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v  The number of ions per formula unit  

V  Volume 

z  The charge of ionic species  
   

Greek letters 

  Bunsen coefficient 

0, 1, 2  Pitzer interaction parameters 

  Activity coefficient  

  Calcium extraction efficiency 

  The molar limiting conductivity 

  Chemical potential 

  Kinematic viscosity 

w  Density of water  
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Chemical compounds and minerals  

Al2O3  Aluminum oxide 

CH3COONH4  Ammonium acetate 

Ca2Fe2O5  Calcium iron oxide; srebrodolskite 

CaCO3  Calcium carbonate 

CaCl2  Calcium chloride 

Ca(OH)2  Calcium hydroxide; milk of lime 
 

CaO  Calcium oxide; lime 
 

Ca2SiO4  Larnite 
 

CO2  Carbon dioxide 
 
CaSiO3  Wollastonite 
 
FeO  Iron oxide; wuestite 
 
Fe3O4  Magnetite 
 
H2O  Water 
 
MgO  Magnesium oxide 
 
MnO2  Manganese dioxide 
 
NH3  Ammonia 
 
(NH4)2CO3  Ammonium carbonate 
 
NH4Cl  Ammonium chloride 
 
Na2O  Sodium oxide 
 
PO4  Phosphate 
 
SiO2  Silicon dioxide; silica, quartz 
 
TiO2  Titanium oxide 
 
V2O3  Vanadium oxide 
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1. Introduction 

1.1 Background  

 
Humanity faces many challenges that we must overcome in a very short time. 

The two most alarming challenges that we have to address immediately and col-
lectively are 1) the climate change, due to the increase of greenhouse gases (pri-
marily CO2) produced by human activities and 2) resource depletion, partially 
due to the intensive demand for manufacturing goods. 

 
From the beginning of the industrial revolution up to today, the so-called one-

way or linear production model has dominated the entire manufacturing eco-
system. In this linear model, products are produced from primary raw materi-
als, sold, used, and then discarded as waste [1]. In consequence, this model has 
led to a domino effect for the entire human ecosystem—including its economic, 
social, and political orientation—and the environment. For instance it has led to 
1) an increase in the cost of living, 2) an increased volume of waste, 3) pollution, 
and 4) resource depletion. 

Global resource demand is projected to increase heavily in the coming years. 
In 2010, 65 Gt of raw material entered the global market and about 82 Gt of raw 
material is expected to enter the marked in 2020 [1]. This rapid growth has led 
to an increase in the demand for commodities such as metal, energy, etc., which 
in turn has led to a drastic increase in commodity price (Fig. 1) [2]. 

According to the IPCC report on climate change in 2014, total anthropogenic 
greenhouse gas emissions have continued to increase from 1970 to 2010. The 
highest absolute increase was observed between 2000 and 2010, as shown in 
Figure 2, depicting the total annual greenhouse emissions from 1970 to 2010. 
As also shown in the figure, anthropogenic CO2 contributed the largest share to 
greenhouse gases (75%) followed by methane (CH4) [3]. 
 

Therefore, the linear model has to be replaced with a new industrial produc-
tion system that is a closed loop and enables the recovery and recycling all of the 
valuable elements in the industrial waste streams. The so-called circular econ-
omy is considered to be the alternative to the linear production model [1]. 
The economic opportunities that could be gained through the circular economy 
are at the top of the future competitive strategy for industrialized countries, thus 
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the discussion is taking place both on both national and regional levels. In Eu-
rope, the Resource Efficiency Flagship Initiative under the EU’s 2020 strategy 
lays both political and financial foundations for the shift towards suitable, low-
carbon economy and resource efficiency gains through the circular economy ap-
proach [4]. 
 
 
 
 

 

Figure 1. Historical price development for four commodities: food, non-food agricultural raw ma-
terials, metal, and energy (y-axis = price index) [2]. 

 
 

 
 

Figure 2. Total annual greenhouse gas emissions between 1970 and 2010 [3].  

 
In Finland, the government defines circular economy as one of the major pil-

lars in Finland’s vision for 2025. The goal is to develop a roadmap for Finnish 
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industries in order to see the growing opportunities offered by the circular econ-
omy [5]. 

 

1.2 Circular economy for the iron and steel industries 

Steel is essential to economic development for both developed and developing 
countries. It is the backbone for our basic daily needs such as our supply of water 
and energy. Steel is also important for our infrastructure, transportation, and 
manufacturing system. More than 1.4 billion tons of steel are manufactured 
globally each year [6]. It is expected that steel production will see continued 
growth in the coming decades, and thus CO2 emissions from the industry will 
increase unless efforts are made to reduce CO2 emissions. 

 
On the other hand, the production of steel is characterized as a very energy- 

and material-intensive process and it is a major source of global carbon dioxide 
emissions. In addition to the direct and indirect emissions of CO2, the produc-
tion of steel also generates around 400 Mt/y of steelmaking slag, a by-product 
that contains a lot of valuable elements such as calcium oxide [7]. 

Therefore, utilization of these valuable industrial by-products is not only en-
vironmentally beneficial but it also creates a source of revenue generation and 
competitive advantage. It could also reduce the price volatility of various raw 
materials and reduce their supply risk. It has been estimated that in 2025 recy-
cling steel could add more than 100 Mt of iron ore to the global net material 
saving of steel [1]. Therefore, such a circular economy approach would make the 
iron and steel industries more sustainable and environmentally friendly. 

 

1.3 Carbon dioxide sequestration by mineral carbonation 

CO2 sequestration by the mineral carbonation of calcium or magnesium sili-
cate minerals has been considered a potential technology to mitigate industrial 
CO2 emissions [8]. This technology may gain greater public acceptance since it 
offers permanent storage without leakage or environmental problems: 

 

Nature is the primary source for calcium and magnesium silicates, and only 
mining activities can produce the large amount of feedstock required. On the 
other hand, the mineral carbonation technology has some barriers and chal-
lenges that must be addressed: scalability, large-scale material consumption, 
and energy intensiveness. To meet these challenges, researchers have made sev-
eral studies over the last few years, and reported a number of advanced process 
routes [9-18].  

 

)()(),()()(),( 2322 sSiOsCOMgCagCOsSiOMgCa
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Industrial solid waste, such as steelmaking slags, is considered to be an alter-
native raw material for CO2 sequestration due to its high content of calcium ox-
ide. Teir [19] has investigated the possibility of producing pure calcium and 
magnesium carbonates from different raw materials. Eloneva [20] has shown 
that ammonium salt solutions can selectively dissolve calcium from steelmaking 
slags, and pure calcium carbonate will be precipitated by bubbling CO2 in the 
Ca-rich solution. Mattila [21] has built 28 L reactors with the aim to investigate 
core process parameters for the utilization of steelmaking slag for the produc-
tion of calcium carbonate. 

 
It has been reported that very large amounts of this material are being dumped 

into slag disposal areas without being utilized [22]. Only in 2010, 13% of the 
basic oxygen furnace (BOF) slag produced in Europe was put into landfill as its 
final disposal [23]. This is not a long-term solution, and it brings both an eco-
nomic and environmental cost. 

On the other hand, the iron and steel industry is a significant source of anthro-
pogenic carbon dioxide (CO2) emissions, accounting for around 7% of global 
CO2 emissions  

In order to mitigate its share of CO2 emissions, the steel industry has con-
ducted intensive research projects to investigate sustainable steel production 
paths that could reduce their share of global greenhouse gas emissions [6]. De-
spite their limitations, both the carbon capture and storage (CCS) and carbon 
capture and utilization (CCUS) technologies are considered to be potential tech-
nologies for reducing CO2 emissions from the steel industry [24]. 

The utilization of both steelmaking slags and the CO2 in flue gas enables the 
production of another valuable raw material known as precipitated calcium car-
bonate (PCC). 

 

1.4 The objective and scope of this work 

The objective of this dissertation is to illustrate the feasibility of utilizing both 
steelmaking slags and CO2 in the flue gas from steelmaking processes as an al-
ternative method for the production of PCC. This thesis demonstrates the 
techno-economic feasibility of the Slag2PCC method by conducting basic labor-
atory experiments (with a 0.5 L reactor) followed by proof-of-concept experi-
ments at pilot scale (with 200 L reactors). 

The feasibility study was originally conducted at laboratory scale, where the 
basic chemistry was investigated and different process parameters (e.g., tem-
perature, pressure, solvent concentration, etc.) were optimized. After that, we 
designed and constructed a pilot plant test facility with 200 L reactors for proof-
of-concept of the technology. After we received the very valuable and interesting 
results from both the laboratory- and pilot-scale tests, the project entered the 
pre-commercialization phase, where the design of 2500-litre reactors for a 
demonstration plant is ongoing. The aim of the demonstration plant is to realize 
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the commercial production of PCC from the Slag2PCC concept in the near fu-
ture. The thesis presents experiment results regarding the possibility of recy-
cling the used solvent and its implications for calcium extraction efficiency. It 
will also present techno-economic indicators that enable us to evaluate the fea-
sibility of the Slag2PCC technology. 

 

1.5 Motivation  

Because of the many challenges that humanity is facing now, including the 
above-mentioned acute challenges—climate change and resource depletion—it 
is obvious that a business-as-usual scenario is not responsible. Also, we must 
bear in mind that the consequences will be enormous and last for generations 
to come. Thus, we believe that utilizing industrial solid waste or by-products 
(e.g., steel slag) can minimize the need to hunt for priary raw materials and can 
create added value to industrial business’s core. Additionally, the utilization of 
CO2 in the flue gas could minimize CO2 emissions to the atmosphere. 
 

Therefore, the conversion of two undesirable industrial waste products (steel 
slag and CO2) into a valuable product—PCC—is the motivation behind this work. 

 

1.6 The outline of the thesis 

Chapter 2 describes conventional technologies for the production of PCC. It 
also provides an overview of the global consumption of different calcium grades 
(e.g., ground calcium carbonate [GCC] and PCC). In Chapter 3 we analyze the 
suitability of steelmaking slags as a raw material for the production of PCC. 
Chapter 4 describes the principle of Slag2PCC technology and its conceptual 
role as a circular economy model. In Chapter 5 we describe the experimental 
set-up for laboratory and pilot-plant tests. In Chapter 6 and Chapter 7 we pre-
sent the results from the calcium extraction and carbonation processes respec-
tively, and the most influential experimental parameters. Chapter 8 presents the 
design of the future demonstration plant prior at full industrial scale. Some of 
drawings presented in this chapter are taken from a MSc. thesis from Aalto Uni-
versity that the author of this doctoral thesis is assigned to as an instructor. In 
Chapter 9 we provide concluding statements as well as recommendations for 
future work. 
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2. Calcium carbonate 

 

2.1 Demand and supply 

 
Calcium carbonate (CaCO3) is an abundant sedimentary rock that can be 

found in different locations, either in the form of limestone, chalk, or marble. It 
is recognized as a widely used mineral for various industrial applications, from 
steelmaking to pharmaceutical processes. It was reported that the demand for 
the industrial application of CaCO3 is globally growing, mainly in Asia. However, 
this growing demand is only covered by extracting it through mining or quarry-
ing, which is in turn associated with a high CO2 footprint.  

There are two main types of calcium carbonate: GCC, which is the natural form 
of CaCO3, and PCC, which is the synthetic form of CaCO3. The advantage of PCC 
over GCC is that its production enables control of the final quality of the prod-
uct. The three main quality factors are 1) purity, 2) particle size, and 3) crystal 
morphology. However, regardless of the grade of the CaCO3 used, the final qual-
ity is strictly controlled.  

Although there has been some market fluctuation, global PCC and GCC con-
sumption has shown a record high in recent years. A total of 74 Mt of calcium 
carbonate was consumed globally in 2011, with 60 Mt in the form of GCC and 
14 Mt of PCC. It has been estimated that the consumption of both PCC and GCC 
will increase in the future [25]. As shown in Figure 3 (based on extracted data 
from Roskill, published in 2012 [15]), the paper and plastic industries are the 
largest end-users of calcium carbonate pigments, accounting for 39% and 26% 
respectively of the total consumption of both PCC and GCC. Asia is the largest 
and fastest growth market, due to the expansion of the Chinese paper and plas-
tics sector, followed by Europe and North America.  

The choice of mineral type usually depends on its general availability and the 
cost, including logistics. On the other hand, the production of PCC is much more 
energy and capital intensive than the production of GCC. 

 In times of high internal and external competition, pressure on the paper in-
dustries—such as excess supply and competition from digital media—the reduc-
tion of the mineral cost is an extremely critical factor in reducing the overall 
production cost. There is a continuous search for cheaper industrial minerals, 



Calcium carbonate 

8 
 

such as filler and coating pigments, that could fully or partially replace conven-
tional limestone-based PCC and GCC pigments [26]. 
 

 

 

Figure 3. Annual global consumption of PCC and GCC. 

2.2 Conventional PCC production technologies 

 
There are three major conventional technologies where commercial PCC is 

produced—namely, the carbonation process, the Solvay process, and the lime 
soda process—and these technologies are all limestone-derived processes. Fig-
ure 4 summarizes the core production stages of these processes. 

 

 
 

Figure 4. Conventional PCC production technologies [27]. 
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In these conventional processes the limestone is calcined in a lime kiln at a 

temperature between 800–1000°C. Due to this high temperature the limestone 
is decomposed into lime (CaO(s)) and CO2 (g). The produced lime, also known as 
quicklime, is then slaked with water to produce calcium hydroxide (Ca(OH)2) or 
“milk of lime” slurry. In the carbonation process the slurry is then reacted with 
CO2 gas to precipitate PCC of the desired quality. This process, also known as 
the milk of lime process, is the only process in which PCC is produced as the 
primary product. With the other two conventional process—the lime-soda pro-
cess and the Solvay process—other products are also produced as secondary 
products or by-products. 

A newly developed sustainable calcium carbonate production method called 
Slag2PCC could be considered as a potential replacement for conventional lime-
stone-based PCC and GCC processes [28]. 

 
 

2.3 The applications of calcium carbonate 

 
As mentioned previously, calcium carbonate (either in GCC or PCC form) is 

used as a raw material in different industrial applications. The pulp and paper 
industry is the largest consumer for both filler and coating applications in the 
production of different paper and board grades. Table 1 summarizes a compre-
hensive literature research conducted by Zappa [12] that provides a summary 
of the uses of CaCO3 in different industrial applications. 
 

Table 1. The industrial applications of calcium carbonate [27]. 

Industry Application                    

Pulp & paper 
Filler and coating to improve paper’s physical properties 
and reduce the cost of papermaking    

Paints & coatings 
To make emulsion paint and powder coatings, working as an 
anti-setting agent, opacity agent, and anti-rust agent  

  

Plastics 

Filler and coating material to improve strength, stiffness, 
stability, hydrophobicity, and dispensability in polymer 
matrices   

Cosmetics 

Calcium carbonate is an important ingredient in 
toothpaste, foundations, various creams, and 
gloves 

 
 
   

 
 
 

 
Pharmaceuticals 

 
Used in antibiotic fermentation processes for pH 
control and flocculation     
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3. Steelmaking slags as a raw material 
for the production of CaCO3 and CO2 
sequestration  

 

3.1 Steelmaking slag  

Slag is a non-metallic by-product from iron and steel production that consists 
of various combinations of calcium, magnesium, and aluminum silicates. Not 
all steel slag is utilized innovatively to ensure zero waste and added value in the 
steel production chain. 

Steelmaking slags (or iron and steel slags) are formed by the addition of flux-
ing agents (limestone) to blast and steel furnaces in order to strip impurities 
from iron ore and steel scrap. The slag is a silicate melt that floats on top of the 
molten crude iron or steel and is removed from the furnace and separated from 
the liquid metal. Several different types of slag are produced at different stages 
of the steelmaking process. This slag is generally named after the furnace it orig-
inates from: for example, BF (blast furnace) slag, BOF slag, EAF (electric arc 
furnace) slag, and AOD (argon oxygen decarburization) slag. Together, BOF and 
EAF slags are commonly referred to as steel slag or steel converter slag. 

 
Figure 5 shows a simplified integrated steelmaking process diagram where 

BOF slag is generated as a by-product. Iron ore, coal, oil, and limestone are fed 
into a BF to produce pig iron, which is then fed into a BOF to produce steel. 
Recycled steel is also fed into the BOF, in addition to quicklime (CaO) produced 
from a lime kiln unit, which is used to remove impurities and improve slag vis-
cosity. Finally the steel is solidified at a continuous casting unit and then shaped 
at sequential rolling units.  
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Figure 5. A simplified scheme for an integrated steel mill process.  

 
Up to 50% of molten steel slag is associated with metal, which is generally re-

covered during slag processing and returned to the furnace. It is estimated that 
about 200 kg slag/t steel is produced [22] (Publication I). This makes the 
amount of marketable or disposable slag remaining after steel removal about 
10% to 15% of the steel output.  

Figure 6 illustrates the annual world production of steelmaking slag for the 
last decade (based on extracted data from USGS [12]). As the global steel demand 
increases, the availability of steel slag for CO2 sequestration also increases.  

 

  
Figure 6. Annual global production of steelmaking slag (based on extracted data 
from [12]).  

3.2 Characterization of the materials 

There are various types of steelmaking slags and therefore their chemical and 
physical properties vary as well. In this thesis we have used three different slags: 
1) steel converter slag produced via the BOF process, 2) ladle slag, and 3) AOD 
slag. The BOF and ladle slag was provided by SSAB Ruukki, Finland, and the 
AOD slag was provided by Outokumpu, Finland. The chemical composition of 
the slag was determined by X-ray fluorescence spectroscopy (XRF) and the 
phase compositions by X-ray diffraction (XRD); the results are summarized in 
Table 2 and Table 3 respectively. 
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However, the core slag used was BOF slag due to its high reactivity with am-
monium chloride solution (Publication II).  

 Table 2. XRF analysis of steelmaking slags (  0.1 wt.-%). 

  CaO FeO SiO2 Mn
O 

Al2O3 MgO V2O3 Ti P Cr Na2O 

  % % % % % % % % % % % 
BOF slag 1 51.40 14.60 13.70 1.80 1.60 1.50 2.05 0.55 0.45 0.25 0.10 
BOF slag 2 45.90 16.60 13.90 2.30 2.00 3.70 0.98 - - - - 
BOF test 
slag 

44.90 12.0 22.70 2.60 2.60 1.60 2.52 0.78 0.43 - - 

Ladle slag 50.30 1.04 11.03 0.47 29.83 5.71 - 0.87 0.12 0.03 0.09 
AOD slag 51.87 0.53 25.74 0.52 2.06 8.38 - 0.52 0.10 1.28 0.11 

 
 

Table 3. XRD analysis of steel converter slag. 
 

Slag type Composition           
BOF slag 1 Ca2SiO4, Ca2Fe2O5, Ca(OH)2, CaO, and FeO  

BOF slag 2 Ca2SiO4, Ca2Fe2O5, Ca(OH)2, CaO, and FeO   
BOF test slag Ca2SiO4, Ca2Fe2O5, Fe(OOH),and Fe2O4  
Ladle slag Ca2SiO4, Ca12Al14O33, Ca3Al2(SiO4)2Cl4, Mg0.1Ca0.9CO3, MgO, and Na0.8243K.1757Cl 

AOD slag Ca2SiO4, Ca4(F1.5(OH)0.5)Si2O7, Ca14Mg2(SiO4)8, Ca3Al2O6,  CaCO3,CaSiO3, CaF2, and Cr23C6 

 

 

Figure 7. Particle size distributions for BOF and AOD slag used for the Slag2PCC 
pilot plant. 

The steel slag was crushed and sieved to  250 m prior to experimental work. 
Figure 7 shows the particle size distribution (PSD) for the BOF and AOD slag. 
By EDS (energy dispersive X-ray spectrometer) X-ray mapping we identified 
and mapped the location of the major specific elements in the steel slag (Fig. 8): 
calcium (blue), silica (green), iron (orange), aluminum (light green), magne-
sium (purple), titanium (teal), vanadium (violet), manganese (light yellow), and 
oxygen (red) (Publication III). 
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Figure 8. Elemental mapping of the steel converter slag by EDS X-ray. 
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4. The Slag2PCC concept 

 

4.1  Process description 

In the Slag2PCC method, PCC can be produced from steelmaking slags and 
the CO2 in the flue gas from the steelmaking process (Fig. 9). The possibility to 
selectively dissolve calcium from the slag and recycle solvent is extremely criti-
cal for the success of the Slag2PCC technology. In our previous research the pos-
sibility to dissolve calcium selectively from the steel converter slag was investi-
gated using various different solvents [29]. These solvents included four differ-
ent acids, ten different salts, and sodium hydroxide. Besides selectivity, the pu-
rity of the PCC was a target because this enables recycling of the solvent. We 
found that ammonium salt solutions were the most promising solvents amongst 
the tested ones. 

 
The crushed steel slag reacts with an aqueous solution of ammonium salt 

(NH4Cl, NH4NO3, or CH3COONH4) to selectively extract calcium from the slag 
in an extraction reactor, resulting in a Ca-rich solution. After filtration, the Ca-
rich solution reacts with CO2 in the flue gas in a carbonation reactor, resulting 
in PCC. To minimize the chemical consumption of the process, the ammonium 
salt is regenerated during the carbonation process and recycled back to the ex-
traction reactor. Both the extraction and carbonation processes can be carried 
out at atmospheric temperature and pressure. Depending on the target PCC 
morphology (calcite or aragonite), additional heating of the Ca-rich solution 
may be required (max 60°C) before the carbonation process. The main extrac-
tion and carbonation reactions are shown in reaction equations (R2–R9). The 
reaction equations are presented with ammonium chloride as the solvent, since 
most of the experiments were carried out with it.  
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Extraction reactions: 
 

   

 
(R2) 

(R3) 

 
Carbonation reactions: 
 
 

(R4) 

(R5) 

,                                                                                                        (R6)   
 

                                                                        (R7)   
 
 

                                                                                (R8)    

 
                                                                             (R9) 

 

 

The residual slag, which mainly consists of slag’s compositional elements other 
than calcium, and the unreacted calcium could be treated separately from the 
concept of the Slag2PCC process. Figure 9 shows a simplified Slag2PCC process 
concept. 
 

 

Figure 9. The simplified Slag2PCC process concept.  
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4.2   Integration of the Slag2PCC process into the steel mill  

Production of PCC via the Slag2PCC method could be achieved by integration 
of the Slag2PCC process into the steelmaking process. The basic business model 
is that the steel producer would also become a PCC producer. The Slag2PCC 
plant would be an add-on facility constructed at the steel mill nearby the slag 
and CO2 flue gas supply units. Figure 10 shows an example of the integration of 
the Slag2PCC process into a steel mill. 

 The lime kiln is a very important process unit for integrated steel mills. It 
converts limestone into quicklime (CaO(s)) and CO2 (g). The CaO(s) is fed into the 
BOF to remove impurities from the steel and improve slag viscosity, and the CO2 
can be utilized in the carbonation unit of the Slag2PCC process.   

The BOF slag is introduced to a slag treatment unit that comprises the follow-
ing processing steps: 1) the removal of large metallic sculls with a 300 x 300 mm 
sieve, 2) the magnetic separation of iron, 3) coarse crushing to ≤ 80 mm particle 
size, 4) separation of BOF slag going to the BF (8–80 mm) by sieving, and 5) 
drying. The pre-treated slag is then fed into the Ca-extraction reactor, producing 
a Ca-rich solution that reacts with the CO2 in the flue gas from the lime kiln unit 
in a carbonation reactor, producing PCC. Finally the PCC can be transported to 
the end user. 
 

 

Figure 10. A simplified process scheme for the integration of the Slag2PCC process 
into a steel mill. 

The advantages of this process integration are 1) no mining activity is required 
to produce PCC, 2) no limestone transportation is required for the production 
of PCC, 3) there is no slag landfill—it is utilized as a raw material, 4) no energy 
is required for the calcination process, and 5) some of the CO2 in the flue gas is 
also utilized. 

Therefore, based on these factors the integration of the Slag2PCC process into 
a steel mill can be considered a sustainable method for the production of cal-
cium carbonate.
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5. A description of the experimental 
work 

5.1 Laboratory-scale experimental set-up 

 
Calcium extraction efficiency was studied by dissolving a batch of 1 g slag in a 
50 ml aqueous solution of NH4NO3, CH3COONH4, and NH4Cl with three differ-
ent concentrations: 0.5, 1, and 2 M. A round bottom flask equipped with a mag-
netic stirrer was used as a reaction vessel. It was surrounded by an open water 
bath that was heated using a separate temperature-controlled water bath (Fig. 
11). The vessel was also equipped with a condenser, cooled with tap water in 
order to avoid solvent evaporation losses. The pH and temperature of the solu-
tion were measured using electrodes with a measuring accuracy of ± 0.1 pH and 
± 0.1 C respectively, enabling the real-time monitoring and logging of data. The 
solutions were stirred by a magnetic stirrer for 1 hour after the addition of the 
slag at 30 C temperature. The solutions were immediately filtered with a 0.45 

m Pall GxF filter. Then the concentrations for the major elements (Ca, Si, V, 
Mg, Mn, Fe, Al, and Cr) in the filtered solution were measured with an ICP-AES 
(inductively coupled plasma–atomic emission spectroscopy) (Publications I–
II). 
 

 
Figure 11. An overview of the lab-scale test facility. 



A description of the experimental work 

20 
 

 

5.2 Pilot-scale experimental set-up 

The pilot-plant test facility consists of three reactors, each having a maximum 
volume of 200 L: an extraction reactor (Reactor 1) and two carbonation reactors 
(Reactors 2 and 3). Figure 12 shows the design of the Slag2PCC pilot plant and 
Figure 13 shows a picture of the actual pilot plant. Table 4 summarizes the key 
components of the pilot plant. In Reactor 1, a batch of steel converter slag ( 250 

m) is mixed with 1 M aqueous solution of ammonium chloride (NH4Cl) in or-
der to selectively dissolve calcium from the slag at ambient temperature and 
pressure. Calcium is extracted from steel slag, after which this Ca-rich solution 
is filtered through extraction filters (Extraction Filters 1 and 2). These filters are 
equipped with 1 m nylon filter bags to remove the bulk of the slag. To guarantee 
the purity of the Ca-rich solution prior to the carbonation stage, a secondary 
filtration stage (qualitative filtration) was introduced for removing particles of 
up to 0.45 m.  

After filtration, the Ca-rich solution can be stored in a reserve tank (Tank 1) 
for intermediate storage or carbonated directly in a carbonation reactor, Reac-
tor 2. After carbonation, the PCC is collected using an identical filtration system 
to that used in the extraction stage (PCC Filters 1 and 2, followed by qualitative 
filtration) and the filtrate (the recovered solvent) can be stored in a solvent tank 
(ST1), or it can be directly pumped into the secondary carbonation reactor (Re-
actor 2). The aim of the secondary carbonation reactor is to purify the recovered 
solvent from the small amount of unreacted calcium in the Ca-rich solution 
prior to its recycling in the extraction reactor.  

Each reactor (Reactors 1, 2, and 3) is equipped with temperature and pH indi-
cators as well as an agitator (with a maximum speed of 202 rpm for Reactor 1 
and 170 rpm for Reactors 2 and 3). The primary carbonation reactor has a gas 
sparger with 470 holes that have a diameter of 1 mm each. The gas sparger is 
below the agitator and 5 cm above the bottom of the reactor, it points down-
wards to avoid any rapid blocking of the sparger holes. The pilot plant also in-
cludes two plate heat exchangers (HX-1 and HX-2) that can be used to heat or 
cool the solvent going into Reactor 1 or the Ca-rich solution going into Reactor 
2.  
The pilot plant can be operated either in batch or continuous mode. In continu-
ous mode, both the solvent and the slag are continuously pumped into and out 
from the extraction reactor. Extraction Filters 1 and 2 are connected in parallel—
when one of them becomes full the flow can be switched into the other one. The 
same approach applies to the continuous carbonation mode. However, the re-
sults presented in this thesis are only from the batch-mode tests (Publication 
V). 
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Table 4. The key components of the pilot plant. 

        

Name Number 
of units          Type Description 

        

Reactor  3 
Stainless steel, AISI 
304 

V = 200 L, h = 1 m, d = 50 
cm 

Reserve tanks 5 Plastic tanks 
2 x 200 L, 1 x 300 L, 2 x 100 
L 

Quantitative 
Filters 5 Amazon bag filters Bag filter housing: 1 m 
Qualitative fil-
ters 3 HOH filter housings 2 x 1 m and 1 x 0.45 m 
Slag feeder 1 Rotary valve RV-RVR 02, 10 rpm 

Pump 8 
Pump SELF, Mag 
22T8  0.35 kW, 20 L/min 

Heat exchanger 2 Fixed plate FP 40-59-1-NH 

Agitators 3 Pitched blade impeller 
CML and HLS, 0.37 Kw, 202 
and 170 rpm 

Pipes 
 

Stainless steel, AISI 
316 ¾ inch  

Hose  VEPA, 19 X 27 mm EPDM 110C, 15 bar, ¾ inch  
pH sensor 3 Jumo, 0030u151 0–12 pH 
Temperature 
sensor 5 pt- 100  
Liquid flow me-
ters  10 210, DN10 Max 32 L/min 

Gas flow meters  2 
Rotameter and Aal-
berg, GFM57  
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Figure 12. The pilot design of the Slag2PCC pilot plant test facility at Aalto University, Finland.  
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Figure 13. The Slag2PCC pilot plant test facility at Aalto University, Finland. 

 
 

 
The size of the pilot plant tests facility was made based on the following crite-

ria: 1) accordance with the allocated budget, 2) having the lowest minimum cost 
for construction, material, and operational costs, 3) having a PCC output capac-
ity per test (about 7–10 kg) that enables us to investigate further if required (e.g., 
the filterability and quality of the PCC). Thus, 200 L reactors seems to be the 
best size to satisfy these factors.
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6. The extraction of calcium from steel 
slag 

6.1 Laboratory scale 

6.1.1 The effect of solvent concentration on calcium extraction efficiency  

 
Calcium extraction efficiency from steel slag with an aqueous solution of ammo-
nium salts (NH4NO3, CH3COONH4, and NH4Cl) at three different concentra-
tions (0.5, 1, and 2 M) was studied at laboratory scale. The extraction efficiency, 

 can be calculated according to equation (1), where is the calcium con-
centration in the Ca-rich solution (kg/L), is the volume of the solvent (L), 

 is the mass of slag (kg), and  is the calcium mass fraction in the slag 
(Publications I–II): 

. 

 
The extraction efficiency for the three ammonium salt solvents appears to be in 
the same range (Fig. 14); calcium was selectively extracted at about 37–45 wt.-
% with NH4Cl solvent, 42–50 wt.-% with NH4NO3, and 41–54 wt.-% with 
CH3COONH4. The slag used was BOF test slag that has no free lime (CaO). How-
ever, if there had been free lime in the slag, the total calcium extraction effi-
ciency could be higher (Publications I–II) [30,31]. 
 

The effect of solvent concentration on the calcium extraction efficiency was 
less obvious than the effect of slag’s grain size. As shown in Figure 14, increasing 
the solvent concentration from 0.5 to 2 M only increased extraction efficiency 
by less than 10 percentage points, thus a strength 0.5–1 M seems optimal. This 
will minimize the chemical consumption and make the process cost-effective 
and economically competitive. 
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Figure 14. Calcium extraction efficiency with different concentrations of ammonium 
salt solution. 

6.1.2 The effect of slag’s grain size 

 
The slag’s grain size can have a significant effect on the calcium extraction effi-
ciency. The effect of the grain size was investigated with five different grain sizes 
(50–74, 74–125, 125–250, 250–500, and 500–1000 m) mixed with 1 M 
NH4Cl. The smaller the steel slag’s grain size, the larger the surface area and the 
better the mass transfer rate, which in turn results in higher extraction effi-
ciency (Fig. 15). Publication IV presents similar results, in which 2 M ammo-
nium nitrate was used to extract calcium from the slag.  

Therefore, based on these results, different apparent equilibrium levels are 
seen depending of the size of the particle. This suggests that grinding the mate-
rial to smaller sizes would be a cost-effective way to decrease reactor size and 
residence time by improving the extraction efficiency. Also, increased mixing 
energy may increase the dispersion of larger particles, improving the leaching 
chemistry.  

Figure 16 shows some examples of the recorded solution pH (with the small-
est, medium, and largest particles). After the slag was added into the solution, 
pH increased immediately up to 3 pH units. The smaller the particle size, the 
higher the pH of the Ca-rich solution (Publication III). 
 

Calcium extraction efficiency for the smallest particles (50–74 m) was 65%. 
When the grain size of the slag increased above 500 m (500–1000 m), cal-
cium extraction efficiency weakened significantly: only 18% of the Ca was dis-
solved from the slag. 

On the other hand, due to the chemical instability of the steel slag, we can 
observe from these results the rapid reactivity of the slag. Thus, most of the cal-
cium that dissolved had already dissolved from the slag 5 min after the slag was 
added into the ammonium salt solution.
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Figure 15. The process’s calcium extraction efficiency with steel slag of different 
grain sizes and an aqueous solution of 1 M NH4Cl. 

 
To investigate the reacted and unreacted phases, SEM images were taken from 

two different residual slag grain sizes after the removal of calcium by 1 M 
NH4Cl. Figure 17, images a and b, shows the surface of residual slag with parti-
cle sizes of 0–125 m and 250–500 m respectively. These SEM images are 
good examples of particles’ morphology after the Ca-bearing phases liberate 
their calcium fully or partially and then the formation of an impurity layer on 
the surface that consequently stops the penetration of the solvent to the unre-
acted Ca-bearing phases. 
 

 

 

Figure 16. Inline solution pH recordings for calcium extraction from different slag 
grain sizes with 1 M NH4Cl. 
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Figure 17. SEM images from residual converter slag after the extraction of calcium 
a) 0–125 μm particle size and b) 250–500 μm particle size, both used with 1 M solu-
tion of NH4Cl. 

6.1.3 The effect of the solid to liquid ratio 

The solid to liquid ratio (SLR) is considered to be a very important parameter 
for improving calcium extraction efficiency. The ratio (g/L) can be described as 
in equation (2). In order to quantify the influence of the SLR, 2 M ammonium 
salt solution was mixed with different SLRs (1, 2, 3, 5, 10, 15, 20, and 30 g/L) of 
steel converter slag of a constant grain size (125–250 μm):   

 
     (2)

     
As shown in Figure 18, the smallest SLR of 20 g/L resulted in the highest cal-

cium extraction efficiency (~55%) (Publication IV). Calcium extraction was 
slightly better in an aqueous solution of ammonium nitrate, rather than in am-
monium acetate or ammonium chloride, but the difference was quite insignifi-
cant (0–3 %-unit). When the SLR was increased to 60 g/L the extraction effi-
ciency decreased significantly (7–10 %-unit). 

 Therefore, the lower the SLR, the higher the extraction efficiency. Conse-
quently this option will be operationally expensive because of the larger reactor 
volumes required. 
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Figure 18. The effect of the SLR on the calcium extraction efficiency from steel converter slag 

with 2 M ammonium salt solutions at 30°C (Publication IV). 
 
 

 
 

Figure 19. The effect of the SLR on the calcium extraction efficiency from steel converter slag 

with 2 M ammonium salt solutions at 30°C [32]. 
 

Figure 19 shows the calcium concentration profile as a function of SLR. As the 
SLR increased from 20 g/L to 100 g/L, the calcium concentration in the formed 
solution increased about fourfold. However, when the SLR increased from that 
up to 400 g/L, the calcium concentration only doubled, after which the concen-
tration increased only slightly. Calcium concentration seems to stabilize around 
at 40 g/L [32]. 
 

6.1.4 The effect of temperature 

The effect of temperature on calcium extraction efficiency was investigated at 
three different solution temperatures (30°C, 50°C, and 70°C) of 2 M solution of 
NH4Cl. As shown in Figure 20, the extraction efficiency at these three tempera-
tures is almost in the same range and they are difficult to separate from each 
other. Thus, based on these results, we can draw the following conclusion: The 
effect of the solution’s temperature on calcium extraction efficiency is very mar-
ginal. Therefore, the calcium extraction reaction should be conducted at room 
temperature.  
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Figure 20. The effect of solution temperature on calcium extraction efficiency from steel converter 
slag with 2 M NH4Cl. 

 

6.1.5 Ultrasonic enhancement of calcium extraction efficiency 

 
The use of ultrasound is considered to be an effective agitation method for 

enhancing the rate of reaction, mass transfer, increasing the yield, and altering 
the reaction pathways in various chemical processes [33-36]. Several successful 
ultrasonic industrial application cases have been reported, including extractive 
metallurgy. Santos et al. [37,38] have shown that ultrasound is a useful technol-
ogy for enhancing the reaction rate and controlling the morphology of the crys-
tals in mineral carbonation processes. 

Therefore, in order to be able to understand the effect of sonication on Ca ex-
traction efficiency, we conducted a series of extraction tests with five different 
grain sizes in 1 M aqueous ammonium chloride solution. These results can then 
be compared with results from similar tests with mechanical agitation.  

A batch of 1 g steel converter slag (sized 50–74, 74–125, 125–250, 250–500, 
and 500–1000 m) was mixed with 50 ml of 1 M NH4Cl. The experimental set-
up of both the sonication and mechanical tests are presented in detail in Publi-
cation III. 

As shown in Figure 21 (a–e), sonication resulted in a significantly higher Ca 
extraction efficiency than mechanical agitation for all particle sizes. Almost 
100% (96%) of the calcium was extracted from the smallest particles (50–74 

m) by ultrasonic agitation and 65% by mechanical agitation. With the largest 
particles (500–1000 m), 38% of the Ca was extracted by ultrasonic agitation 
and 18% by mechanical agitation. Thus, sonication significantly enhances Ca 
extraction efficiency with steelmaking slags for both small and large particles by 
31 and 20 percentage points respectively. 
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Figure 21. The extraction efficiency of calcium from steel slag of different particle sizes with an 
aqueous solution of 1 M NH4Cl and 20 g/l SLR using sonication and mechanical agitations 
with particle sizes being (a) 50–74 μm, (b) 74–125 μm, (c) 125–250 μm, (d) 250–500 μm, 
and (e) 500–1000 μm (US = sonication and mech. = mechanical). 

 
Due to the sonication, just two minutes after the addition of the slag into the 
solution 77% of the calcium was dissolved from the smallest particles (Fig. 20a) 
and 20% from the largest particles (Fig. 21e), whereas only 45% and 4% of Ca 
were dissolved from the smallest particles (50–74 m) and largest particles 
(500–1000 m) respectively with mechanical agitation. When Ca-bearing 
phases (e.g., Ca2SiO4 or Ca2Fe2O5) liberate their calcium, the remaining silica, 
along with other common impurity species in the slag, forms a porous layer on 
top of the Ca-liberating surface. This porous layer and, in some cases, mechan-
ically weak surfaces can be removed effectively by sonication. If the porous layer 
of silicates and other inerts is not removed from the surface, then the solvent 
must diffuse through this porous layer to come into contact with calcium, dra-
matically decreasing the overall dissolution rate of calcium.  
 
Light optical microscope (LOM) images and scanning electron microscope 
(SEM) images were taken to study the dissolution mechanisms. SEM and LOM 
images (Fig. 22, a and b) were taken after the dissolution of calcium from the 
slag (250–500 m) by mechanical agitation and sonication respectively (Publi-
cation III). 
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Figure 22. The dissolution behavior of a slag particle: (a) a SEM image of mechanical 
agitation tests, (b) a LOM image of sonication tests. 

 
Three phases are visible in the SEM and LOM images—i.e., larnite (Ca2SiO4), 
srebrodolskite (Ca2Fe2O5), and wüstite (FeO)—but not all the phases are reac-
tive. When mechanical agitation was used (Fig. 22a), the Ca2SiO (the large, me-
dium-light areas) phase was clearly the most reactive phase (marked with green 
circles), leaving a porous reacted layer (the dark layer) on the surfaces. The re-
activity of Ca2Fe2O5 (the medium-light phase) was also very limited, while the 
Wüstite (lightest) surfaces showed no signs of dissolution. When sonication was 
used, the porous, partially dissolved layer disappeared (Fig. 22b). The image re-
veals low dissolution rate phases (the light parts) from the high dissolution rate 
matrix (the darker parts in the image). 
 
Therefore, the following principal models can be constructed to explain the ex-
traction behavior for sonication and mechanical agitations: (1) Attached crystals 
with different dissolution tendencies and “dirty” crystal surfaces are dissolved 
into the solvent (Fig. 23a), (2) single crystals with different dissolution tenden-
cies and pure crystal surfaces are dissolved into the solvent (Fig. 23b), (3) single 
crystals with different dissolution tendencies and “dirty” crystal surfaces are 
dissolved into the solvent (Fig. 23c), and (4) attached crystals with different dis-
solution tendencies and pure crystal surfaces are dissolved into the solvent (Fig. 
23d). 
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Figure 23. Dissolution behavior (a) without and (b) with the sonication effect with 
particles smaller than 50 mm, and (c) without and (d) with the sonication effect with 
particles larger than 250 mm (mineral agglomerates). 

 
One drawback of the sonication method is the high power consumption. Fig-

ure 24 shows the relationship between calcium extraction efficiency (74–125 
μm) and the power demanded (kW/m3). An extraction efficiency of 80% will 
require 1600 kW/m3, therefore, the sonication method would only be useful 
when its power consumption is lower or the same as that of mechanical agita-
tion. Because of this, we have excluded the sonication method from the 
Slag2PCC pilot scale-up design. 
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Figure 24. Calcium extraction efficiency as a function of the power consumption of the sonication 

method. 
 

6.2 Pilot scale  

6.2.1 Solvent recyclability tests  

 
The possibility of recycling used ammonium salt solution is important for the 

Slag2PCC technology. The recycled solution will minimize the chemical con-
sumption of the process and make the technology economically feasible. Thus, 
a number of solvent recyclability tests were conducted on a pilot plant test facil-
ity. Batches of steel converter slag (BOF slag) were mixed with 1 M aqueous so-
lutions of ammonium chloride (NH4Cl) in order to selectively dissolve calcium 
from the slag at room temperature (~20°C). The SLR (0.1 kg/L) was kept con-
stant for all tests. In the first extraction test, a fresh batch of the NH4Cl solvent 
was used, then the solvent was reused more than 10 times without additional 
fresh solvent. Samples were taken every 10 minutes and then the concentration 
of dissolved elements was analyzed by ICP-AES. 

As shown in Figure 25, the fresh and recycled solvent have almost the same 
Ca extraction efficiency. The first three cycles (Cycle 1, Cycle 2, and Cycle 3) of 
the recycled solution show almost the same Ca extraction efficiency as the fresh 
solvent. The highest Ca extraction efficiency achieved was 78%, achieved with 
the fresh solvent, and the lowest extraction efficiency (60%) was found for the 
third cycle (Cycle 3). The solution was recycled with no chemical make-up or 
additional fresh solvent. Therefore, Ca extraction efficiency only deteriorated 
significantly (to 39%) after the solution was recycled more than 10 times (Cycle 
X), including high temperature carbonation tests that can result in the evapora-
tion of NH3 from the solution. 

The highest extraction efficiency was achieved only 30 minutes after the slag 
was added into the solution, therefore, there is no need for a long calcium ex-
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traction time (such as an hour). Figure 26 shows the online solution pH record-
ings for both fresh and recycled solvent tests. The solution temperature rose 
slightly (from 23°C to 25°C), indicating that the extraction reaction is an exo-
thermic reaction (Fig. 27). Also the pH of the solution rose from 8.2 to 9.0 pH 
units immediately after the slag was added into the solution, thereafter it rose 
gradually during the course of the extraction reaction (Publication V). 
 

 
 

Figure 25. Calcium extraction efficiency with fresh and recycled solvent of 1 M 
NH4Cl. 

 

Figure 26. Online solution pH recordings of the calcium extraction reaction with fresh 
solvent and recycled solvent (Cycle X). 
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Figure 27. Online solution temperature recordings of the calcium extraction reaction. 

6.2.2 The two-stage calcium extraction test 

 
One way to increase the calcium extraction efficiency is to use a two-stage ex-

traction process. After filtration, the residual slag from the first extraction stage 
can be mixed with fresh or recycled solvent to extract the remaining calcium in 
the slag. 

 Immediately after the filtration the residual slag was fed back into the extrac-
tion reactor and mixed with a fresh solvent of NH4Cl(aq). Figure 28 summarizes 
the results from a two-stage extraction test:  

Firstly, a fresh slag with fresh solvent (Extraction Stage 1) was used, and sec-
ondly, residual slag with fresh solvent (Extraction Stage 2) was used. In the first 
stage 78% of the calcium in the slag was extracted, while in the second extraction 
stage, 24% of the calcium in the residual slag was extracted, making the total Ca 
extraction efficiency 83% of the original calcium content of the slag. (We have 
observed a taping error in our Publication V, page 606: The total Ca extraction 
efficiency is not 94% but 83%.) 

 

 

Figure 28. A two-stage calcium extraction test: Extraction Stage 1 (fresh slag with 
fresh solvent) and Extraction Stage 2 (residual slag with fresh solvent). 
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7. The carbonation process  

7.1.1 A description of the carbonation process 

 
The Slag2PCC carbonation process is a very complex and multiphase precipita-
tion process where a number of physiochemical interactions take place simulta-
neously. In the carbonation process, CO2 gas is bubbled through the calcium-
rich solution in order to precipitate calcium carbonate into the desired crystal 
morphology. Experience shows that precise control of the crystal morphology 
and size in the Slag2PCC carbonation process is very challenging. 

Thus, to understand the process we empirically identified the most critical pa-
rameters that could have an effect on the carbonation process and the quality of 
the PCC produced. These parameters are quite many and they are also interre-
lated. They can be divided into three categories, namely: 1) primary parame-
ters—those parameters that can be directly controlled in course of the carbona-
tion process, 2) secondary parameters—those that can be controlled or calcu-
lated indirectly through the primary parameters, and 3) fixed parameters—
those that are key to the carbonation process but are linked to the previous pro-
cess stages (e.g., calcium extraction and filtration). Thus, the fixed parameters 
are constant for all carbonation tests. Table 5 summarizes these categories. 

 
 

Table 5. Carbonation process parameters. 

 
Primary parameters Secondary parameters Fixed parameters 

Temperature Supersaturation  Calcium concentration 

CO2 concentration Calcium conversion  Solvent for Ca extraction 

CO2 flow rate Ratio [Ca2+]/[CO32-] Solvent concentration 

Agitation  Purity of the Ca-rich solution 

Residence time 

pH     
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7.1.2 Characteristic properties of the carbonation solution 

 
In order to understand the behavior of the carbonation process, it is extremely 
critical to measure and (or) estimate the critical carbonation parameters in the 
system. However, the use of ammonium salt solution in the extraction process 
introduces additional complexity to the system due to its non-ideal ionic envi-
ronment. When CO2 is added to the Ca-rich solution it simultaneously converts 
into liquid form (CO2 (aq)) and then bicarbonate (HCO3-(aq)) and carbonate (CO32-

(aq)) ions are generated, resulting in precipitated CaCO3(s). 
 

Thus, the physiochemical properties (e.g., density, dynamic viscosity, and heat 
capacity) of the carbonation solution (the Ca-rich solution) were measured at 
different temperatures. The density of the Ca-rich solution was measured by hy-
drometers, the dynamic viscosity by rotational rheometer, and the specific heat 
capacity using differential scanning calorimetry (DSC) at different tempera-
tures. Figure 29 shows the density of the Ca-rich solution compared with the 
density, and Figure 30 shows the dynamic viscosity solution. 

It can been seen that both the density and dynamic viscosity of the solution 
decreases with increasing solution temperature in a similar way to water.  

 

 
  
 

Figure 29. The density of the calcium-rich solution compared with the density of wa-
ter. 
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Figure 30. The dynamic viscosity of the calcium-rich solution compared with the vis-
cosity of water.  

 
As shown in Figure 31, the specific heat capacity of the Ca-rich solution in-

creases with increasing temperature.  
 

 

 
 

Figure 31. The specific heat capacity of the calcium-rich solution. 

The diffusion coefficient was calculated with the Nernst-Einstein equation: 
 
 

 (3) 
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with z being the charge number of the ion in question, F being Faradays constant 
of 96485 C/mol, R being the gas constant of 8,314 J/kmol, T being the temper-
ature, and  being the molar limiting conductivity [39]. The values of  for each 
ion used for calculations are given in Table 6. The calculated diffusion coeffi-
cients for the Ca-rich solution are given in Table 7.  

Table 6. The  values for each main ion in the Ca-rich solution [40]. 

Ions  (Scm2/mol) 
Ca2+ 119 
Cl- 76.35 
NH4+ 73.55 
CO32- 138.6 

 

Table 7. The calculated diffusivity coefficient for the calcium-rich solution at different tempera-
tures. 

  T (°C) Ca2+ (10-5 cm2/s) Cl- (10-5 cm2/s) NH4+ (10-5 cm2/s) CO32-(10-5 cm2/s) 

     
20 0.7789 1.9989 1.9256 0.9072 
25 0.7922 2.033 1.9584 0.9226 
45 0.8453 2.1694 2.0898 0.9845 
60 0.8852 2.2716 2.1883 1.0309 

 

7.1.3 The solubility of CO2 into the Ca-rich solution 

 
In contrast to the conventional PCC processes, where the solubility of the cal-

cium carbonate into the water is the focus, in the Slag2PCC process the solubil-
ity of CO2 (solute) in a solution that contains mainly NH4Cl (solvent) is the focus. 
Sundermann  [41] has conducted a literature review on the solubility of CO2 in 
an aqueous solution of NH4Cl at different temperatures. Figure 32 shows the 
solubility of CO2 in aqueous solutions of 1 M NH4Cl and in pure water as a func-
tion of temperature [41]. The CO2 solubility decreases with both increasing salt 
concentration and increasing temperature. 

 
This finding was supported by Mattila et al. [42] and Kodama et al. [43], both 

observed that the absorption of CO2 was low at higher carbonation temperatures 
and higher at lower carbonation temperatures. One way to increase the absorp-
tion of CO2 is to increase the total pressure of the incoming gas. Rumpf et al. 
[44] showed that the solubility of CO2 in NH4Cl solutions increases by increas-
ing the pressure.  

However, for the Slag2PCC method the carbonation process at atmospheric 
pressure seems to be economically feasible (in order to avoid the high energy 
required for compressing the CO2 in flue gas compression if flue gas is used). 
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Figure 32. Temperature-dependent CO2 solubility in water and in a 1 M NH4Cl solu-
tion [34].  

 

7.1.4 The precipitation process 

 
Precipitation is often referred to as fast crystallization or reactive crystalliza-

tion where another component is added to a liquid solvent to precipitate spar-
ingly soluble or insoluble solid. In this chapter the term solvent shall refer to the 
Ca-rich solution, solute to the CO2, and PCC to the solid product. In order to 
bring together the reactants, the CO2 must move and enter into the liquid solu-
tion before it is absorbed and reacts with calcium ions. 

The Ca-rich solution from the extraction process mainly contains the follow-
ing species: Ca2+(aq), CaCl2(aq), NH4OH(aq), NH4+, Cl-, and H2O.  

The main carbonation reaction equations are listed below (equations [R10–
R15]): 

 
,   (R10) 

 
  (R11) 

 
 ,  (R12) 

 
  (R13) 

            (R14) 

 
       (R15) 

 



The carbonation process 

42 
 

Like all crystallization processes, the precipitation process undergoes the 
three basic steps: 1) supersaturation, 2) nucleation, and 3) growth. Supersatu-
ration is defined to be essential for any system to crystallize or precipitate [28]. 
Therefore, in order to enable control of the quality of the precipitation process, 
it is vital to calculate the supersaturation of the carbonation solution. 

  In the literature, the supersaturation of a system has been expressed in many 
different ways. In this work we express the supersaturation of the carbonation 
process in terms of the so-called supersaturation ratio, S, which is the ratio be-
tween the solution concentration (c) and equilibrium concentration (c*) at a 
given temperature: 

 
                                                 .   (4) 

 
 
 Supersaturation is defined to be the driving force for crystallization or the 

precipitation process. Thermodynamically, this driving force is described to be 
the difference between the chemical potential of the current state (  and the 
transformed state ( of a given substance [45]:  

 
                                        .                         (5) 
 
 
The chemical potential for a given state is defined in terms of standard poten-

tial, and activity, , by 
 

                                           (6) 
 
The supersaturation for sparingly soluble electrolytes (e.g., CaCO3) can be de-

scribed in terms of ionic activity product, IAP, and the solubility product, , 
by 

 

   (7) 

 
  (8) 

 
where  is the total number of ions in a formal unit of the salt (Ca+ + CO32- = 
CaCO , thus   = 2).  

 
For an electrolyte solution the activity of the solution is defined in terms of 

concentration, and the mean activity coefficient, , by 
 

.   (9) 
 
 
The solubility product can be described by 
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.    (10) 

Since the activity of the pure solid is equal to one, then  
 

.   (11) 

 
The supersaturation for the carbonation process can be calculated according 

to equation (12): 
 
 

       (12) 

 
 
 Thus, in order to quantify the level of the supersaturation, the mean activity 

coefficient for calcium and carbonate ions has to be calculated.  
 

7.1.5 The effect of the calcium concentration on the carbonation process  

As the concentration of carbonate ions in the carbonation solution could not 
be directly measured, the supersaturation of the solution is determined by the 
concentration of calcium ions in the solution. Thus, we investigated the effect of 
the calcium concentration on the carbonation process by varying the SLR at the 
calcium extraction stage. These experiments enabled us to calculate the activity 
and the supersaturation of the solution as a function of the calcium concentra-
tion. 

 
In the Slag2PCC process, the use of ammonium salt for the extraction of cal-

cium from the steel slag makes the solution a non-ideal solution. As with the 
case of the ideal solution, the activity coefficient of the carbonation solution can-
not be equal to unity. Thus, it is essential to calculate the activity and activity 
coefficient of the carbonation solution. There are different models for calculat-
ing the activity coefficient of non-ideal solutions but the Pitzer model [46] is 
extensively used to calculate the activity coefficients for solutions with high ionic 
strengths. It is based on semi-empiric equation systems, used to describe the 
non-ideal behavior. Therefore, we used the Pitzer method to calculate the activ-
ity coefficients of the Ca-rich solution. To narrow the number of ionic interac-
tions we only focused on the main ions in the system, namely: Ca2+, CO32-, NH4+, 
and Cl-. In the literature, Pitzer equations are expressed in many different ways, 
but in this work the calculations used were based on those given by Plummer et 
al. [47]. 

The natural logarithm of the activity coefficient for cation and anion are given 
in equations (13,14) respectively: 
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        ,            (13) 
 
 
                   (14) 
 

where  is the ionic charge, m is the molality, the sub-indexes M and  are for 
cations, and X and  denote anions. The parameters F, B, Z, and C can be calcu-
lated according to the following equations: 

 

   ,            (15) 

 
                  (16) 
 
         ,                              (17) 
 

          .           (18) 

 
With I, the ionic strength that can be calculated according to equation (19) and 

b is constant (equal to 1.2): 
 
 
                           (19) 

   
with  and  being the molality and charge of each ionic species (i). 

Related to the Debye-Hückel constant is , defined in equation (20). Accord-
ing to Plummer et al. [31], the term  is defined by  

 

                 (20) 

 
 

where is the density of water,  is the static dielectric constant of pure wa-
ter, and  is the temperature in Kelvin.  
Ionic interaction parameters B and B’ for 2-2 electrolytes (i.e., Ca2+ and CO32-) 
and higher valence types can be calculated as 

 

           ,        (21) 

 
 

 ,     (22) 
 

,      (23) 

 
where = 1.4 and = 12.  
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For 1-1 electrolytes (i.e., NH+ and Cl-), = 2 and interaction parameters can 

be calculated according to 
 

,   (24) 

 
   (25) 

 

                 .   (26) 

 
 
The functions g(x) and g’(x) are defined as follows, where x will be replaced 

with the relevant  and ionic strength values: 
 

,   (27) 

 

.   (28) 

 
A literature review work conducted by Sundermann [41] provided the values 

of Pitzer interaction parameters ( 0, 1, 2, C ) at different temperatures. Table 
8 summarized the value of these parameters at 25°C (the temperature used in 
this work). 
 

Table 8. Pitzer interaction parameters collected from literature [41]. 

Ionic pair at 25°C 
                          
C        0       1        2 

NH4+/Cl- -0.00298 0.05192 0.19346 - 

NH4+/CO32- 0.0005 0.1288 1.433 - 

Ca2+/Cl- -0.00034 0.3159 1.614 - 

Ca2+/CO32-         - 0.160 2.100 -69.00 

 

 
Figure 33 shows the calculated mean activity coefficients of calcium and car-

bonate ions as a function of calcium concentration at 25°C. As expected, calcium 
has a higher activity coefficient than the carbonate ions, but both activities de-
creased with increased calcium concentration. 
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Figure 33. The mean activity coefficient for calcium and carbonate ions at 25°C. 

 
Figure 34 shows the calculated supersaturation ratio of two carbonation tests 

at 45°C. These tests are conducted in very similar experimental conditions to 
both the extraction and carbonation processes. The level of supersaturation is 
the driving factor regardless of whether rhombohedral calcite or aragonite is the 
final product. As shown in Figure 34, aragonite is produced at lower supersatu-
ration. These results were supported by a number of researchers who suggested 
that lower supersaturation is favorable for the formation of aragonite [48-50]. 

 
 

 

Figure 34. The supersaturation ratio of calcite and aragonite as a function of calcium 
concentration at 45°C. 
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7.1.6 The effect of temperature  

 
 

The initial carbonation temperature was identified as the most important pa-
rameter in determining the crystal morphology of the forming PCC. In the con-
ventional PCC processes, both scalenohedral calcite and aragonite PCC are pro-
duced at higher temperatures. scalenohedral calcite can be produced at a car-
bonation temperature between 35°C and 50°C [51], while aragonite PCC can be 
precipitated at up to 80°C, depending on the carbonation conditions (e.g., addi-
tional chemical additives and the CO2 feeding rate) [50,52,53]. 

In the CO2 mineral sequestration processes for the production of PCC, higher 
carbonation temperature (up to 90°C) was also investigated. Kodama et al. [43] 
studied the effect of precipitation temperature on PCC morphology at different 
temperatures. They found that cubic calcite was formed at lower temperatures 
(40–60°C). On the other hand, when the carbonation temperature was in-
creased to 90°C, the fraction of calcite decreased and some needle-shaped arag-
onite was produced. 

 In the Slag2PCC process we have also investigated both low and high temper-
atures in the carbonation stage. We have successfully produced the two main 
PCC crystal morphologies: calcite (rhombohedral) at 20–35°C, and aragonite 
(needle-shaped) at 60°C (Fig. 35, a and b).  

In addition, we have observed a significant evaporation of dissolved ammonia 
NH3 (aq) (seeking equilibrium with NH4+ ions and overhead NH3 vapor) from the 
ammonium chloride solution in the off-gas from the carbonation reactor. This 
in turn reduces the solution strength and leads to less calcium extraction after 
the solution is recycled back to the extraction stage. Figure 36 shows the con-
centration of NH3(g) in the flue gas from the carbonation process at 45°C, 50°C, 
and 60°C (Publication V). The analysis was performed with a FTIR (Fourier 
transform infrared spectroscopy) gas analyzer. At 60°C more than 2 vol.-% 
(20355 ppm) of NH3(g) was detected in the flue gas and at 50°C it was 0.65 vol.-
%, while at 45°C the NH3(g) concentration in the flue gas was only 0.11 vol.-% 
(1137 ppm). 
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Figure 35. SEM micrographs of PCC produced via Slag2PCC: a) rhombohedral cal-
cite at 20°C, b) needle-shaped aragonite at 60°C. 

 

 

Figure 36. The concentration of ammonia in the flue gas in the carbonation stage. 

 

7.1.7 The effect of the CO2 feeding rate 

In order to avoid the evaporation of NH3 (g) in the carbonation stage due to the 
high carbonation temperature, we conducted a number of experiments at 30–
45°C, aiming to produce aragonite PCC. We found that aragonite can already be 
produced at 45°C if the CO2 feeding rate is optimized. Figure 37 shows the frac-
tion of aragonite and calcite at different CO2 flow rates with 45°C of carbonation 
temperature, and Figure 38 shows the SEM images. The composition of each 
PCC morphology was analyzed by XRD.  

The highest mass fraction of aragonite (80 wt.-%) was achieved at a 10 L 
CO2/min and the lowest (25 wt.-%) at 14 L/min. The ratio of the calcium con-
centration and the CO2 in the solution could be the possible reason for some 
shifts from calcite to aragonite at a lower CO2 feeding rate and from aragonite 
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to calcite at a higher CO2 feeding rate (beyond 10 L/min). However, more stud-
ies are needed to investigate carbonation kinetics and maximize the mass frac-
tion of aragonite precipitated at 45°C (Publication V). 

 

 

Figure 37. The content of aragonite and calcite from PCC precipitated at 45°C by 
XRD analysis. 

 
 

  

Figure 38. SEM micrographs of aragonite (clusters) produced at 45°C: The sample 
contains 80% aragonite and 20% calcite. 

 

7.1.8 CO2 conversion rate into PCC  

 
Carbonation efficiency can be calculated according to calcium conversion, as 
given in equation (8), 

 

   (29) 

 
where  is the initial concentration of Ca2+ in the Ca-rich solution before 
carbonation (mg/L) and  is the concentration of calcium remaining in 

the solution after carbonation (mg/L). For instance, when the CO2 feeding rate 
was 10 L/min, calcium concentration after carbonation was 5730 mg/L, while 
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the initial calcium concentration was 19 600 mg/L, resulting in a calcium con-
version rate of 71%. According to the online gas flow meter (FM12 in Fig. 12), 
the average CO2 coming out from the carbonation reactor was 0.001 kg/min, 
while incoming CO2 was 0.76 kg/min. This indicates that almost all the CO2 was 
converted into PCC, while 29% of the calcium in the Ca-rich solution was not 
converted into PCC because of the low feed rate of CO2. The conversion of cal-
cium into PCC could be maximized by increasing the CO2 flow rate, but an excess 
amount of CO2 will have a direct effect on the PCC quality either by 1) losing its 
homogeneous crystal shape or 2) increasing particle agglomeration. Therefore, 
there is a need for process optimization in order to maximize the Ca conversion 
and the PCC quality. 

XRF was used to analyze the purity of the PCC produced from the pilot plant. 
Table 4 summarizes the major components detected in the PCC samples when 
fresh or recycled solvent was used in the Ca extraction process. After the solvent 
was recycled many times, samples were not washed but were dried before the 
XRF analysis, therefore, the concentration of all other species increased except 
for chloride, for which the concentration decreased due to the weakening of the 
solvent strength. However, the purity of the PCC produced from the pilot plant 
was higher than 99.5% and it can be improved by washing. 

7.1.9 The PSD of PCC 

 
The PCC quality produced by the Slag2PCC method is of the utmost im-

portance for the commercial viability of the technology. In order to replace con-
ventional limestone-derived PCC production with the Slag2PCC method, the 
product has to satisfy all the commercial PCC criteria, including those for the 
PSD. Thus, the PSD of the solid PCC samples were analyzed using a Malvern 
Mastersizer 2000. 

To investigate the potential agglomeration of the PCC, the PSD measurements 
were taken under three conditions: i) a raw solid sample (no-US), ii) a sample 
that was treated with ultrasound for two minutes (US-on), and iii) a sample with 
US turned off and left for two minutes after US treatment (US-off). The effect of 
ultrasound treatment on the PSD is visible when comparing these results. As 
shown in Figures 39 and 40, both cases ii and iii (US-on and US-off) have a 
similar PSD, thus there is no difference in the PSD if the ultrasound is on or off. 
Ultrasound enables breaking the agglomeration and it brings the PSD to the pri-
mary particle size. 

For the case of calcite without US (no-US) 50% of the particles are below 40 
m, and in off mode particles are below 30 m (Fig. 39). In Figure 40, without 

ultrasound about 55% of aragonite particles are below 50 m, and at US-off 
mode about 80% of the particles are below 50 m. This indicates that these par-
ticles are too coarse to be used directly as PCC for filler applications. 
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Figure 39. PSD for calcite without US (no-US) and with US turned off (US-off). 

 

 

Figure 40. PSD for aragonite PCC without ultrasound (no-US) and with ultrasound 
turned off (US-off). 

 

7.1.10 Techno-economic feasibility indicators 

In order to evaluate whether the Slag2PCC technology is technically and eco-
nomically feasible, we have developed so-called techno-economic indicators 
that enable us to assess the feasibility of the technology. These indicators are: 1) 
minimizing the chemical (solvent) consumption, 2) maximizing the calcium ex-
traction efficiency, 3) the purity of the PCC according to the market standard, 4) 
producing commercialized PCC morphologies like calcite and aragonite, 5) low 
energy and water consumption, and 6) a low CO2 footprint. 

 
The laboratory and pilot-scale results have satisfied all these indicators, and 

thus, we can conclude that the Slag2PCC is technically and economically com-
petitive technology. 
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8. Future demonstration plant   

8.1 Scaling-up the Slag2PCC process 

 
Development of the Slag2PCC process has been ongoing in in the Department 
of Mechanical Engineering at Aalto University since 2005. Figure 41 shows the 
development history of the Slag2PCC process at Aalto University. It was started 
in lab-scale tests in 2005 when development for a chemical solvent that can se-
lectively extract calcium from steelmaking slags was initiated. In the chemical 
industries, it is a tradition to build a small-scale trial pilot plant in the develop-
ment of new processes prior to the commercial stage. 

In 2014 we constructed a pilot plant test facility with 200 L reactors for proof-
of-concept of the technology, and we are currently working on designing a 
demonstration plant of 2500 L (2.5 m3) that will be located at SSAB steel plant 
in Raahe, Finland.  

 
 

 

Figure 41. The history of the Slag2PCC process at Aalto University.  
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In the transition from laboratory scale to commercial scale, it is extremely im-

portant to have an intermediate scale, the pilot scale, to validate the techno-
economic feasibility of the technology and to understand how different physical 
and chemical properties (mixing, mass transfer, residence time, etc.) behave on 
a large scale. Therefore, the scale-up of the Slag2PCC process is a major step 
forward for the research and development of CO2 sequestration by minerals and 
one step closer to the commercialization of the technology.  

In addition to making the scale-up more effective, results from laboratory-
scale experiments were used as design parameters while taking the following 
process design steps: i) design a process flowsheet to determine appropriate 
unit operations and the best process configuration, ii) select equipment and pip-
ing materials in order to determine appropriate materials, and iii) scale-up siz-
ing—based on process data from the laboratory results to eliminate process de-
sign barriers. 

8.2 A description of the demonstration plant 

 
The demonstration plant is designed and will be constructed based on the fea-
sibility results from the pilot plant. For instance, material selection (e.g., reactor 
and piping materials), process parameters, and equipment selection (e.g., filtra-
tion and pumps) were decided based on the experience and the results gained 
from the pilot plant. Since NH4Cl(aq) is an aggressive and corrosive chemical, we 
have decided that all the metal parts in the plant should made of the EN 1. 
4404/AISI 316, which can cope with chloride-containing chemicals.  

The demonstration unit has been designed to be a mobile plant that can be 
transferred from location to location. The plant is assembled in a ship container 
so that we can test the feasibility of different steelmaking slags produced from 
various steel industries. Table 9 summarizes the input and output capacity of 
the demonstration plant. Assuming that the plant can operate 20 h per day, 50% 
of the slag is calcium oxide, and Ca-extraction efficiency is 80% then 8t of CaO 
is dissolved, thus the plant can handle up to 20 t slag by recycling the total 
amount of 2 m3 of NH4Cl(aq) solvent and sequestrating 6 t of CO2 to produce 
about 14 t of PCC per day. 

Table 9. The theoretical raw material and production capacity of the demonstration plant. 

Input/day    Output/day   
Extraction reactor                                             t   
Slag (t) 20 CaO- dissolved from slag (t) 8   
  Residual slag (solid) (t) 12   
Carbonation reactor            t   
CaO- dissolved from slag (t) 8   
CO2(g)(t) 6 CaCO3(s) (t) 14   

 
Figure 42 shows the supply and operational chain of the demonstration plant. 

The dashed lines show the boundary of the Slag2PCC process. The steel plant 
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provides CO2-containing flue and BOF slag, which is identical to the BOF slag 
used in the pilot plant in Aalto University. The feed slag is pre-treated (sieved, 
cooled, and finally ground) at the slag treatment unit. The residual slag, from 
which almost 80% of the calcium is removed in the extraction reactor, will be 
fed as a feedstock to a vanadium recovery unit. The produced PCC will be trans-
ferred to the end-user for verification of the commercial applicability of the final 
product. 

 

 

Figure 42. A sketch of a Slag2PCC demonstration plant integrated with a steel mill. 

 

8.3 The design of the demonstration plant 

Figure 43 shows a sketch of the dimensioning of the reactors [54]. The plant 
is assembled into four shipping containers (2 x 40’ and 2 x 20’) of ISO standards. 
The larger process units, such as filters, will be assembled in the 40’ containers 
and other equipment in the 20’ containers. Figure 44 shows a simplified sketch 
of the demo plant’s layout in a container ship. Some of the equipment, such as 
the slag storage tank, will be stationary outside the containers. 
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Figure 43. A sketch of the demonstration plant’s reactor’s dimensions [37]. 
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Figure 44. A sketch of the demonstration plant’s layout in a container ship. 

As shown in the process flow diagram (Fig. 45), the demo plant mainly contains 
two reactors (namely, an extraction reactor and a carbonation reactor), two fil-
tration units (Filter 1 and Filter 2), and two reserve tanks (Tank 1 and Tank 2).  
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Figure 45. A simplified process flow diagram.  

8.4 Scale-up Challenges  

Considerable progress has been made on the development of the Slag2PCC 
concept since its inception in 2005 and we have demonstrated that relatively 
high quality PCC can be produced from steel slag with ammonium salt solutions. 
However, to fully realize the commercialization of this technology there are still 
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some challenges that have to be addressed during this pre-commercialization 
phase. 

 
One major challenge in the scale-up of the Slag2PCC concept is the solid–liq-

uid separation process. There are two different slurries coming from the pro-
cess, the residue slag and Ca-rich solution from the extraction reactor, and the 
precipitated PCC in an ammonium chloride solution from the carbonation reac-
tor. Both slurries have high solid contents and they have to go through a very 
efficient solid–liquid separation process. Thus, the selection of the filtration 
technology is determined on the basis of the following requirements: 1) It must 
be able to handle a slurry of high solid content and very fine particles (< 1 m), 
2) there must be a low moisture content in the filtered cake, 3) it must have the 
most efficient cake washing possible, 4) in order to avoid ammonium fumes 
from the filtrate, the filtration process must take place in a closed system, and 
5) the filter material should be corrosive resistant. 
 

Decanter centrifuges, liquid–solid cyclones, and ultrafiltration technologies 
have no washing possibilities. However, pressure and vacuum filtration systems 
were found to be the best filtration technology for the Slag2PCC process. Teir et 
al. [55] conducted filtration tests on both pressure and vacuum filters at two 
different carbonation slurries produced by Aalto’s pilot plant. The study showed 
that the pressure filter gave a low moisture content in the cake (12–14 wt.-%) 
and a filtration rate of 460 kg/m2h. The vacuum filter gave a higher moisture 
content than the pressure filter (26 wt.-%) but a slightly higher filtration rate, 
610 kg/m2h. Results from pressure filter shows that the chloride content in the 
PCC product after a single washing stage dropped drastically from 10 000 ppm 
to 10 ppm using only 2 L/kg dry solid. 

However, in order to achieve a robust filtration system, more tests in large 
filtration units have to be conducted. 
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9. Conclusions  

This work has made a very concrete contribution to the commercialization of 
CO2 sequestration by industrial solid by-products, such as steelmaking slags. 
The thesis has investigated the feasibility of the Slag2PCC method for the utili-
zation of both steelmaking slags and CO2 in the flue gas as a sustainable method 
for the production of PCC, which could partially replace the conventional lime-
stone-based method of PCC production. As a result, intensive mining activities 
for the production of GCC and PCC will be minimized.   

 
The thesis demonstrated the techno-economic feasibility of the Slag2PCC 

method by conducting basic laboratory experiments (with a 0.5 L reactor) fol-
lowed by a proof-of-concept experiments at pilot scale (with 200 L reactors). 
We have developed and scaled-up the Slag2PCC technology from laboratory 
scale to pilot scale. The scale-up work of the Slag2PCC process was very success-
ful: The pilot plant operated as designed and the achieved results are very prom-
ising. The thesis also presents the design of a large demonstration plant prior to 
the commercialization stage. 

 
We have achieved similar results from both the laboratory-and pilot-scale ex-

periments. The possibility to selectively dissolve calcium from the slag by am-
monium salt solution at laboratory and pilot scale was successfully proved. In 
both cases, the reaction time and the level of impurities were very similar. We 
have observed that only a very small amount of silica, vanadium, and magne-
sium dissolves along with calcium and this has no effect on the quality of PCC 
produced. The effect of solvent concentration on the calcium extraction effi-
ciency was less obvious than the effect of slag’s grain size. When solvent concen-
tration was increased from 0.5 to 2 M it only increased extraction efficiency by 
less than 10 percentage points, thus a strength 0.5–1 M seems optimal. This will 
minimize the chemical consumption and makes the process cost-effective and 
economically competitive. 
 

The design and the construction of the pilot plant unit has provided solutions 
to engineering, economic, and safety issues regarding the feasibility of CO2 se-
questration by using minerals in general and especially by using industrial solid 
waste. As illustrated in the result chapters, the ammonium salt solutions can 
selectively extract calcium from the steelmaking slag with only a very small 
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amount of impurities. In addition, the solvent can be regenerated and reused in 
the calcium extraction stage many times. We have investigated the effect of son-
ication on the dissolution of calcium from steelmaking slag. Almost 100% of the 
calcium was extracted from the smallest particles (50–74 m) by ultrasonic ag-
itation and 65% by mechanical agitation. With the largest particles (500–1000 

m), 38% of the Ca was extracted by ultrasonic agitation and 18% by mechanical 
agitation. Thus, sonication significantly enhances Ca extraction efficiency with 
steelmaking slags. Another way to increase the calcium extraction efficiency is 
to use a two-stage extraction process. After filtration, the residual slag from the 
first extraction stage can be mixed with fresh or recycled solvent to extract the 
remaining calcium in the slag. 
 

The Slag2PCC method can be used for the utilization of different steelmaking 
slags or other calcium-content industrial solid waste, thus no landfilling should 
be required afterwards. The technology creates a new added value for steel in-
dustries. However, the residual slag still contains some leftover calcium as well 
as other valuable elements. After the removal of the calcium from the slag, the 
extraction of other valuable elements like vanadium is also possible. In the fu-
ture we will investigate the possibilities of extracting other elements from the 
slag and this will lead to the total utilization of the steelmaking slag.  

 
Both laboratory-scale and pilot-scale results emphasize that the Slag2PCC 

method is technically and economically feasible. However, in order to improve 
the quality of the PCC produced, for instance by narrowing down the PSD to 
become somewhat acceptable to the target consumers, the method still needs 
more R&D work. A better understanding of selective extraction by modeling and 
experiments is critical for improving the calcium extraction efficiency. The wa-
ter consumption of this technology should be investigated and optimized, in 
particular in the filtration and washing of the residual slag and the PCC.  
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