10. After 24 hours of rotating the leachate was separated from the solids 

with a 45 μm filter and the leachate sent for analysis to a certified laboratory.
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5. Results
5.1 XRD
In the diffractograms of -dicalcium silicate and 

pseudowollastonite only the sought phases can be seen, in Figures 4 and 6

respectively. In the diffractogram of monticellite, Figure 5, small peaks of 

akermanite and periclase can be seen.

Figure 4. Diffractogram of boron stabilized -dicalcium silicate 

Figure 5. Diffractogram of monticellite
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Figure 6. Diffractogram of pseudowollastonite 

In the magnesiowüstite diffractrograms, Figure 7 and 8, there is a slight shift to 

the left with increasing FeO content.

.

Figure 7. Diffractogram of magnesiowüstite compositions without chromium used in the dissolution studies
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Figure 8. Diffractogram of magnesiowüstite compositions with chromium used in the leaching studies

5.2 pH dependent dissolution and leaching
Figures 9, 10 and 11 -

dicalcium silicate, monticellite and pseudowollastonite, respectively. The boron 

-dicalcium silicate has the same dissolution rate at all studied pH.

The dissolution of monticellite and pseudowollastonite decreases as pH 

increases. Pseudowollastonite has almost dissolved completely at pH 7 after 40 

hours, while monticellite has only reached 50% dissolution.



20

Figure 9. Dissolution of boron stabilized -dicalcium silicate

Figure 10. Dissolution of monticellite
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Figure 11. Dissolution of pseudowollastonite

Table 4 shows the calculated required amount of acid needed for 100% 

dissolution, with the release of an additional proton from the silica incorporated 

at pH 10. At 100% dissolution at neutral pH, the calculated acid consumption 

corresponds well with the obtained acid consumption. The calculated acid 

consumption for the -dicalcium silicate at pH 10 corresponds with the 

measured acid consumption.

The acid consumption for magnesiowüstite is calculated at pH 7 and 10. The 

differences in acid consumptions of the various magnesiowüstite compositions 

are due to the difference in acid consumption of FeO and MgO as well as the 

difference in atomic weight between iron and magnesium. As magnesiowüstite 

does not contain any SiO2, the theoretical acid consumption is the same at pH 7

and 10.



22

Table 4. Calculated 0.1 M acid consumption for complete dissolution of 50 mg of material

Mineral Calc. Acid 
consumption
pH 4 and 7 [ml]

Calc. Acid 
consumption 
pH 10 [ml]

Akermanite 11.0 7.3
Dicalcium silicate 11.6 8.7
Merwinite 12.2 9.1
Monticellite 12.8 9.6
Pseudowollastonite 8.6 4.3
20 wt% FeO 21.2 21.2
40 wt% FeO 17.7 17.7
60 wt% FeO 14.1 14.1
80 wt% FeO 10.5 10.5

In Figures 12 to 14 the acid consumption for the silica-based minerals is shown 

at pH 4, 7 and 10. - -dicalcium silicate have

identical dissolution curves and are therefore represented by only one curve. All

silica-based minerals, except the dicalcium silicates, show a pH dependency 

with decreasing dissolution rate as the pH increases. At pH 4 all minerals 

dissolve completely and can be divided into two groups: the first group 

including the calcium silicates, merwinite and akermanite dissolve within a 

couple of hours; in the second group, monticellite and pseudowollastonite 

dissolve completely after around 10 hours.

At pH 7 the same groups can be distinguished, the first group dissolving 

completely within 40 hours, the second group has not reached 100% 

dissolution, although the pseudowollastonite is almost completely dissolved 

after 40 hours. At pH 10, excluding the dicalcium silicates, none of the silica-

based minerals dissolve completely. Akermanite is the slowest dissolving 
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mineral; the other silica-based minerals have dissolved to around 20% at 40 

hours.

Figure 12. Dissolution of all silica-based minerals at pH 4

Figure 13. Dissolution of all silica-based minerals at pH 7
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Figure 14. Dissolution of all silica-based minerals at pH 10

The dissolution of the magnesiowüstite compositions can be seen in Figures 15

and 16.  At both pH 7 and 10 it is clear that the dissolution is dependent on the 

FeO content; as the FeO increases, the dissolution decreases. The dissolution of 

all magnesiowüstite compositions also decreases when pH increases.

At pH 10 the magnesiowüstite with 60 wt% FeO or more does not dissolve at 

all. At pH 7, some acid consumption can be noticed in the magnesiowüstite

with 60 wt% and 80 wt% FeO, but the amount is below 0.15 ml and around 

0.03 ml, respectively.
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Figure 15. Dissolution of magnesiowüstite at pH 7

Figure 16. Dissolution of magnesiowüstite at pH 10
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In Table 5 the chromium leaching of the magnesiowüstite can be seen. The 

leaching of chromium is below the detection limit at 70 wt% FeO content and 

higher. The pH in the leachate increased from the starting value of 10 to 11.2 or 

higher after the 24-hour leaching period.

Table 5. Leaching of chromium of the different magnesiowüstite compositions

wt% FeO Cr [mg/kg] pH
52 0.069 11.5
62 0.013 12.2
70 < 0.005 12.1
84 < 0.005 11.2
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6. Discussion
The exact time needed to dissolve a mineral completely at a certain pH is not 

essential. The time needed depends on particle size, stirring rate and amount of

mineral added. All these conditions will vary in leaching of slag and pH will 

change as the mineral dissolves. What should be retained from these 

experiments is the fact that the dicalcium silicates dissolve faster than 

pseudowollastonite, and that magnesiowüstite with sufficient FeO content does

not dissolve. This kind of information is useful in multiple situations. That is 

why the trends are discussed and not the exact amount of acid consumption for 

a mineral. As the precise amount of dissolution does not matter, experimental

difficulties can be disregarded, since they do not affect the trends.

6.1 Dissolution of silica-based minerals
When the dissolution curves level out around 100% the minerals are considered 

completely dissolved, the error being within 5%. The difference in acid 

consumption is most likely due to loss of mineral during the addition. The 

dissolution studies of the silica-based minerals have good repeatability as the 

results were similar each time the experiments were run.

The two dicalcium silicates have the same dissolution rate, -

-phase is monoclinic with a B2O3 addition. The 

dissolution rate of the dicalcium silicates is independent on pH within the 

studied range, 4 to 10. As seen in Figure 9, the dicalcium silicates consume less 

acid at pH 10 compared to pH 7 or 4, indicating that SiO2 reacts differently in 

alkaline pH than at neutral and acidic pH; at alkaline pH the dissolved SiO2

releases a proton according to Equation 10.

The dissolution at pH 4, Figure 12, is deceptive, all minerals level out at 

slightly different percentage, giving the impression of different dissolution

rates. In fact, when adjusting for the differences of total dissolution, akermanite 
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and merwinite have similar dissolution rates, as do monticellite and 

pseudowollastonite. Significant differences in the dissolution rates of the 

akermanite versus merwinite and monticellite versus pseudowollastonite can be 

seen in pH 7 (Figure 13).

Table 6 is constructed with the dissolution rate of the minerals at pH 7 in 

descending order. The silicon content seems to inhibit the dissolution. Xie and 

Walther27 and Peters et al.28 have seen that calcium is initially dissolved at a 

higher rate than silicon when studying wollastonite. High silicon content could 

thereby inhibit the dissolution of the calcium and magnesium, the grid of SiO2

in the outer shell prevents the atoms further in the mineral from coming in 

contact with the water. The calcium content, on the other hand, increases the 

dissolution rate. Magnesium decreases the dissolution rate compared to 

calcium. 

Table 6. The silica-based minerals ordered in decreasing dissolution rate at pH 7. The atomic ratios are calculated

from the stoichiometric composition
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6.2 Dissolution and leaching of magnesiowüstite

There were more discrepancies in the dissolution studies of the 

magnesiowüstite compositions than in the dissolution studies of silica-based

minerals. The dissolution trends are indisputable the exact amount of acid 

consumption is uncertain.

Whether magnesiowüstite prevents or contributes to chromium leaching 

depends on the composition, primarily the FeO content. As seen in Figures 15

and 16, with increasing FeO content the dissolution decreases, regardless of pH. 

Magnesiowüstite with 60 wt% FeO consumes less acid at pH 7 than 

magnesiowüstite with 40 wt% FeO consumes at pH 10. The 60 wt% FeO

magnesiowüstite does not consume any acid at pH 10 and the leaching of 

chromium, 0.013 mg/kg, is below the detection limit of many analyses.

Magnesiowüstite with at least 60 wt% FeO is thereby a stable mineral and can 

contain chromium without contributing significantly to the leaching.

All studied samples are well within the leaching limit of inert material, 0.5 

mg/kg chromium leaching, as the highest recorded chromium leaching was 

0.069 mg/kg by the 52 FeO wt% magnesiowüstite sample. Trials have been 

performed to synthesize chromium-containing magnesiowüstite with less than 

52 wt% FeO but have failed due to formation of spinels. No sign of spinel 

formation can be accepted, the spinels would affect the composition and 

thereby the leaching of the magnesiowüstite. Although, the leaching of 

chromium from the magnesiowüstite increases with decreasing FeO content, the 

exact FeO/MgO ratio when chromium leaching exceeds 0.5 mg/kg is therefore 

yet to be found.
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The dissolution, hydration and leaching of magnesiowüstite seem to be

correlated. The leaching of 0.013 mg/kg of the 60 wt% FeO magnesiowüstite 

was unexpected, as magnesiowüstite with 60 wt% FeO does not hydrate 

according to Geiseler24 and does not dissolve at pH 10. The leaching of 0.013 

mg/kg corresponds to 0.00005 wt% dissolution of the mineral which is not 

enough to be detected in the dissolution study.

In industrial slag, the magnesiowüstite may consist of more elements than iron, 

magnesium and chromium. The other elements can also affect the dissolution of 

magnesiowüstite. One of the main differences between the studies of Geiseler et 

al.24 and Qian et al.25 is that Qian et al. implemented their study on real slag. 

Besides the FeO and MgO content there were also MnO and CaO present.

Geiseler et al. discovered that MnO seems to have stabilizing properties similar 

to FeO and will thereby not contribute to the hydration. The inclusion of CaO 

may explain why magnesiowüstite at an average of 63 wt% FeO in the Qian et 

al. study did hydrate, while magnesiowüstite with 60 wt% FeO in the Geiseler 

et al. study did not. The differences in hydration of the studies of Geiseler et al.

and Qian et al. illustrate the impact elements can have on the dissolution of the 

mineral.

6.3 Concluding discussion of the dissolution studies

As expected, minerals dissolve faster at lower pH, with exception of the 

dicalcium silicates that dissolved at the same rate at pH 4 and pH 10.

The dissolution of minerals is extremely important and even limited dissolution 

may impact the leaching. With an even dissolution of all slag minerals in a

tonne of 3 wt% Cr2O3 slag, less than 24 g slag can be dissolved before 

exceeding the limit for inert material. For a tonne of slag containing 0.5 wt% 

Cr2O3 that number is 146 g.



31

In both the silica-based minerals and the magnesiowüstite the elements in the 

minerals have a profound impact on the dissolution. By studying Pourbaix 

diagrams the readiness of a certain element to dissolve at different pH can be 

estimated. Pourbaix diagrams show the thermodynamically dominant phase at a 

certain pH and redox potential without regard to the kinetics. As the transition 

between the species is gradual, the further away from another dominance area 

the less of that species is present. Pourbaix diagrams of CaO, MgO and FeO can

be seen in Figures 17, 18 and 19, respectively. 

Figure 17. Pourbaix diagram of Ca modified by removing the hydroxides to show CaO
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Figure 18. Pourbaix diagram of Mg modified by removing the hydroxides to show MgO

Figure 19. Pourbaix diagram of Fe modified by removing the hydroxides to show FeO
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The dominance area of CaO and MgO begins at pH 12.2 and pH 11.8,

respectively. At pH 4 Ca2+ and Mg2+ are the dominant species; pH 4 is located 

far away from another dominance area in both Pourbaix diagrams and only 

small differences in the dissolution rates of the silica-based minerals can be 

seen. At pH 10, even though Ca2+ and Mg2+ are still the dominant species, 

magnesium is closer to the stability area of MgO than calcium is to CaO and

thereby has less driving force to dissolve. The contribution of magnesium 

contra calcium is especially clear when the dissolution of -dicalcium silicate is 

compared to that of merwinite. They have the same lattice structure, 

monoclinic; the difference between these minerals is only 0.5 atoms in the 

stoichiometric formula. In -dicalcium silicate this spot is filled by a calcium 

atom and in merwinite it is filled by a magnesium atom. The dissolution of the 

two minerals is similar at pH 4 and 7. However, at pH 10 the dissolution rate of 

dicalcium silicate is maintained, while the dissolution rate of merwinite has 

decreased. The same influence of calcium and magnesium has been seen in 

spinels, where CaCr2O4 is reportedly less stable in leaching aspects than 

MgCr2O4.

The dominance area for iron is not only dependent on pH but also redox

potential. The dominance area for FeO begins at pH 7.5 but only partly covers 

the redox potentials in which water is stable, the higher redox potentials are in 

the dominance area of Fe(OH)3. In the dissolution experiments HNO3 was used. 

HNO3 is an oxidizing acid and the ferrous iron will be turned into ferric. The 

reaction can be seen in Equation 8. Still, the closeness to the FeO dominance 

area decreases the potential dissolution of FeO, FeO thereby has less driving

force to dissolve than MgO. This results in MgO content in magnesiowüstite 

increases the dissolution.
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Comparison of the European limitation for inert landfill of 0.5 mg/kg and the 

leaching results in this study is not entirely accurate, as the leaching tests have 

been performed after according to different standards. The inert limit is set 

according to a column leaching test that is a lot more time-consuming than the 

leaching test used in this study. The leaching test in this study is harsher for the 

slag as it also includes some abrasion of the material and is therefore known to 

yield higher leaching values than the column test29. As the magnesiowüstite 

with the highest leaching of chromium in this study, 0.069 mg/kg, is not close 

to the limit for inert material at 0.5 mg/kg, magnesiowüstite with less FeO 

content and some elements like CaO may still be below the leaching limit,

especially considering that the leaching of chromium from the magnesiowüstite 

most likely would be lower with the column test. 

6.4 Implementation and usefulness of the dissolution studies
Leaching of specific elements can be decreased in many slag types. Before 

attempting to change the slag, what can and cannot be changed in the different 

slag types must be determined. For example, the dissolution of the dicalcium 

silicates cannot be prevented, as they dissolve at the same rate over the pH span 

from 4 to 10. The dicalcium silicates are also the fastest dissolving minerals in 

this study and will thereby be the first to dissolve in contact with water. When 

the dicalcium silicates dissolve, pH will increase and the slower dissolving 

minerals will predominantly dissolve in high pH conditions, which may result 

in them not dissolving at all, depending on the solubility.

When evaluating which changes will affect leaching of specific elements, the

dissolution of minerals containing the element of interest is the first thing that 

must be evaluated. After that, the influence of other minerals on the leaching 

conditions can be considered. Before changing the composition to decrease 

leaching the other properties of the slag have to be considered. Decreasing
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leaching cannot come at the cost of removing impurities from the steel or 

greatly increasing the refractory wear. Often major changes in slag composition 

are not feasible, as this either affects quality or require large additions which 

increase the cost. However, minor changes in slag composition may result in 

sufficient transformation of the minerals. Phase diagrams and thermodynamic 

calculations are useful tools for predicting what impact a change in composition 

would have on the mineralogy. With this knowledge, counter-measures, like 

changing basicity, can be taken to prevent leaching of specific elements.

Elements must fulfill a couple of requirements to be able to integrate into a 

specific mineralogical structure. This results in elements like chromium only 

entering some of the minerals. Since only minerals containing chromium can 

leach chromium only these minerals need to be stabilized or eliminated. Of the 

minerals studied in this thesis merwinite30,31 and magnesiowüstites22 have been 

seen to contain chromium. Other chromium-containing minerals are spinels8

and brownmillerite22. Merwinite dissolves at any pH, in various degrees, and is

therefore not a mineral recommended for chromium. Merwinite formation

should either be avoided or the chromium captured in other phases before the 

merwinite solidifies. The typical composition of EAF slag from stainless steel 

production includes the chromium-bearing minerals: merwinite and spinel.

Chromium has a high affinity to spinels and if the amount of spinels increases,

chromium can enter the stable spinels instead of entering merwinite. This would 

explain why the leaching decreases when the amount of spinels increases.

According to studies performed by the author, EAF slag from low-alloy steel 

production can contain three chromium enriched minerals: spinel, 

brownmillerite and magnesiowüstite. The slag also consists of dicalcium 

silicate, resulting in a rapid increase to alkaline pH in the leachate. Spinels do 

not leach chromium8 29, neither does magnesiowüstite with sufficient FeO 
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content. The leaching of chromium of a low-alloy EAF slag with sufficient FeO 

content in magnesiowüstite must therefore come from the remaining chromium-

containing phase: brownmillerite. Increasing the amount of spinels in this slag

may not necessary result in a decrease in chromium leaching as in the stainless 

steel EAF slag. Instead of removing chromium from the brownmillerite, spinel 

formation may occur at the expense of the stability of the magnesiowüstite.

The discussion has been focused on avoiding leaching of chromium but the 

information can just as well be used to avoid leaching of other elements or even 

enhance leaching of wanted elements. In some cases it may be desirable to 

extract the more valuable elements for recycling.

7. Conclusions
This thesis studies the dissolution of akermanite, - -dicalcium silicate, 

merwinite, pseudowollastonite and magnesiowüstite. From this study the 

following conclusions have been stated:

The slag minerals dissolve faster at lower pH

o The dicalcium silicates have the same dissolution rate at pH 4 and 

pH 10

The dissolution rate of a mineral is largely dependent on the composition 

of elements

o Of decreasing dissolution order Ca, Mg, Fe

Hydration, dissolution and leaching seem to be correlated

The chromium leaching of magnesiowüstite can be prevented as 

magnseiowüstite does not dissolve with sufficient FeO content
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8. Future work
The future work is suggested to be focused on synthesizing and dissolving one 

more common slag mineral, brownmillerite, with different compositions. The 

possibility to use slag for water purification will be investigated, with focus on 

phosphor and other metals. The hydration properties of the slag minerals should

be studied to see if there is any correlation to the dissolution properties.

The results from the dissolution study should be applied both in laboratory scale 

and industrial scale to tailor the slag properties, focusing on leaching of 

chromium.
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Synthesis and dissolution of slag minerals –
a study of b-dicalcium silicate,
pseudowollastonite and monticellite

I. Strandkvist*, B. Björkman and F. Engström

Leaching of slag must be limited when slag is used in other areas than landfill. As slag is

composed of different minerals, the properties of slag, inter alia the dissolution, depend on these

minerals. If the leaching properties of each mineral are known, counter measurements can be

taken to prevent the leaching of unwanted elements.

common slag minerals will be examined. The three minerals; boron-stabilised b-dicalcium

silicate, pseudowollastonite and monticellite were synthesised. The dissolution was measur-

ed by setting pH to 4, 7 or 10 and adding 0.05 g mineral in the size range 20–38 mm,and the

HNO consumption required to maintain the pH level3 was recorded during 40 h. As expe-

cted, the dissolution increases for all minerals whenpH decreases .The boron- stabilised b-dical

cium silicate was the only mineral fully dissolved at all pH levels, while pseudowollastonite

and monticellite only dissolved completely at pH 4.

On doit limiter le lessivage de la scorie lorsqu’elle est utilisée en d’autres endroits que la décharge

publique. Puisque différents minéraux composent la scorie, ses propriétés, parmi d’autres la

dissolution, dépendent de ces minéraux. Si l’on connaı̂t les propriétés de lessivage de chaque

minéral, on peut utiliser des contre-mesures pour empêcher le lessivage d’éléments indésirables.

Dans cette étude, on a examiné la dissolution de trois minéraux communs de la scorie. On a

synthétisé les trois minéraux, soit le silicate b-dicalcique stabilisé au bore, la pseudowallonite et

la monticellite. On a mesuré la dissolution en établissant le pH à 4, 7 ou 10 et en ajoutant 0.05 g de

minéral dans la gamme de taille de 20 à 38 mm. On a ensuite enregistré pendant 40 heures la

consommation d’HNO3 requise au maintien du niveau de pH. Comme on s’y attendait, la disso-

lution de tous les minéraux augmente avec la diminution du pH .Le silicate b -dicalcique stabilisé

au bore était le seul minéral complètement dissous à tous les niveaux de pH, alors que la pseu-

dowallonite et la monticellite étaient complètement dissoutes seulement au pH de 4.

Keywords: Slag, Dissolution, Leaching

Introduction
The steel industry in Sweden produced approximately
2 mt of residue in the production of roughly 5 mt of steel
and iron products in 2010. Of these residues almost 70%

were slags.1 Slag is an oxidic byproduct formed in
pyrometallurgical processes. Many types of slag are
produced, since the raw material, process unit and the
kind of steel or iron produced influence the slag
composition. All these variants of slag have different
mineral composition and therefore different properties.
This makes slag a versatile material which can be used in
many different applications, from fertiliser to construc-
tion material. If slag is to be used as an environmentally
friendly construction material, the leaching of some
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In this study, the dissolution of three

-



elements has to be restricted. Minerals in materials like
slag contain more or less of other elements; these con-
taminants can affect the hydration rate according to
Park2 and will be leached when the mineral dissolves.

The leaching of slag has been studied previously, for
example Kühn and Mudersbach3 studied the leaching of
chromium from stainless steel electric arc furnace (EAF)
slag; however, research on leaching of slag on a mineral
level is limited. Since slag will take the traits of the
minerals of which it consists of, the leaching of slag will
be affected by the minerals’ dissolution properties. The
dissolution of minerals, on the other hand has been
studied thoroughly, but the studies tend either to
measure the dissolution differently and/or report
some differences in the dissolution rate. The different
results are owing to the fact that the dissolution rate of a
mineral is influenced by many factors including pH,
purity, temperature, particle size, water to mineral ratio
and stirring rate, to mention a few. With all these fac-
tors, there is a lack of studies with the same parameters,
which makes it difficult to compare the dissolution rates
of different minerals.

The importance of knowing the dissolution rate of
minerals is not exclusive to slag; many other materials
are affected by the dissolution properties, for example,
knowing how fast different minerals will react in cement
is crucial to determine the setting time. The dissolution
under different pH conditions is important, as minerals
can dissolve at a different rate or in a different way
under acidic, neutral or alkaline pH conditions. Know-
ing whether a material will be weather-resistant, even if
subjected to acid rain, is an important factor when
considering the choice of building materials.

When a material is composed of more than one
mineral, as are slag and many other natural and man-
made construction materials, the dissolution of these
minerals may affect each other. If the first mineral to
dissolve changes the pH, the other minerals will have an
altered starting condition and with a different starting
condition a different dissolution. The pH levels in this
study were selected to represent the pH the slag will
encounter in its surroundings; pH 7, as the slag will be
exposed to neutral water when it rains and pH 10, as the
slag will become alkaline as the minerals dissolve. The
acidic pH of 4 was added in order to study dissolution
conditions in the event of slag coming into contact with
acidic environments in future applications.

The aim of continuing research is to chart the dis-
solution of all minerals in slag. In this study, pseudo-
wollastonite, monticellite and boron-stabilised b-
dicalcium silicate have been studied. With the knowledge
of how and when minerals dissolve, it is possible to
design slag either to avoid minerals likely to leach or
trap environmental hazardous elements in a more stable
mineral. Since the aim in this study is focused on the
dissolution of the synthetic minerals, the synthesis is
done solely to ensure the purity of the minerals and the
cost and ability to produce the minerals in larger amount
are not considered. This paper studies the synthesis and
dissolution of pseudowollastonite (CaSiO3), monticellite

(b-Ca2SiO4). These three minerals can be found in
different types of slag from steel- and ironmaking. The
dissolution of the minerals is examined at pH 4, 7 and
10. This paper is a continuation of the paper published
by Engström et al.4 in which the dissolution of aker-
manite, c-dicalcium silicate, gehlenite, mayenite, mer-
winite and tricalcium aluminate has been reported.

Wollastonite
Wollastonite is mainly used for ceramics.5 To ensure an
even quality, which may be a problem in natural raw
materials, experiments to synthesise wollastonite have
been conducted since the middle of the 1970s. Three
types of wollastonite are found naturally, of which the
low-temperature lattice forms are the most common.6

Pseudowollastonite, the high-temperature phase, is
commonly occurring in slag according to Yang and
Prewitt7 and has been found in blast furnace slag by
Mihailova et al.8

According to the phase diagram, the formation of
pseudowollastonite starts at 1125uC but, as stated by
Kotsis and Balogh6 this temperature depends on other
factors like mineral purity. In the study by Kotsis and
Balogh,6 intermediate phases decreased with time and
could not be found after 10 h at 1200uC; the formation
of pseudowollastonite, on the other hand, increased with
time. At 1300uC pseudowollastonite was formed faster
and seems to be the predominant phase after only 1 h
sintering time.

Monticellite
Recent studies by Chen et al.9,10 have focused on the
synthesis of monticellite to be used as bone and tooth
implants.

Monticellite can be formed when slag reacts with
magnesium-rich refractories, as described by Rovnush-
kin et al.11 but can also be created when slag reacts with
other magnesium-rich materials like tundish plaster, as
noted by Moshtaghioun and Monshi.12 Iron(II) can
substitute some of the magnesium in monticellite.13 Fe
substituted monticellite was seen by Muhmood et al.14 to
be a major component in the EAF slag in their study.

b-dicalcium silicate
b-dicalcium silicate is traditionally used in Portland
cement, refractories and heat-resistant coating.
In studies, it has also been shown to have potential in the
medical area, for example, as injective implant for bone
and dental repair.15

Dicalcium silicate exists in different lattice structures,
most of them dependent on temperature. These phase
transitions, the different kinds of a-phases omitted, can
be seen in Fig. 1. The only lattice form stable at room
temperature is the c-dicalcium silicate. The other lattice
structures can be stabilised at lower temperatures either
by fast cooling or by the use of stabilising agents,
like boron or phosphor.16 The phase transition between
b-dicalcium silicate and c-dicalcium silicate results in a
volume increase in the lattice structure, which leads to,
in many cases undesired, disintegration.17 Slag from
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blast furnaces16 and EAF18 may contain b-dicalcium
silicate without any stabilisation agent, but many types
of slags experience disintegration and are in need of a
stabilisation agent. Boron is the most effective stabilis-
ation agent for b-dicalcium silicate according to
Kim and Hong19 and analyses in the study by Ghose
et al.20 show that as little as 0.13 wt-% B2O3 stabilised
slag.

The B2O3 addition is chosen for two reasons; the
process of manufacture of b-dicalcium silicate is
complicated without any stabilisation agent and
boron-stabilised b-dicalcium silicate is of interest
since boron is a common stabilisation agent in
steel slags.17,21

Dissolution theory
Equation (1) shows an example of what the dissolution
looks like in water. When the minerals dissolve,

hydroxide forms, which increases the pH. The acid
titration cancels the hydroxide and maintains the pH

CaOþH2O! Ca2þ þ 2OH2 ð1Þ
The amount of protons required for dissolving the

different elements in the minerals are seen in equations
(2–4). In alkaline pH, the silicon can continue to react
and produce a proton, as seen in equation (5). This
proton can then be used in reaction 2 and/or 3,
decreasing the required acid consumption at high pH.
All these reactions can be written in different ways, but
the proton consumption will be the same. The proton
consumption of calcium has been confirmed by Xie and
Walther,22 among others, in their study of wollastonite

CaOþ 2Hþ ! Ca2þ þH2O ð2Þ
MgOþ 2Hþ !Mg2þ þH2O ð3Þ
SiO2 þ 2H2O! SiðOHÞ4ðaqÞ ð4Þ
SiðOHÞ4ðaqÞ! SiOðOHÞ23 þHþ ð5Þ
The stabilised b-dicalcium silicate also contains

boron, and the reaction of boron at neutral and alkaline
pH is shown in equations (6) and (7), respectively. These
reactions are calculated from the addition, B2O3, to the
dominant form in a pourbaix diagram with 0.001M and
should be regarded as more of a guide than a definite set
of reactions

B2O3 þ 3H2O! 2H3BO3 ð6Þ
B2O3 þH2O! 2BO2

2 þ 2Hþ ð7Þ

Method

Synthesis
The boron-stabilised b-dicalcium silicate, pseudo-
wollastonite and monticellite were synthesised using
MgO (99.5%), CaCO3 (99.5%), SiO2 (99.5%) and B2O3.
2 wt-% B2O3 was added into the dicalcium silicate mix-
ture to stabilise the b-dicalcium silicate and thereby
prevent the formation of the lower temperature c-phase.
The proportion of pure chemicals used in the synthesis
can be seen in Table 1.

The chemicals were mixed stoichiometrically with two
exceptions; an excess of MgO in the monticellite and the
B2O3 addition in the dicalcium silicate. Without the
excess of MgO, the formation of monticellite is not
completed. One reason additional MgO is required for
the synthesis of monticellite could be that the MgO has
reacted with the moisture and/or carbondioxide in the
air and formed magnesium hydrate or carbonate. This
would increase the mass of the chemical needed to attain
the same amount of MgO molecules. Another reason
might be that an excess of MgO is necessary to force the
reaction of monticellite during these conditions.

The chemicals for each mineral were blended dry and
then mixed again after addition of de-ionised water; the
double mixing was performed to guarantee a good mix-
ture of the different chemicals. Some different B2O3

1 Phase transitions of dicalcium silicate
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additions were tested, as B2O3 has been found to stabilise
the beta-phase as stated by Kim and Hong19 among
others, but only the 2 wt-% hindered the formation of any
c-phase. A smaller amount of B2O3 should have been
sufficient, as both Park2 and Ball et al.23 succeeded in
stabilising b-dicalcium silicate with 0.5 wt-% B2O3. But in
this study, as the chemicals were mixed with water, the
B2O3 seemed to float and then adhered to the sides of the
container as the water dried up and, consequently, only
0.7 wt-% B2O3 was found in the mineral.

The mixed chemicals were left to dry after the water
addition. When the samples were dry, de-ionized water
was added until the material could be agglomerated as a
ball. The agglomerated form ensures a good contact
area, which allows the chemicals to react with each other
easily. The agglomerated ball was placed in a 50uC
drying furnace, for a couple of days, until it was time to
start the sintering in the muffle furnace. The sintering
time and temperature are to be found in Table 1. The
sintering temperature was optimised for formation of
pseudowollastonite, as this is the lattice form associated
with slag. The sintering was conducted in an air
atmosphere. As the muffle furnace was at room tem-
perature when the balls were inserted and removed, the
samples experienced both heating and cooling in
addition to the sintering time noted in Table 1.

The sintering times of the minerals in this study are
longer than the sintering times used for the same min-
erals in other articles; for example, in a literature study
by Kotsis and Balogh,6 the average sintering time was
2–3 h for producing wollastonite. The time difference
may be explained by the desired purity of the minerals,
particle size, starting chemicals and temperature. The
formation of the desired minerals was verified by XRD
analysis using a Siemens D5000 X-ray diffractometer
equipped with copper Ka radiation 10–75 theta with a
step size 0.0200 and 1 s.

Dissolution studies
A beaker with 100 mL Milli Q water under constant
stirring by a magnetic stirrer was placed in a water bath
at 25uC and pH was set to 4, 7 or 10 using either HNO3

or NaOH. Nitrogen gas was bubbled through the water
at a rate of 50 cm3 min21 to create an inert atmosphere
and thereby prevent carbon dioxide from entering the
water solution. Carbon dioxide can affect proton con-
sumption by forming carbonates.

About 0.05 g of mineral in the size fraction of
20–38 mm was added to the beaker. The size fraction was
produced by grinding the synthetic minerals and then

sieving them in ethanol. A defined size fraction removes
the influence of reaction kinetics; the size fraction of
20–38 mm was used in the study conducted by Engström
et al., to compare the results with this study,4

the same size fraction was selected. From the
moment the mineral was added into the solution, pH
was maintained by acid addition of 0.1M HNO3. The
adjustment was done automatically with a Radiometer
Copenhagen ABU 901 Autoburette attached to a
Radiometer Copenhagen PHM 290 pH meter, and the
acid addition was recorded every fifth minute during
40 h. The procedure was completed twice for each
mineral and pH.

Results

Diffractograms
The formation of pseudowollastonite, monticellite and
b-dicalcium silicate was confirmed by the X-ray dif-
fractogram analysis. No peaks of pseudowollastonite are
matched after 58 in the 2h-range, in Fig. 2, because the
reference pattern of pseudowollastonite is not recorded
after this point. The diffractogram of monticellite in
Fig. 3 has two small peaks belonging to akermanite,
Ca2MgSi2O7, marked A, and periclase, MgO, market
P. No indications of any other lattice forms in the dif-
fractogram of b-dicalcium silicate, Fig. 4, can be dis-
tinguished and no clear shift in the peaks owing to the
B2O3 addition is detected.

Dissolution studies
The theoretical acid consumption for dissolving
0.05 g of each mineral, calculated according to equations
(2–5), can be seen in Table 2. Silicon can react differently

Table 1 Chemicals, time and temperature used for sintering of the minerals

Pseudo-wollastonite Monticellite Boron-stabilised b-dicalcium silicate

CaCO3 17.2 g 12.8 g 23.2 g
MgO – 5.9 g (5.2 g) –
SiO2 10.3 g 7.7 g 7.0 g
B2O3 – – 1.3 g
Sintering temperature (8C) 1300 1300 1400
Sintering time 48 h 50 h 24 h
Cooling Slow Slow Slow

2 Diffractogram over the pseudowollastonite denoted W
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in non-alkaline and alkaline pH, equations (4) and (5),
and Table 2 includes both the calculated acid con-
sumption for non-alkaline pH and alkaline pH. The
acid consumption is calculated for a pure b-dicalcium
silicate without any boron.

When comparing the dissolution after 40 h with the
calculated dissolution, both in Table 2, the dissolutions
of all synthetic minerals at pH 4 correspond well with
the calculated acid consumption. The pseudowollasto-
nite has almost reached the calculated acid consumption
at pH 7 after 40 h, but only a portion of the acid has
been consumed at pH 10. The monticellite reaches
around 50% of the required acid consumption for
complete dissolution at pH 7 and does not achieve a high
dissolution at pH 10. The boron-stabilised b-dicalcium
silicate is the only mineral that shows a negligible
difference between the acid consumption at pH 7 and 4.

The boron-stabilised b-dicalcium silicate consumes
0.5 mL of more acid at pH 10 than the calculated acid
consumption.

Knowing how much of the minerals dissolved after
40 h does not supply all the information; the rate at
which the minerals dissolve during this time period is
just as interesting. The dissolution rate can be seen in the
titration curves for pseudowollastonite, monticellite and
boron-stabilised b-dicalcium silicate in Figs. 5–7,
respectively.

The pseudowollastonite has stopped reacting at pH 4
after 20 h, as seen in Fig. 5. The acid consumption in pH
7 has almost reached the same level as in pH 4 after 40 h.
The dissolution at pH 10 is slower than the dissolution
at the other pH levels. The dissolution of monticellite at
pH 4 has stopped after about 10 h, while in pH 7 nearly
half is dissolved after 40 h and is still dissolving steadily.
In pH 10, the dissolution rate is very slow. Monticellite
is the only synthetic mineral not reaching the same level
of dissolution in pH 7 as in pH 4, and thereby shows the
most notable difference between pH 4 and 7.

The boron-stabilised b-dicalcium silicate has the
highest dissolution rate of the studied minerals; almost
all of the acid addition is within the first hour. The acid
addition after 2 h is insignificant. The dissolution rate is
the same in pH 4 and 7. The dissolution at pH 10 is as
fast as the reactions at lower pH but does not reach the
same acid consumption.

Discussion

Uncertainties
The XRD analysis can only detect phases if at least a few
per cent are present in the sample. As both the boron-
stabilised b-dicalcium silicate and the wollastonite are
visually clean, no other phases will be present in a con-
siderable amount and these synthetic minerals can be
considered pure. Monticellite has two other phases
present: akermanite and periclase. The akermanite and
periclasemay have formedmonticellite with an increase in
sintering time. Both akermanite and periclase are present
in such small amounts that only the highest peak is dis-
tinguished; therefore, they do not have any discernible
effect on the dissolution curve of monticellite.

The primary insecurity in this study concerns the
addition of minerals to the titration beaker. Small
amounts of minerals consume a relatively large amount
of acid. A small inaccuracy in the mass of the minerals
added to the beaker can cause a noticeable change in the
acid consumption. Since there is a possibility that a
small amount of mineral did not enter the water solution
but was left on the measuring device or the funnel,

Table 2 Calculated and measured acid consumption in millilitres for 0.05 g of minerals

Pseudo-wollastonite Monticellite Boron-stabilised b-dicalcium silicate

Calc. acid consumption 8.6 12.8 11.6
Calc. acid consumption pH 10 4.3 9.6 8.7
Acid consumption pH 4 8.2 13.2 11.3
Acid consumption pH 7 7.8 6.0 11.2
Acid consumption pH 10 0.9 2.1 9.2

3 Diffractogram over monticellite, M, and showing the

peaks of akermanite, A, and periclase, P

4 Diffractogram over boron-stabilised b-dicalcium silicate

denoted b
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an inaccuracy in the measurements is likely. Since the
values are an average of the two experiments performed,
this inaccuracy should be minimal in most cases, but the
error remains. This inaccuracy explains why almost all
minerals consume less acid than the calculated value, as
seen in Table 2, but have still dissolved completely.

Two of the synthetic minerals have consumed more
acid than calculated, the boron-stabilised b-dicalcium

silicate at pH 10 and the monticellite at pH 4. Firstly, the
calculated acid consumption of boron-stabilised
b-dicalcium silicate and monticellite should be con-
sidered. The calculated acid consumption is based on the
assumption of pure dicalcium silicate and monticellite,
which is not the case, as boron will replace silicon in
boron-stabilised b-dicalcium silicate16 and the mon-
ticellite has an excess of magnesium. This can affect the
dissolution, since the molar mass of boron is less than
the molar mass of silicon; 0.05 g of boron-stabilised
b-dicalcium silicate will contain more molecules than
pure dicalcium silicate. These extra molecules will con-
tribute to the acid consumption of the boron-stabilised
b-dicalcium silicate. The surplus of magnesium in the
monticellite will have a similar effect. Although present,
the significance of these small deviations from stoichio-
metric minerals can be dismissed, as this effect would
have been visible at all pH levels, which it was not.

Since the extra acid addition is only 2 vol.-% in
monticellite, the excess is most likely owing to some
error when the minerals were added into the beaker. The
6 vol.-% increase in acid in boron-stabilised b-dicalcium
silicate can be explained by a combination of errors in
the addition and kinetics. Even though boron is sup-
posed to release protons in alkaline pH according to
equation (7), the reaction rate of boron may be too slow,
as the reactions are based on pourbaix diagrams and
pourbaix diagrams only consider the dominant phase,
not the kinetics.

The dissolution rates of some minerals are affected by
the stirring velocity. Pokrovsky et al.24 proved that the
dissolution rates for calcite and dolomite depended on
the stirring velocity. The stirring rate is hard to measure,
so there may be inconsistencies in the stirring rate in this
study, which are too small to be observed. But the
importance of stirring velocity and difficulty to obtain
the same velocity in different studies is another obstacle
when it comes to comparing dissolution rate studies.

Dissolution studies
Even though the pseudowollastonite, monticellite and
boron-stabilised b-dicalcium silicate have not reached
the specific calculated amount of acid required for
complete dissolution, they are considered to be com-
pletely dissolved when the curves show no tendency
towards continued dissolution. The difference from the
calculated amount of acid is in most cases negligible and
can be explained by the method of adding minerals, as
described previously in the uncertainties section.

All minerals dissolve faster in acidic pH than in al-
kaline. This was expected since the dissolving reactions
consume protons, which there are more of at lower pH.
Of the three minerals studied, the boron-stabilised b-
dicalcium silicate is the fastest dissolving and neither the
degree of dissolution nor the dissolution rates are con-
trolled by pH. Both the dissolution of pseudowollasto-
nite and monticellite are pH dependent as they have
different dissolution rates at the different pH levels and
do not dissolve completely at alkaline pH.

When comparing the acid consumption for the boron-
stabilised b-dicalcium silicate at pH 10 with the

5 Acid consumption pseudowollastonite

6 Acid consumption of monticellite

7 Acid consumption of boron-stabilised b-dicalcium silicate
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calculated non-alkaline acid consumption, Table 2, the
mineral does not seem completely dissolved. However, if
the comparison is done with the calculated acid con-
sumption at pH 10, where the reaction of silicon at high
pH is taken into account, the situation is different. The
two acid consumptions values at alkaline pH correspond
closely and thereby prove that all dicalcium silicate has
dissolved, and the silicon has reacted according to
equation (5) and released a proton. This argument is
supported by the fact that the dissolution of boron-
stabilised b-dicalcium silicate at pH 10 has levelled out
at the same time as for pH 4 and 7, displayed in Fig. 7,
and does not show any indication of starting again for
the rest of the measured time period. If some of the
silicon was left unreacted, pH would start to decrease as
it reacted, but no such inclinations were seen.

As stated the silicon has reacted according to equation
(5) during the dissolution of dicalcium silicate at pH 10.
It may be assumed that the dissolved silicon in pH 10
should react in the same way and release a proton,
despite the mineral. Thereby, acid consumption of
pseudowollastonite, monticellite and boron-stabilised
b-dicalcium silicate at pH 10 should be compared with
the calculated acid consumption of the reacted silicon at
pH 10.

The study of only three slag minerals is not sufficient
for determining which minerals will dissolve quickly or
slowly. For a larger sample diversity, minerals, from the
study of Engström et al.,4 consisting either of CaO–SiO2

or CaO–MgO–SiO2 are included. The composition of all
minerals incorporated has been plotted in the three-
phase diagram, CaO–MgO–SiO2, in Fig. 8. The com-
parison between minerals in two different studies is
viable, since both studies are performed under the same
conditions with respect to temperature, pH, amount of
mineral and water, particle size and stirring velocity
within a close range.

Both the boron-stabilised b-dicalcium silicate and the
c-dicalcium silicate have the same dissolution rate and
degree at all pH levels, with the exception of the slightly
higher dissolution in the boron-stabilised b-dicalcium
silicate at pH 10, thereby indicating that the lattice
structure has an insignificant effect on the dissolution
rate in this case. Another possibility is that the effect of
the lattice structure may not be distinguishable in this
study, as the small particle size causes the dissolution on
the surface to be the dominant factor. It would be
interesting to repeat the experiment with a larger particle
size to determine if any differences can be detected. The
impurities may affect the hydration rate of the minerals,
as seen by Park,2 but no effect of the dissolution rate was
seen in the dicalcium silicate case.

Since both the beta and gamma phases have identical
dissolution, the b-phase represents both dicalcium sili-
cates in Figs. 9–11. The Figures are plotted as per cent
dissolved of the calculated acid consumption, and pH 10
includes the silica reaction.

At pH 4, the synthetic minerals can be divided into
two groups; the first group, consisting of dicalcium sili-
cates, akermanite and merwinite, reaches full dissolution
within a few hours and the second, containing mon-
ticellite and pseudowollastonite, reaches full dissolution
after 10 h. Akermanite and merwinite dissolve at a

8 The minerals’ composition marked in the three-phase

diagram CaO–MgO–SiO2

9 Percent dissolved minerals at pH 4 calculated from the

acid consumption at neutral and acidic pH

10 Percent dissolved minerals at pH 7 calculated from the

acid consumption at neutral and acidic pH
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similar rate, the difference seen in Fig. 9 is mostly owing
to the curves levelling out at different percentages. The
same is true for the difference between monticellite and
pseudowollastonite. The internal order of dissolution
has not changed between pH 4 and 7, except there is now
a difference between the minerals that had no noticeable
difference in dissolution rates at pH 4. At pH 7, the first
group of minerals has a larger spread but still dissolves
completely within the 40-h time limit. In the second
group, wollastonite is close to being completely dis-
solved after 40 h but monticellite has only dissolved by
about 50%.

At pH 10, the dicalcium silicates differ greatly from
the other minerals. While the second most dissolved slag
mineral, merwinite, only reach around 27% of complete
dissolution after 40 h, the dicalcium silicate dissolves
completely after only a few hours. The merwinite also
deviates from the trend, as the dissolution rate seems to
increase nearing 40 h, instead of maintaining a slow and
steady dissolution, as the other synthetic minerals do.
Akermanite has the lowest dissolution, 8%, while pseu-
dowollastonite and monticellite have dissolved to about
20%. It should be noted that the percentages at pH 10
are calculated with the assumption that all silica will
react and form a proton; if this is not the case, the
percentages are inaccurate. With this in mind, only the
dicalcium silicates can be said to react with significantly
differently than the other slag minerals.

The dissolution curves of merwinite at pH 4 and 7 are
similar to those of dicalcium silicate, as seen in Figs.
9–11; only the rate is different, as the dissolution of
merwinite is slower. The composition and structure of
merwinite is similar to b-dicalcium silicate; if the mag-
nesium atom in merwinite were to be switched with

a calcium atom, they would be identical. The magnesium
atom has an explicit effect on the dissolution at pH 10,
as merwinite suddenly stops being similar to dicalcium
silicates and starts dissolving more like the other min-
erals. This may be because calcium is more likely to
dissolve at high pH than magnesium, which is evident
in pourbaix diagrams.
The synthetic minerals in Table 3 are ordered after the

relative dissolution rate at pH 7, with the fastest dis-
solving minerals at the top. Neutral pH was chosen, as
pH 7 is the most common pH in water, and the dissol-
ution order in pH 4 is more or less the same. The other
option, pH 10, is not chosen, mainly because the dis-
solution degree is more undefined as the silica are able to
react in two different ways and the differences in reac-
tion rate between most minerals are insignificant.

Looking at Table 3, no correlation between structure
and dissolution rates can be seen; for example, both
the fastest dissolving mineral, c-dicalcium silicate, and
the slowest, monticellite, have an orthorhombic struc-
ture. Studies of more minerals are required to draw
conclusions on the influence of the composition of the
different elements, but some trends can be detected.
As in the comparison of dicalcium silicate with merwi-
nite, calcium-rich minerals are likely to dissolve faster
than those with magnesium. Generally, a high cation
count per silicon will increase the solubility, with the
exception of monticellite. Xie and Walther22 and Peters
et al.25 noted while studying wollastonite that, initially,
calcium is dissolved at a higher rate than silicon.
If silicon is left undissolved, then the silicon might form
a grid that prevents the remaining calcium in the mineral
from dissolving, which would explain why silica-rich
minerals dissolve at a slower rate. The monticellite
exception could be accounted for by the fact that mon-
ticellite has the highest magnesium ratio.

Conclusions
Minerals dissolve faster as pH decreases, with the
exception of the dicalcium silicates which are pH inde-
pendent. All synthetic minerals included in this
study dissolve completely at pH 4, akermanite, merwi-
nite, - andb -dicalcium silicate and pseudowollastonite
dissolve completely at pH 7, but only the dicalcium
silicates dissolve completely at pH 10.

The synthetic minerals in the range of 20–38 mm are not
affected by the lattice structure or the impurity of boron.

Silicon reacts differently in alkaline and non-alkaline
pH; in alkaline pH, the dissolved silicon reacts with
water and releases a proton.

Table 3 The synthetic minerals ordered after decreasing dissolution rate at pH 7 with the structure and different ion ratios

Synthetic minerals Ca/Si Mg/Si Cation/Si Structure

Dicalcium silicate 2 – 2 b-Monoclinic, c-orthorhombic
Merwinite 1.5 0.5 2 Monoclinic
Akermanite 1 0.5 1.5 Tetragonal
Pseudowollastonite 1 – 1 Monoclinic
Monticellite 1 1 2 Orthorombic

11 Percent dissolved minerals at pH 10 calculated from the

acid consumption at alkaline pH
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At pH 7 the silicon ratio has an influence on the dis-
solution rate, with a high silicon ratio decreasing the
dissolution rate. Minerals seem to dissolve faster as the
calcium content increases, but the magnesium content
appears to have the opposite effect.

Acknowledgements
Authors wish to thank MiMeR (Minerals and Metal-
lurgical Research Laboratory), Metalliska material via
VINNOVA (Swedish Governmental Agency for Inno-
vation Systems), the Swedish Steel Producers Associ-
ation (TO 55) and the Centre for Advanced Mining &
Metallurgy (CAMM) for invaluable financial support
and commitment. Authors also extend their gratitude to
colleagues and company members for their support and
assistance.

References

Strandkvist et al. Examination of slag minerals

Canadian Metallurgical Quarterly 2015 VOL 54 NO 4454

1 K. Pålsson, J. Stemne, L. Johansson and E. Blixt. Stålindustrin gör
mer än stål - handbok för restprodukter, 2012, Stockholm, Sweden,
Jernkontoret., ISBN: 978–91-977783-2-9

2 C. K. Park: ‘Phase transformation and hydration of dicalcium silicate
containing stabilizers’, J. Ceram. Soc. Jpn., 2001, 109, 380–385.

3 M. Kühn and D. Mudersbach.: ‘Treatment of liquid EAF-slag from
stainless steelmaking to produce environmental friendly construction
materials’, In Proceedings of the 2nd International Conference on
Process Development in Iron and Steelmaking (ScanMet II), Luleå,
Sweden, 2004

4 F. Engström, D. Adolfsson, C. Samuelsson, Å. Sandström and B.
Björkman: ‘A study of the solubility of pure slag minerals’, Miner.
Eng., 2013, 41, 46–52.

5 K. Lin, J. Chang and J. Lu: ‘Synthesis of wollastonite nanowires via
hydrothermal microemulsion methods’,Mater. Lett., 2006, 60, 3007–
3010.

6 I. Kotsis and A. Balogh: ‘Synthesis of wollastonite’, Ceram.Int.,
1989, 15, 79–85.

7 H. Yang and C. T. Prewitt: ‘On the crystal structure of pseudowollas-
tonite (CaSiO3)’, Am.Mineral., 1999, 84, 929–932.

8 I. Mihailova, S. Dimitrova and D.Mehandjiev: ‘Effect of the thermal
treatment on the Pb (II) adsorption ability of blast furnace slag’, J.
Chem. Technol. and Metall., 2013, 48, 72–79.

9 X. Chen, J. Ou, Y. Kang, Z. Huang, H. Zhu, G. Yin and H. Wen:
‘Synthesis and characteristics of monticellite bioactive ceramic’, J.
Mater. Sci. Mater. Med., 2008, 19, 1257–1263.

10 X. Chen, J. Ou, Y. Wei, Z. Huang, Y. Kang and G. Yin: ‘Effect of
MgO contents on the mechanical properties and biological perform-
ances of bioceramics in the MgO-CaO-SiO2 system.’, J. Mater. Sci.
Mater. Med., 2010, 21, 1463–1471.

11 V. A. Rovnushkin, E. A. Visloguzova, S. A. Spirin, E. V. Shekhovtsov,
V. V. Kromm and A. A. Metelkin: ‘Composition of ladle slag and
refractory materials and its effect on the wear resistance of the lining
of an RH vacuum degasser’,Refract. Ind. Ceram., 2005, 46, 193–196.

12 B. M. Moshtaghioun and A. Monshi: ‘Hot corrosion mechanism of
tundish plaster with steel slags in continuous casting’, J. Mater. Sci.,
2007, 42, 6720–6728.

13 A. Pioufle and D. Canil: ‘Iron in monticellite as an oxygen barometer
for kimberlite magmas’, Contrib. Mineral. Petrol., 2012, 163, 1033–
1046.

14 L. Muhmood, S. Vitta and D. Venkateswaran: ‘Cementitious and
pozzolanic behavior of electric arc furnace steel slags’, Cem. Concr.
Res., 2009, 39, 102–109.

15 X. H. Huang and J. Chang: ‘Low-temperature synthesis of nanocrys-
talline ß-dicalcium silicate with high specific surface area’, J.
Nanopart. Res., 2007, 9, 1195–1200.

16 S. N. Ghosh, P. B. Rao, A. K. Paul and K. Raina: ‘The chemistry of
dicalcium silicate mineral’, J. Mater. Sci., 1979, 14, 1554–1566.

17 D. Durinck, S. Arnout, G. Mertens, E. Boydens, P. T. Jones, J. Elsen,
B. Blanpain and P. Wollants: ‘Borate distribution in stabilized stain-
less-steel slag’, J. Am. Ceram. Soc., 2008, 91, 548–554.

18 R. Milacic, T. Zuliani, T. Oblak, A. Mladenovic and J. Scancar:
‘Environmental Impacts of Asphalt Mixes with Electric Arc
Furnace Steel Slag’, J. Environ. Qual., 2011, 40, 1153–1161.

19 Y. M. Kim and S. H. Hong: ‘Influence of minor ions on the stability
and hydration rates of ß-dicalcium silicate’, J. Am. Ceram. Soc.,
2004, 87, 900–905.

20 A. Ghose, S. Chopra and J. F. Young: ‘Microstructural characteriz-
ation of doped dicalcium silicate polymorphs’, J. Mater. Sci., 1983,
18, 2905–2914.

21 Y. Pontikes, P. T. Jones, D. Geysen and B. Blanpain: ‘Options to pre-
vent dicalcium silicate-driven disintegration of stainless steel slags’,
Arch. Metall. and Mater., 2010, 55, 1167–1172.

22 Z. Xie and J. V. Walther: ‘Dissolution stoichiometry and adsorption
of alkali and alkaline earth elements to the acid-reacted wollastonite
surface at 25°C’, Geochim. Cosmochim. Acta, 1994, 58, 2587–2598.

23 M. C. Ball, C. M. Marsh and M. C. R. Symons:
‘Thermoluminescence and ESR of boron-stabilized ß-dicalcium sili-
cate’, J.Mater.Sci., 1990, 25, 325–327.

24 O. S. Pokrovsky, S. V. Golubev and J. Schott: ‘Dissolution kinetics of
calcite, dolomite and magnesite at 25 °C and 0 to 50 atm pCO2’,
Chem. Geol., 2005, 217, 239–255.

25 S. C. Peters, J. D. Blum, C. T. Driscoll and G. E. Likens: ‘Dissolution
of wollastonite during the experimental manipulation of Hubbard
Brook Watershed’, Biogeochemistry, 2004, 67, 309–329.





Paper 2

Effect of FeO/MgO ratio on solubility and leaching of magnesiowüstite

I. Strandkvist, Å. Sandström and F. Engström

Submitted





1

Article type: Full paper

Effect of FeO/MgO Ratio on Solubility and Leaching of 

Magnesiowüstite

Ida Strandkvist*, Åke Sandström, Fredrik Engström*

I. Strandkvist, Dr. F. Engström, Prof. Å. Sandström

E-mail: fredrik.i.engstrom@ltu.se

ida.strandkvist@ltu.se

Luleå University of Technology, 

971 87 Luleå, Sweden

Keywords: slag, leaching, solubility, chromium, dissolution



2

Abstract

If slag is to be used as construction material, the leaching of some elements, such as chromium must 

be limited. The leaching of slag depends on the leaching properties of the minerals in the slag. 

However, the leaching/solubility properties of individual slag minerals are not usually studied. One 

common slag mineral that can contribute to the leaching of chromium is magnesiowüstite. The 

object of this study is to determine whether magnesiowüstite can be modified to avoid chromium

leaching.

Magnesiowüstite samples with different FeO/MgO ratios with and without chromium content were 

manufactured. The solubility was evaluated at pH 7 and 10 using the magnesiowüstite samples

without chromium, at size fraction 20-38 μm, by measuring the acid consumption required to 

maintain constant pH level. The magnesiowüstite samples with chromium content were leached at 

pH 10; the leachate was analyzed for chromium.

The results were unanimous, with increasing FeO content the solubility of magnesiowüstite and

leaching of chromium decreased. At pH 10 the magnesiowüstite with wt% FeO show no sign 

of solubility and no chromium leaching could be detected with 70 wt% FeO. The results prove that 

the FeO content can stabilize magnesiowüstite and thereby prevent chromium leaching.
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1. Introduction

In Sweden the steel industry produced around two million tonnes of residue in 2010, of which 1.4

million tonnes was slag. The produced residue material is increasingly being utilized rather than 

deposited in landfills. In 2010, 80% of the produced residues was utilized either externally or 

internally.[1] Slag is used in applications ranging from fertilizer to construction material. For 

example, low-alloy steel slag from the EAF can be used as ballast in asphalt where, in many

respects, the properties of this slag match or exceed those of the natural resources otherwise 

used.[1,2]

Slag is a multicrystalline oxidic material, whose main function is to extract impurities from the 

metal.[3] The composition of minerals in a slag is dependent on the process, the starting material and 

the kind of steel or iron produced.[4] Slags inherit their properties from the mineralogical 

composition. Many of the traits have been derived from a single mineral or group of minerals. Some 

properties are desired and some properties like disintegration, volume expansion and excessive 

leaching restrict usage. The disintegration of some AOD and ladle slags has been connected to the

transformation of -dicalcium silicate to -dicalcium silicate.[5,6] The volume expansion is caused by

free CaO and/or MgO. During the first six months CaO and MgO-rich phases hydrate, throughout 

which water molecules react and create Ca(OH)2 and Mg(OH)2, respectively; this causes volume 

expansion of the slag. This expansion can result in cracking of the construction material in which 

slag is incorporated.[2,7,8] Since the mechanisms are known, the cracking can be avoided using slag 

that has already expanded.[8]

Leaching occurs naturally when slag is subjected to water and in all outdoor applications slag will,

at least, be exposed to rain. When slag is assessed for suitable applications limited leaching of 

certain elements is crucial.[4] Cr is a common element in slag from scrap-based steel production. Cr

leaching must be restricted for slag to be considered environmentally friendly. In Sweden there are 

no national Cr leaching restrictions for using slag but the 0.5 mg kg-1 Cr leaching limit for inert 
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landfill material stated in the 2002 European landfill directive (2003/33/EC) tends to be used as a 

guideline.

Attempts to constrain the leaching of Cr have been made by leaching slags with varying content of 

different elements. From the leaching results the conditions that reduce Cr leaching are deduced.

Kilau et al.[9] investigated different slags from stainless steel and chrome alloy production and 

concluded that Cr leaching was dependent on the CaO/SiO2 ratio and MgO content, where a 

CaO/SiO2 ratio between 1 and 2 and sufficient MgO content resulted in reduced leaching.

Mudersbach et al.[10] compared the leaching of Cr from stainless steelmaking EAF slags and 

concluded that formation of spinels correlated with a decrease in the Cr leaching. Some elements 

were found to affect the formation of spinels and thereby the Cr leaching. From this research the 

factor sp, Equation 1, was formulated.

= + + [ %] (1)

Leaching is connected to the mineralogy[4,11] and as every slag type has a different mineral 

composition, different minerals may govern the leaching of Cr in the different slag types. The 

results of Kilau et al. and Mudersbach et al. can thereby only be applied to slag of the same kind as 

they investigated. With the aforementioned method all slag types have to be studied separately,

which requires a lot of experiments and may not result in an understanding of what makes slag 

leach, only how to hinder it. A universal method to understand and thereby prevent Cr leaching in 

all kinds of slag is needed. 

By studying minerals individually, the leaching properties of each mineral can be determined. With 

a knowledge of which minerals contribute to leaching and which do not, leaching of any slag can be 

understood and measures for preventing it can be taken, as exemplified by the disintegration and 

volume expansion. Minerals have different dissolution rates. This results in some minerals, for 

example the dicalcium silicates, dissolving quickly and raising the pH in the leachate.[12] The higher 
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pH may affect the slower dissolving minerals, as they now have different leaching conditions. Thus,

all minerals in slag should be studied and at different pH to really understand leaching.

Logically, only minerals that can contain Cr can leach Cr. There are four major ferrous EAF slag 

minerals that usually contain Cr: spinels (AB2O4), merwinite (Ca3MgSi2O8)[13,14], brownmillerite 

(Ca2(Al,Fe)2O5)[15,16] and magnesiowüstite (MeO)[15]. Spinels have been deemed to be stable[10] and 

will therefore not dissolve easily. The solubility of merwinite has been studied by Engström et 

al.[17], who showed that merwinite is soluble, especially in acidic and neutral pH. Only two phases 

are left to be investigated; magnesiowüstite and brownmillerite. Of these two, magnesiowüstite was 

selected to be studied in this paper with future work focusing on brownmillerite.

Magnesiowüstite is mainly found in EAF slags[15,18] but can be found in other slags, like BOS 

slags.[19] Magnesiowüstite in steel slag primarily consists of FeO, MgO, MnO and CrOx
[20]. FeO and 

MgO are completely soluble in each other and form a continuous solid solution,[18] which means any 

FeO/MgO ratio is possible. The mixture of the elements in the magnesiowüstite will contribute to 

its properties. This has been seen in studies by Geiseler et al.[21] and Qian et al.[18]. Qian et al. studied 

the hydration of slag samples with magnesiowüstite of different FeO content by measuring the 

volume expansion after autoclave treatment and studying the X-ray Diffraction analysis (XRD)

diffractograms. The authors concluded that the reactivity and volume expansion of magnesiowüstite

are governed by the FeO/MgO ratio, where a high ratio prevented both reactivity and volume 

expansion. Geiseler et al. studied the hydration of magnesiowüstites with varying FeO-MgO-MnO

content and saw that the hydration declined as the MgO content decreased. In their study 

magnesiowüstite with less than 40 wt% MgO, irrespective of whether MnO was present or not, was 

unaffected by the autoclave treatment and thereby considered stable; hence, MnO does not 

contribute to hydration. 
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The aim of this study is to improve the knowledge of how specific minerals contribute to the 

leaching of Cr as a step to the ultimate goal: avoiding leaching of Cr. In this paper the solubility and 

leaching of Cr in magnesiowüstite with different FeO-MgO ratios are investigated.

2. Methods and materials

2.1. Synthesis

Magnesiowüstite can only contain a limited amount of Cr2O3 before a phase transition takes place.

By using 4 wt% Cr2O3, which is close to the limit, according to thermodynamic calculations, the 

magnesiowüstite should be saturated with Cr2O3 and the leaching potential for Cr should be 

maximized. The chemicals were mixed thoroughly before they were pressed into a briquette. The 

briquette was placed in a narrow beaker in a furnace. An inert atmosphere was created by blowing 

nitrogen at 2 L min-1. The thermocouple and the nitrogen gas input were placed in the beaker above 

the briquette. The K min-1 until it reached the temperatures corresponding

to the composition in Table 1. The different temperatures were used to avoid smelting of the 

sample. The sintering temperature was held for one hour before the heating was turned off and the 

furnace was cooled to room temperature. The samples remained in the inert atmosphere in the 

furnace during the heating and cooling to avoid oxidation.

Table 1. Composition of the magnesiowüstite samples in wt% and sintering temperature

Briquettes for solubility study Briquettes for leaching study

FeO MgO Cr2O3 FeO MgO Cr2O3 temp [K] time [h]
20% 80% 0% 52% 44% 4% 1873 1
40% 60% 0% 62% 35% 4% 1873 1
60% 40% 0% 70% 26% 4% 1873 1
80% 20% 0% 84% 12% 4% 1773 1

The briquettes were ground and pressed into new briquettes and the sintering process was repeated.

The repetition of the sintering ensured that all chemicals reacted and formed a homogenous solid 

solution. The briquettes with Cr for the leaching study could not be manufactured over the same 
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composition span, as Cr promotes formation of spinels. Spinels deplete the magnesiowüstite of 

some elements, thereby changing the composition. As the composition of the magnesiowüstite 

samples is of utmost importance, no sign of spinel formation was accepted. X-ray diffractogram 

analyses (XRD) were performed to confirm the formation of pure magnesiowüstite. The XRD 

analyses were conducted in an Empyrean Series 2 PANalytical XRD diffractometer equipped with

copper K

Two different studies were performed: solubility tests of the briquettes without Cr at different pH 

and leaching of the briquettes with Cr.

2.2. pH-dependent solubility test and leaching test

The solubility test was performed at neutral and alkaline pH to simulate the natural conditions to 

which slag is exposed. In outdoor applications slag will encounter rainwater, which will mainly be 

neutral. As slag is exposed to water, some of the minerals will start to dissolve and create an 

alkaline leachate to which the rest of the slag is exposed.

The briquettes without Cr2O3 were ground and sieved into fractions. About 0.05 gram of the 20-38

μm fraction was used for each solubility test. A specified size fraction was used to avoid the 

influence of varying particle size on reaction kinetics. A beaker filled with 100 ml Milli-Q® water 

was placed in a water bath with constant temperature, 298 K, on an immersed magnetic stirrer set to 

320 rpm. A pH-electrode, nitrogen gas and a Radiometer Copenhagen ABU 901 Autoburette

attached to a Radiometer Copenhagen PHM 290 pH meter were connected into the beaker. The 

accuracy of the acid addition was 0.001 ml. The pH in the water was adjusted to 7 or 10 by adding

either HNO3 or NaOH. HNO3 and NaOH were chosen, as they do not form complexes that can 

affect the acid consumption. The magnesiowüstite was added into the beaker and the automatic 

titration started. Every 5th minute during the next 40 hours the addition of HNO3 was registered. 

The procedure was performed twice for each composition at both pH 7 and 10. The repetition acted 

as a verification of the consumed acid. Small variations in pH during the experiment were accepted.
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The leaching test was done according to a scaled-down version of European standard EN 12457-2.

The briquettes with Cr2O3 were crushed to a particle size 0-4 mm and the material was poured into 

plastic bottles together with deionized water set at pH 10 with NaOH, liquid/solid ratio 10. The

magnesiowüstites were leached for 24 hours, and then filtrated with a 45 μm filtration paper. The 

leachate was sent to a certified laboratory for ICP analysis.

3. Results

The X-ray analysis verified the formation of magnesiowüstite without any other visible phases. The 

acid consumption at pH 7 and pH 10 is plotted in Figures 1 and 2, respectively. In the allotted time 

of 40 hours no mineral composition completely dissolved. The calculated acid requirement for 

complete dissolution can be seen in Table 2. The dissolutions are calculated assuming MgO and 

FeO react according to Equation 2 and 3, respectively.

Table 2. 0.1 M HNO3 acid requirement in ml for dissolving the samples

complete 
dissolution [ml]

only MgO 
dissolved [ml]

20 wt% FeO 21 20
40 wt% FeO 18 15
60 wt% FeO 14 10
80 wt% FeO 11 5

+ 2 + (2)

+ + ( ) + ( ) (3)

The acid addition decreases with the increasing FeO content in both pH 7 and 10. In Figure 1,

showing the solubility in pH 7, the acid consumption of the magnesiowüstites is between 0.03 and

13.4 ml 0.1M HNO3 in 40 hours. 

less than 0.15 ml. 
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Figure 1. Solubility of magnesiowüstites without Cr2O3 at pH 7

In Figure 2, which shows the solubility at pH 10, the two compositions FeO do not 

have any acid consumption. All magnesiowüstite compositions at pH 10 require less acid than the 

corresponding compositions at pH 7. The acid consumption for 40 wt% FeO is around 0.5 ml and 

for 20 wt% FeO about 2.2 ml after 40 hours. 

Figure 2. Solubility of magnesiowüstites without Cr2O3 at pH 10

In Table 3 the leaching of Cr is seen to be correlated to the FeO content in the magnesiowüstite.

The Cr leaching is under the detection limit in the compositions with at least 70 wt% FeO. The 
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increase in Cr The pH has 

increased, from the starting value of 10, in all samples. 

Table 3. Leaching of Cr from magnesiowüstite of different FeO-MgO ratios with 4 wt% Cr2O3

Cr [mg/kg] pH
52 wt% FeO 0.069 11.5
62 wt% FeO 0.013 12.2
70 wt% FeO <0.005 12.1
84 wt% FeO <0.005 11.2

4. Discussion

As a solid solution consisting of more than two elements the compositions of magnesiowüstite are 

infinite. The likeliness of encountering a magnesiowüstite in a slag with exactly the same 

proportions as in these experiments is miniscule. Therefore, the exact solubility of a composition is 

irrelevant. The main concern is the influence of the different elements. Because of this and some 

experimental challenges, which lead to minor discrepancies between the original and repeated test, 

the trends are discussed instead of the exact quantity of acid addition. The trends on the other hand 

are unambiguous. 

The solubility rate decreases when pH and/or the FeO content increases. The difference in the acid 

requirement between neutral and alkaline pH are distinct, see Figures 1 and 2. The acid 

consumption decreases about 5 times in the composition of 20 wt% FeO when pH increases from 7 

to 10. The magnesiowüstite samples with at all in pH 10. The 

leaching of Cr also decreases as the FeO ratio increases and no Cr leaching can be detected with 

, Table 3. As the FeO content increases the reactivity of magnesiowüstite decreases;

at pH 10, no hydration, according to Geiseler[21], and the 

leaching of Cr is almost nonexistent. Not only does

acid at pH 10, but it also consumes less acid at pH 7 than magnesiowüstite with 40 wt% FeO at pH 

10. Thereby, magnesiowüstite with . The results also prove that 
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the three properties hydration, solubility and leaching are closely related and depend upon the 

FeO/MgO ratio in magnesiowüstite.

The effect of FeO/MgO ratio and pH can be explained with the help of pourbaix diagrams. Pourbaix 

diagrams show where different species of an element are dominant and thermodynamically stable at 

a certain redox potential and pH without regard to the kinetics. The lines between the different areas 

do not represent a boundary that separates one species from another but show where one species 

surpasses the other. Close to the borders the likeliness of coexistence is greater as the transition 

from one species to another can be gradient. In the Mg diagram, Figure 3, both pH 7 and 10 are 

located in the Mg2+ area but pH 10 is closer to the MgO dominant area; therefore, MgO more 

effectively dissolves into Mg2+ at pH 7 than at pH 10. Not only does the effectiveness of dissolution 

differ at various pH for one element but it also varies between elements. For example, MgO starts to 

dissolve at a higher pH than FeO; this is shown in the pourbaix diagrams, Figure 3 and Figure 4.

Consequently, the solubility of magnesiowüstite should be higher at pH 7 than pH 10 and with 

increasing FeO content the solubility should decrease.

Figure 3. Pourbaix over Mg modified by removing the hydroxides to show MgO

Figure 4. Pourbaix over Fe modified by removing the hydroxides to show FeO
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Leaching can only occur with some solubility or hydrating reaction of the material. Therefore,

leaching of Cr should not be expected in the compositions with , as magnesiowüstite 

neither dissolves at pH 10 nor hydrates.[21] Despite this, leaching of Cr still 

The dissolution that results in this amount of leaching 

of chromium can not be detected in the dissolution study. Limited solubility can affect Cr leaching;

the limit of inert material is exceeded if 0.002 wt% of a mineral with 4 wt% Cr2O3 dissolves.

Likewise, a solubility of the requiring 0.02 ml of 0.1 M HNO3 is enough to 

reach 0.013 mg Cr kg-1, assuming MgO and FeO dissolve at the same rate as the CrOx.

The samples of Geiseler et al.[21] and Qian et al.[18] hydrated at different FeO contents. Geiseler et al. 

, while in the study by Qian et al. magnesiowüstite with 

an hydrate, while an average of 72 wt% FeO did not hydrate. Since 

Qian et al. did their experiments on real slags, the magnesiowüstite in their study contained

additional elements. In addition to FeO and MgO, MnO and CaO are also present, as seen in Table 

4, and there are probably traces of other elements. CaO is more soluble than MgO and can 

significantly contribute to the hydration reaction; therefore, the effect of the FeO/MgO ratio is 

clearer in Geiseler’s study, and the results in this study are only compared to the study of Geiseler et 

al. and not the study of Qian et al.
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Table 4. Average content of the different magnesiowüstite in wt% from the study of Qian et al.[18]

FeO MgO MnO CaO
hydrating 41% 47% 8% 4%
hydrating 63% 25% 7% 5%

non hydrating 72% 7% 14% 7%

None of the magnesiowüstites in the leaching study exceed, or are even close to, the leaching limit 

for inert material. The 52 wt% FeO magnesiowüstite which leached the most had a Cr leaching 

kg-1. The limit for inert material is 0.5 mg kg-1. As other elements may affect the 

solubility some caution should be exercised before recommending a FeO content where the 

magnesiowüstite is no longer able to leach. Still, magnesiowüstite in slag 

should not alone exceed the Cr leaching limit for inert material. Slag is multicrystalline and contains 

a lot of different phases, which will dilute the Cr impact from the magnesiowüstite, as leaching is 

measured as mg kg-1 material. Even magnesiowüstite with lower FeO content will probably leach 

under the inert leaching limit. Most of the leaching of Cr from many slags is likely caused by 

another mineral than magnesiowüstite. Future research should therefore concentrate on the other 

Cr-containing minerals, like the previously mentioned brownmillerite, to see if there is any 

possibility to prevent these minerals from leaching. 

In some slags the formation of magnesiowüstite cannot be avoided, but the FeO content in the 

magnesiowüstite can be affected. Thermodynamic calculations of low-alloy EAF slag show that 

slow cooling and an overall increase of FeO in the slag increases the FeO content in 

magnesiowüstite.[22,23] The ability to affect the FeO content of magnesiowüstite combined with the 

resistance to Cr leaching in magnesiowüstite with sufficient FeO content makes it an ideal mineral 

for storing Cr.

5. Conclusions
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The three properties hydration, solubility and leaching are closely related to the FeO content in 

magnesiowüstites and can all be avoided with sufficient FeO content. No leaching of chromium was 

eO at pH 10.

As expected, the pH has an influence on the solubility of magnesiowüstite, where a lower pH leads 

to a higher solubility.
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