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 Experimental study on the calcium extraction from steel slag by combining wet grinding and 
extraction.  

 It is found that with the new extractive grinding method 50-60 % yield is reached.  
 Results shows that with this new method utilizes mild solvent of 1 mole/L NH4Cl-water solvent 

for extraction.  
 This method reduces the energy requirement which makes this process suitable for industrial 

application 
 

 

Abstract  

 

This paper presents a process improvement of the pH-swing process (referred to as X2PCC) 

wherein a steelmaking slag is used as a source of calcium oxide for the mineral carbonation of 

CO2. We first dissolve Ca from the slag, then separate the solid phase by filtering, and, finally, 

bubble CO2 into the Ca-rich solution to precipitate it as CaCO3. The yield of calcium in the 

extraction step partly limits the process feasibility. Our objective is to apply a new extractive 

grinding method to enhance the extraction of Ca from steelmaking slags. We compared three cases: 

1) mechanical mixing extraction with original grind slag A (0–250 μm); 2) mechanical mixing 

extraction with fine dry-grind slag B (0–50 μm); and 3) the new extractive wet grinding process 

with original slag A (0–250 μm). In this new extractive process, we combine the grinding and 

extraction steps in order to increase the rate and yield of the process. This method significantly 

reduces the energy requirement which makes this process feasible for industrial application. 

Keywords: Ca extraction, wet extractive grinding, steel slag, X2PCC process, mineral carbonation 

 

1. Introduction 
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Due to population growth and high standards of living, worldwide energy demand is increasing 

rapidly. This is leading to an increase in greenhouse gas emissions. Global CO2 emissions from 

burning fossil fuels in 2018 totaled 37.1 Gt, with an annual increase of 2.7%, compared to 1.6% 

in the previous year 2017 [1]. We study here the utilization of mineral carbonation as a solution 

for storing CO2 in a valuable product: precipitated calcium carbonate, CaCO3/PCC. Mineral 

carbonation has several long-term benefits, such as long-term stability [2, 3]. Even more 

importantly, our process produces a value-added product with high quality which has an existing 

market. Our process also helps to recover and recycle Ca in industrial waste streams, which reduces 

the need for mining virgin limestone. Herein, the objective was to evaluate alternative method, the 

wet extractive grinding in order to obtain more efficient extraction of Ca from steelmaking slags. 

As a source of calcium for carbonation, our X2PCC pH-swing process utilizes several 

industrial waste materials such as steel slag or combustion fly ash [4]. 1.7 Gt of steel was made 

globally in 2017. On average, 1.8 tonnes of CO2 were produced per tonne of steel [5]. The 

production of steel is a very energy and material intensive process based on fossil fuels. The iron 

and steel industry is a significant source of CO2 emissions, accounting for 7% of global CO2 

emissions [5]. The production of 1 tonne of steel also produces 0.34 tonne of iron and steelmaking 

slags as solid by-products [5]. Overall, the amount of slag production annually is 575 Mt, from 

which the fraction of steelmaking slag is 130 Mt. Slag contains the oxides of impurity elements 

present in pig iron such as Si, P, Mn, and Mg. One major component of steelmaking slag is calcium 

oxide, CaO, which is fluxed in the slag to remove silicon and phosphorus, and to improve slag 

fluidity. CaO is produced traditionally by the thermal decomposition of CaCO3 from virgin 

limestone in a lime kiln at > 900 °C, resulting in the release of additional CO2 that can be further 

captured by our carbonation process.  
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The principle of the X2PCC pH-swing process studied here is simple. Steel slag, fly ash, or 

other suitable Ca-containing materials are first ground into a fine powder, preferably down to 0–

50 µm. Then, CaO from the powder is selectively extracted using, in our case, an NH4Cl-water 

solvent, and the slag leaching residue is removed by filtering the solution. In the final step, CO2 

from flue gases is bubbled through a Ca-rich clean solution to precipitate calcium oxide as CaCO3, 

PCC [4, 6]. PCC is a valuable product utilized in the paper and board, paint, plastic, brick, and 

cement industries, or it can be recycled back to steelmaking. In the carbonation step, the 

ammonium chloride lixiviant is re-generated and can be reused for the extraction [4, 6]. The most 

important parameters that define the applicability of the PCC product in industries are the particle 

size, crystal shape, purity, and whiteness [3]. Regarding the extraction step studied here, it is 

important to maximize the selectivity of the Ca extraction, and to minimize the dissolution of other 

elements such as Si, Mg, and Fe, that can affect the purity and the whiteness of the PCC. In addition 

to this, the yield should be maximized to increase the supersaturation of Ca in the precipitation 

step.  

Our ongoing research aims to reduce carbon dioxide emissions into the atmosphere by carbon 

capture, utilization and storage, CCUS. However, by using steelmaking slag as a source of Ca, we 

can capture CO2 coming solely from lime burning. If the CaO-containing combustion ashes of the 

energy industry or some other abundant Ca mineral source is used, such as the ironmaking slag 

from the blast furnace process, then the CO2 capture potential is significantly higher.  We believe 

that, in order to expand to other raw materials, we first need to make the base case with steelmaking 

clearly economically feasible to convince the industry and investors.  
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Our recent paper [7] presented a broad literature review related to X2PCC, which is not 

repeated here. We only briefly summarize the topics that are relevant to the extractive grinding 

process evaluated here.  

Kodama et al. [8] introduced the pH-swing process, using aqueous NH4Cl solvent to extract 

Ca from industrial residues such as steel slag or end-of-life concrete, and then precipitating Ca 

from the solution to form carbonate. It was found that the selectivity of the NH4Cl water solution 

for Ca extraction is very high at 99.6%, and Ca conversion was 60% for their slag grade. A higher 

Ca conversion rate and yield were achieved with smaller particle size (increasing the surface area 

of the slag), higher temperature, and longer residence time. This process was targeted for low 

power consumption compared with existing solutions. However, it had challenges such as the high 

cost of crushing the slag and the high volatility of NH3.  

The dissolution kinetics of Ca follow a shrinking core reaction scheme, and the limiting step 

is the diffusion through the product layer, as reported by Teir et al. [9–11]. They suggested that 

extraction could be improved by adding glass beads in the dissolution stage to remove the silica 

product layers for better extraction efficiency.  

The effect of ultrasound on the extraction efficiency was reported by Said et al. [12]. It was 

found that at a slag-to-solvent ratio of 20 g/L and small particle size, extraction efficiency can be 

extremely high. The calcium extraction efficiencies of 96% and 38% were reached for 0–50 µm 

and 74–125 µm particle fractions, respectively. Our preliminary conclusion was that the forces of 

collapsing bubbles break the silica gel product layer formed during the extraction of calcium. 

However, the feasibility of ultrasound needs further study due to its significant electricity usage.  
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Calcium leaching of three iron and steelmaking slags with 2 mol/L ammonium chloride water 

solvent was studied by Hall et al. [13]. They found that a silica-enriched boundary region at the 

reaction front was formed, where the reaction continued into the core of the particle following the 

shrinking core reaction scheme. The selectivity of the solvent to Ca was high at 95–97%.  

Below, we give a short review of some relevant publications on wet grinding applications. The 

main idea in presenting these papers is to give the reader an overview of what technologies have 

been utilized in other wet grinding applications. Wet milling extraction literature is discussed in 

later section in order to give reader a general idea of parameters chosen, i.e. solid to liquid ratio, 

liquid to ball volume ratios and also the selection of the rotational speed required to have efficient 

grinding.  The effect of rotational speed, rpm, ball size, and powder loading on the mill efficiency 

of alumina fine grinding has been previously studied [14]. The solid to liquid ratio varied from 70 

to 500 g/L, respectively. As for comparison with our work, we have tested solid to liquid ratios of 

20 to 600 g/L [4]. It was found [14] that there is an optimal ball size which gives a minimum 

product particle size. When the ball size decreases, the contact area between the walls and balls 

increases, increasing the efficiency. However, the kinetic energy of the balls also decreases with 

size, and, after the maximum efficiency is reached with optimal ball size, the efficiency decreases. 

A higher solid-to-liquid ratio also led to a smaller efficiency due to the higher viscosity of the 

slurry. The higher the rotational speed below the critical value, and the higher the kinetic energy, 

the higher the grinding efficiency. He et al. [15] examined the characteristics of wet-milled 

ultrafine granulated phosphorus slag as a substitute material for cement. The CaO content of the 

slag was 39%. The powder-ball mass ratio was 0.71, and the solid-to-liquid ratio was 2000 g/L. 

The original slag particles had a mass median size of 21 μm, which reduced to 2.2 μm after 5 h of 

grinding. This resulted in an increase in surface area from 650 m2/kg to 3200 m2/kg. It was found 
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that the pH of the mixture increased from 9.5 to 12.2, indicating partial dissolution of Ca2+ and 

Na+ ions. They established that the 28-days compressive strength of 40% slag replacement 

concrete was 38% higher than the pure cement case. In addition, the smaller the particle size, the 

higher the bulk strength.   

Li et al. [16] studied the use of wet-grind ultrafine blast furnace slag as a substitute for cement. 

The ball mill had a solid-to-liquid ratio of 2000 g/L, and a materials-ball mass ratio of 0.25. The 

mean size of the slag particles decreased from 18 μm to 2.3 μm after 1 h of grinding. They found 

that the surface area of the slag significantly increased, which, in turn, increased the degree of the 

hydration reaction. Generally, the longer the grinding time and smaller the resulting surface area, 

the higher the compressive strength of the concrete.  

Hisyamudin et al. [17] studied the dissolution of hazardous elements, especially Zn and Cr, 

from steelmaking slags with wet a/the grinding method under CO2. They report using 180 20-mm 

alumina balls (753 mL ball volume) with 200 g of slag per 400 mL of water. This results in a solid-

to-liquid ratio of 500 g/L. Due to the CO2 atmosphere, the pH swiftly decreased from initial values 

of 8–11.5 to 6.8–7.6 when grinding was started. The initial pH was a function of the CaO content 

of the slag, indicating the role of Ca2+ dissolution. They concluded that for some slags, 80–100% 

of the Zn dissolves by wet milling under CO2 atmosphere. The dissolution of Cr was found to be 

very low. 

Wang et al. [18] studied the efficiency of wet grinding for the mechanical-chemical activation 

of granulated blast furnace slag (BFS), which is used as a substitute for cement. They found that 

the size reduction for large particles largely depends on the duration of grinding. The further 

reduction of small particles slows down when the milling duration exceeds 20 min, mainly due to 

the high viscosity of BFS slurry. Wet grinding allows the increase in alkalinity of BFS slurries due 
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to the dissolution of alkali cations from BFS particle. It also improves the reactivity and 

compressive strength of BFS based concrete, and reduces the setting time. They also suggest that 

ground BFS refines the pore structure of BFS cement pastes due to its high reactivity, thus forming 

more hydration products.  

Herein, the objective was to study the wet extractive grinding method to accomplish more 

efficient extraction of Ca from steelmaking slags. As far as authors are aware, this has not been 

studied before. Our hypothesis is that, by implementing the extraction and the wet grinding 

simultaneously, we would be able to keep the reaction surface open and reach a higher reaction 

rate and yield. This hypothesis is supported by earlier research [4, 6, 13–18]. We aim to maximize 

the rate and extraction efficiencies and to minimize the dissolution of other elements. We 

compared three cases: 1) mechanical mixing extraction with original slag (0–250 μm); 2) 

mechanical mixing extraction with fine dry-grinded slag (0–50 μm); and 3) the new wet extractive 

grinding process with original slag (0–250 μm). In this paper we focus on the extraction stage. A 

significant amount of earlier research has been done to optimize carbonation stage [1-3, 5-11], also 

in the high Ca yields. According to our own understanding, the extraction stage is the main limiting 

factor to improve the feasibility. 

In the wet extractive grinding process, we combined the grinding and extraction steps into a 

single stage with the aim of increasing the rate and yield of the process. Also, we aimed to decrease 

the grinding energy, as well as the system complexity. For case 2), we aimed to have an extremely 

small-particle-size slag, 0–50 μm, in order to determine what yield is achievable, and to have a 

reference point for improvement by wet extractive grinding. 

2. Materials and Methods 
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Three different cases, described above, were compared. Industrial grade ammonium chloride was 

dissolved in tap water to obtain required the molarities of 1, 2, and 4 mol/L, using a 500 mL 

measurement bottle. The slag-to-liquid ratio was 30 g/L in all experiments; we used 15 g of slag 

per 500 mL of solvent. The 30 g/L value was determined by our earlier experiments and feasibility 

modeling work. Earlier work showed that the lower the solid-to-liquid ratio, the higher the 

extraction efficiency [4, 6]. The higher the extraction efficiency, the smaller the amount of slag 

required to produce 1 tonne of PCC. If our extraction efficiency decreases, we produce more 

residual slag, and as this always contains residual moisture, typically 10–20% when a press filter 

is used [20], we lose solvent and NH4Cl chemical in the residual slag. The chemical cost is the 

dominant cost element and should be minimized. In addition to this, the smaller the particle size, 

the higher the energy consumption. However, the smaller the particle size, the higher the extraction 

efficiency. Therefore, an optimum particle size exists between these two extremes. The reaction 

time was 20 minutes, and liquid samples of 10 mL were taken for the elemental analysis using 

inductively coupled plasma atomic adsorption spectroscopy (ICP-AAS) after the experiments were 

completed. This section describes the experiments in detail. 
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2.1.Mechanical mixing method 

 

The extraction experiments were performed in a 500 mL round-bottom flask equipped with pH 

and temperature sensors connected to a data logger. A mechanical overhead mixer VOS-16 

manufactured by VWR International was used at rotation speed setting 4, corresponding to 460 

rpm. The impeller is a two-blade simple mixer, having a outer diameter of 7 cm. All experiments 

were carried out at the atmospheric pressure. During the experiments, the reaction vessel was 

submerged in a thermostated water bath (MGW Lauda C-20) at a constant temperature of 23 °C. 

Fig. 1 presents the laboratory setup. A VWR pH electrode (SJ 113, 662-1382), and a 1.5 mm K-

type thermocouple measured the pH and temperature of the experiment, respectively, for both 

reaction and washing stages. 

 

Figure 1. Laboratory set-up for mechanical mixing and all washing steps. 

 

For each experiment, the desired solvent was first poured into the reactor, followed by mixing 

until the temperature and pH were stabilized. Then, the weighed slag was poured into the same 

reactor and mixed for 20 min. The extracted solution mixture was then vacuum filtered with 2.7-
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µm-pore-size filter paper (Whatman 1450-110). A 10 mL liquid sample was taken from the Ca-

rich solution in order to analyze the composition and concentrations of dissolved elements.  

The residual slag cake collected on the filter paper was thoroughly washed with 500 mL of tap 

water. The washed solution was then mixed again with mechanical stirring in the same reactor at 

a constant speed of 4 for 20 minutes. After filtration, a 10 mL sample of liquid was taken from the 

Ca-poor wash solution. Finally, the filtered residual slag cake was oven-dried for 12 hours at 120 

°C. The filtered slag was weighed before and after the drying.  

 

2.2.Extractive grinding method 

 

The combined extraction and grinding experiments, and also the additional dry grinding tests (slag 

C), were performed in an AR-MINI ball mill made by Kerasil (Nurmijärvi, Finland). The mill was 

equipped with a 1360-mL ceramic jar whose inner diameter and length were both 120 mm. The 

ceramic lid was sealed with a rubber plate. The original mill had a constant rpm rating. It was 

replaced with an ABB inverter connected to a new motor in order to be able to control the rotation 

freely. We set the rotational speed to 90 rpm, corresponding to 70% of the critical speed of the 

mill (130 rpm) for 13.5 mm balls [19]. Due to the closed system of the jar, the pH was measured 

both before and after 20 minutes milling. It was not possible to monitor the temperature of the 

liquid during the experiments with the mill. 

In the experiments, 15 g of slag was mixed with 500 ml of solvent and loaded into the jar 

containing 650 mL of ceramic balls (the volume of the balls was 350 mL; with ball packing factor 

being 0.54). The mill filling degree was 0.625. After 20 min mixing, the ball mill was stopped, and 
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the slurry was vacuum filtered with 2.7-µm filter paper. The rest of the procedure was similar to 

the previous set-up for the mechanical mixing.  

2.3. Analysis of the slag 

 

The slag used in the experiment was a basic oxygen steel converter slag from SSAB in Raahe, 

Finland. The slag A composition was analyzed by Aalto University through inductively coupled 

plasma atomic adsorption spectroscopy (ICP-AAS), and the slag B composition was analyzed by 

the Finnish Geological Survey (GTK) through inductively coupled plasma optical emission 

spectrometry (ICP-OES). The original steel BOF slag used for these tests was obtained by crushing 

and grinding the coarse 50–200-mm slag lumps from the BOF process until they had a particle 

size between 0–250 µm. As reported in our previous paper [7], steel slag was classified into 

different size fractions of 0–50 µm, 50–74 µm and 74–125 µm by mechanical sieve analysis. The 

chemical analysis was also carried for these size classes.  In addition to this, the 0–250 µm slag 

underwent dry fine grinding to 0–50 µm (objective size range; true size range was 0–92 µm) for 

detailed particle size distribution (Beckman Coulter LS Particle Size Analyzer) and chemical 

analysis at Finnish Geological Survey (GTK). The slag was fine ground (after which it is referred 

as “slag B”) with a “Mergan” horizontal ball mill manufactured by Outotec, having an inner 

diameter and axial length both of 268 mm. For the process, 70% of the critical rpm was used. The 

ball charge, 22.7 kg, was composed of 14.1 kg of 8-mm, 2.9 kg of 10-mm, and 5.7 kg of 20-mm 

balls, respectively. The slag charge was 1 kg. A grinding time of 6 hours was needed to acquire 

the required size distribution. These results are shown in Table 1. The particle size distribution was 

continuously monitored by sieving samples in order to reach desired size range.  
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Table 1. Chemical compositions of ground and mechanically sieved particle size fractions used in 

the experiments by ICP-OES method, size 0–92 µm, slag B. (Composition in range 0–92 µm 

corresponds to slag A since the whole distribution is fine ground.) 

Size range 0–92 µm 0–20 µm 20–32 µm 32–45 µm 45–56 µm 56–   µm 

Mass 
fraction 1 0.642 0.099 0.131 0.111 0.035 

Element (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) 
Ca 339.0 299.0 324.0 340.0 349.0 337.0 
Al 8.9 9.3 8.9 8.3 8.0 7.7 
V 20.5 20.9 21.2 21.5 21.7 20.2 
Si 60.5 56.0 68.1 75.1 78.6 79.8 
Fe 137.0 141.5 164.0 139.0 126.0 163.0 
Mn 18.5 19.5 21.7 18.7 16.8 13.9 
Mg 10.5 11.4 13.8 11.6 10.5 8.7 

 

Based on Table 1, in the fine-ground slag B, the Ca content in the smallest size fraction, 0–20 µm, 

is the lowest. However, if we consider the mass fraction and the total Ca amount, most of Ca still 

exists in the smallest size fraction 0–20 µm, 0.624 × 0.299 / 0.339 = 57%.  
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2.4. Particle size distribution 

 

The particle size distributions for original slag A and fine-ground slag B were determined by both 

sieve analysis and Beckman Coulter LS Particle Size Analyzer, respectively. The cumulative 

particle size distribution graph is presented below in Fig. 2. In addition to this, we also determined 

the particle size distributions for the dry ground slag (20 min duration using the same mill that was 

used for the extractive grinding), referred as the slag C, and the slag D, which corresponds to the 

situation after the wet extractive grinding (2 mol/L and 30 g/L). These are also plotted in the Figure 

2. As the size distributions of slags C and D were determined using a coarse sieving (smallest sieve 

was 50 µm), detailed analysis was not possible for the Sautern mean diameter and the surface area. 

More detailed analysis will be carried out in our future work. Table 2 summarizes the particle size 

distribution data and used equations. 

 

 

Figure 2. Cumulative particle size distributions of the slag A, B, C and D. 
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Table 2. Particle size analysis parameters for slag A, B, C and D. 

Parameters Symbol Equation Slag A Slag B Slag C Slag D 
Mass median 
diameter, µm 𝑑0.5 𝐹(𝑑0.5) = 0.5  147.2 8.8 119.8 123.9 

Sauter mean 
diameter, µm 𝑑𝑠 

1

𝑑𝑠
= ∑

𝑓(𝑑𝑖)

𝑑𝑖

𝑁
𝑖=1   98.0 1.6 N/A N/A 

Specific surface 
area, m2/kg 𝐴𝑆 𝐴𝑆 =

6

𝜌𝑝
∑

𝑓(𝑑𝑖)

𝑑𝑖

𝑁
𝑖=1   27.8  1741.0  N/A  N/A 

 

f(di) is the differential size class i fraction, i.e. F(di) – F(di-1), and N refers to number size (screen) 

classes. The steel slag density is assumed to be 2200 kg/m3. As Table 2 shows, mass median 

diameters d0.5 of the slags A, B, C and D were 147.2, 8.8, 119.8 and 123.9 µm, respectively. As 

the mass median diameter after 20 min dry and extractive grinding is 119.8 µm (C) and 123.9 µm 

(D), this means that no significant reduction in the size was made. This also means that the energy 

consumption for the dry grinding step for the slag C is negligible, please see section 3.1 and 

conclusions for more detailed analysis. The corresponding Sauter mean diameters for slags A and 

B were 98 µm and 1.6 µm, and the corresponding specific surface areas were 27.8 and 1741 m2/kg, 

respectively. Therefore, finely ground slag B powder has a surface area 63 times larger than slag 

A, significantly increasing the extraction rate.  

 

3. Results and Discussion 

 

We first present results for the extraction efficiency of Ca and the degree of dissolution of V, Si, 

and Mg, and compare extractive grinding to traditional processing with the dry grinding combined 
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with the mechanical mixing. Then, we analyze the elemental mass balances to understand the 

accuracy of the experimental methods used. Finally, we discuss our wash water composition 

analysis that will be used in wash water purification system design. 

 

3.1.Extraction efficiency and degree of dissolution 

 

Xi, the ratio of extraction efficiency to degree of dissolution, was calculated using Eq. (1) for 

element i. Extraction is the term applied to the desired element Ca, and the term dissolution is used 

for the non-process elements V, Mg, and Si. 

 

𝑋𝑖 =   
𝑐𝑖 𝑉 

𝑚𝑆𝑦𝑖
0         (1) 

 

wherein ci is the concentration of species i in the solution (g/L); V is the volume of the solvent (L); 

and 𝑦𝑖
0 is the initial mass fraction of the element i in the slag of mass mS (g) used in the experiment. 

Figs. 3–6 show the total extraction efficiency of Ca, Si, V, and Mg after 20 min, with varying 

concentrations of ammonium chloride (1, 2, and 4 mol/L), and followed by washing with 500 mL 

tap water for all the tests. MM refers to mechanical mixing and EG to extractive grinding. 
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Figure 3. Ca extraction efficiency. Figure 4. V dissolution degree. 

 

  

Figure 5. Si dissolution degree. Figure 6. Mg dissolution degree. 

 

As Fig. 3 shows, with the original slag A with mechanical mixing, the Ca yield seems to 

asymptotically reach a maximum value of ~0.38 by increasing the strength of the solvent from 1 

to 4 M. With the fine-ground slag, it appears that the maximum yield, 56%, can be achieved with 

just 1 mol/L of solvent; further increases in the molarity had no significant effect on the 

performance. With extractive grinding, the yield reaches 52% at molarity 1–2 mol/L, and, finally, 
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it attains a higher value (60%) than that reached with fine-ground slag at 4 mol/L. It has been found 

[4, 6] that available CaO in the slag particles is mostly in the form of free CaO and 2CaO•(SiO)2, 

from which only one CaO can be easily extracted using an ammonium chloride solvent due to the 

strong bonding in the remaining phase. In our earlier research, it was also discussed that silica gel 

formation also hinders solvent extraction by preventing the penetration of solvent to the reaction 

surface within the particle, which ultimately results in lower extraction [4, 6, 7 and 12]. Different 

techniques, such as sonication can also reduce this hindrance and enhance extraction. If most of 

the calcium is bound within 2CaO•(SiO)2, then 50% of it could be extracted, resulting in 

CaO•(SiO)2 which is then more inactive. In addition to this, there is typically a small amount of 

free CaO available which is easily extractible, possibly raising the maximal yield to 55–60%. 

The above findings are of the utmost importance for process development and suggests 

several means of process optimization. It enables the same end result by following different 

processing paths. For example, one option is to fine-grind the dry slag (here 6 h of dry-grinding + 

20 h of reaction time was required) and then use a 1-mol/L mild solvent. Or, as a more feasible 

processing option, we can use extractive grinding (only 20 min process time here obtained) with 

the mild solvent and more coarse slag in order to reach the same outcome. Unfortunately, as 

already reported, the systems used for dry grinding and extractive grinding were too different to 

be able to compare energy efficiencies in detail. To better understand the efficiency of the two 

process routes, we calculated the energy needed for grinding W (kWh/tonne) using the Bond 

equation [19], Equation (2).  

𝑊 = 10 × 𝑊𝑖  (
1

𝑑0.8
𝑜 −

1

𝑑0.8
𝑖 )      (2) 

Jo
urn

al 
Pre-

pro
of



19 
 

Where Wi is the working index (kWh/tonne), and 𝑑0.8
𝑜  and 𝑑0.8

𝑖  are the particle sizes for 80% sieve 

passing for output and input, respectively. The work index for steel slag has been measured as 30.4 

kWh/tonne [8], from infinitely large to 100-μm particles. Based on the Bond equation, the specific 

energy consumption is 20.0 and 58.1 kWh/t for dry-grinding down to 1) 250 μm (d80 230 μm ) and 

2) 50 μm (d80 27.4 μm), respectively. Energy required for extractive grinding path 3) is 25.3 

kWh/tonne (d80 143.9 μm) starting from infinitely large particles (assuming same energy 

consumption for wet and dry grinding paths). To clarify, the wet extractive grinding path composes 

of pre-grinding to below 250 μm and the wet extractive grinding steps. The energy requirement 

for wet extractive grinding path is (58.1-25.3)/58.1 = 56% smaller than the fine-grinding path. The 

grinding time needed is determined by the power of the grinding equipment. In our wet grinding 

process, we are not aiming to reduce the size (as was already shown in section 2.4), but simply to 

intensify the mixing and to keep the reaction surface clear of reaction products. The main energy 

consumption is in the size reduction prior to extractive grinding. More detailed analysis will be 

presented in our future work.  

 Based on Fig. 4, the dissolution degree of V is similar, 12–14%, for both extractive-ground 

and fine-ground slags with 1–2 mol/L solvent molarities. While fine-ground slag gives a high value 

at 4 mol/L, extractive grinding gives a smaller value of conversion (9.5%) at 4 mol/L solvent, 

which is beneficial to process performance since vanadium does not precipitate in the later 

carbonation stage. The original slag gives the lowest yield with mechanical mixing, at just 6–8%.  

As Fig. 5 shows, the yield of Si is 10.5% for fine-ground slags at 1 mol/L, and it declines 

gradually for 2 and 4 mol/L solvents, from 8.6 to 6.5%, respectively.  Extractive grinding gives 

lower values, decreasing from 7.9 to 4.8%. Si yield values are the lowest for original slag with 
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mechanical mixing, decreasing from 6.7 to 4.6%. These results also confirm the selective nature 

of ammonium chloride towards silicon-bearing species in slag.  

As observed in Fig. 6, Mg dissolution increases almost linearly with extractive grinding 

method, having its highest value out of all cases tested of 2.8% at 4 mol/L. For the fine-ground 

slag, yield reaches its maximum at 2.2% with 2 mol/L solvent. Traditional mixing with normal 

slag gives relatively low values as compared to both fine ground slag and wet extractive grinding 

reaching a maximum of 0.9 % with 2 mol/L solvent.  

When grinding is combined with extraction, it keeps the surface free of rate-reducing 

product layer formation, and it also slightly decreases particle size and increases the surface area. 

However, based on our tests, we found that the size reduction is insignificant; the main mechanism 

seems to be the enhanced mass transfer and Ca availability effects. This will be studied in more 

detail in our next paper.  

 In an industrial scale process, proper control of the process and optimal residence time is 

essential. Keeping track of online pH measurement can easily predict Ca conversion in such a 

process. Table 3 presents pH values and Ca conversion at the ends of experiments.  

 

Table 3. End pH and final Ca yield values, pH/XCa 

Slags studied NH4Cl concentration, mol/L 
 1 2 4 
0–250 µm, mechanical mixing 8.74/0.30 8.45/0.35 8.26/0.38 
0–56 µm, mechanical mixing 9.04/0.54 8.70/0.56 8.30/0.54 
0–250 µm, extractive grinding 9.06/0.53 8.70/0.52 8.30/0.60 
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As the Table 3 shows, the latter two cases (fine-grind slag and extractive grinding) are almost 

identical in terms of pH and Ca yield values. The higher the yield, the higher the pH value. This is 

direct consequence of consuming the H3O+ ions in the solution, with the dissolution of Ca2+ ions. 

Also, the higher the initial molarity of the solvent, the smaller is the fraction of H3O+ used, leaving 

the pH level lower.  

3.2.Mass balance calculations 

 

To approximately evaluate the accuracy of the tests and analytic methods, we calculated the 

elemental balances for all the tests, as shown in Table 4. In Table 4, OUT refers to elements in the 

residual slag + solvent + wash water; and IN refers to initial slag. The elemental analysis was 

performed using the ICP-AAS method at Aalto University. Typically, the ICP-AAS analysis has 

an error of ±2%. There is also additional and more significant error coming from the sample 

treatment. Liquid samples are more accurate as the elements are readily dissolved and evenly 

distributed in the solvent. Having the same amount of sample liquid prepared from a solid slag 

sample of a few mg introduces far more error due to the initial batch of solids not being fully 

mixed, so that the sampling location then greatly affects the result. This means that, due to the 

heterogenous nature of the slag, the sample is not fully representative of the overall slag. The errors 

given in Table 4 are therefore only tentative ones.  
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Table 4. Elemental mass balances, (OUT-IN)/IN, %. Positive value indicates addition of element.  

Numbers on lines 1, 2 and 4 refer to molarity of the solvent mol/L. 

Test Ca V Si Mg Mn Fe Al Cr 
 
0–250 µm, mechanical mixing 
1 –1.2% –10.5% –15.0% –13.0% –15.3% –13.3% –13.2% –7.8% 
2 2.6% 0.7% –5.7% –5.0% 0.6% –3.2% –0.7% 8.8% 
4 29.3% 2.0% 2.4% 28.1% 12.5% –0.3% –0.4% 12.0% 
 
0–50 µm, mechanical mixing 
1 7.1% 17.5% 17.5% 5.1% 8.1% 21.0% 12.3% 28.0% 
2 –4.4% –1.1% 1.1% –18.1% –16.7% 1.3% –8.9% 1.3% 
4 –6.7% 4.5% 4.3% –17.5% –6.4% 9.3% –3.9% 5.4% 
 
0–250 µm, extractive grinding 
1 –3.6% –15.3% –15.5% –26.5% –22.0% –22.7% –20.5% –18.1% 
2 –1.4% –9.9% –9.9% –19.7% –8.4% –14.0% –14.6% –10.2% 
4 0.6% –19.9% –19.7% –26.6% –27.7% –21.4% –25.1% –20.7% 

 

As Table 4 shows, the largest error is below 30%. The errors for the most interesting results of Ca, 

namely, the tests for fine grinded slag, are less than 7, and tests with extractive grinding have errors 

of less than 4%. In addition to this, the initial oxide composition of the slag was calculated and is 

presented in Table 5. 

 

Table 5. Slag composition calculated as oxides, %. 

MnO FeO Al2O3 V2O5 Cr2O3 SiO2 MgO CaO K2O Na2O Total 
2.3 12.9 2.7 5.3 0.5 9.8 1.8 47.4 0.0 0.1 82.8 

 Jo
urn

al 
Pre-

pro
of



23 
 

As can be seen, the composition does not sum up to 100% of the slag, 17.2% of the mass is not 

covered by the analysis. This shows that the slag composition is not yet fully understood and 

should be further studied.  

 

3.3.Wash water impurities 

 

One important step in developing an industrial X2PCC process is to design an effective wash water 

purification system, so as to minimize the environmental load of the process. In a system that 

purifies the wash water, we aim to be able to use the water again as wash water, without the 

accumulation of non-process components such as V. The purpose of washing is also to remove 

ammonium chloride from the residual slag. We are not going to landfill the residual slag; this is 

not an option. Washing with water removes ammonium salt from the residual slag and retains this 

residual slag suitable for further processing. This is advantageous because we are actively working 

on developing a process for residual slag valorization. In addition, by recovering the solvent 

chemicals from the residual slag, it becomes possible to also return them in the process, decreasing 

losses and improving feasibility. This technology is not available yet, but this will be studied in 

our future work. Towards this end, we carried out wash water analysis for different situations. 

Table 6 compiles the wash water composition. Washing was conducted with 500 mL tap water, 

using mechanical mixing for a wash duration of 20 min.  
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Table 6. Elemental composition of wash water. Values < 1 mg/L indicates that the element was 

not detected. The row labels 1, 2, and 4 indicate the molarity of the solvent (mol/L). 

Test 
 

Mn 
(mg/L) 

Fe 
(mg/L) 

Al 
(mg/L) 

V 
(mg/L) 

Cr 
(mg/L) 

Si 
(mg/L) 

Mg 
(mg/L) 

Ca 
(mg/L) 

K 
(mg/L) 

Na 
(mg/L) 

 
0–250 µm, mechanical mixing 

1 < 1 < 1 < 1 9.9 < 1 42.7 < 1 122 0.9 5.7 
2 < 1 < 1 < 1 11.1 < 1 40.9 < 1 124 0.9 5.7 
4 < 1 < 1 < 1 17.2 < 1 38.2 < 1 231 1.1 6.6 

 
0–50 µm, mechanical mixing 

1 < 1 < 1 < 1 16.4 < 1 71.2 < 1 226 1.6 7.3 
2 < 1 < 1 < 1 21.2 < 1 60.6 < 1 206 1.0 6.5 
4 < 1 < 1 < 1 26.8 < 1 53.2 < 1 180 1.0 7.2 

 
0–250 µm, extractive grinding 

1 < 1 < 1 < 1 18.5 < 1 59.6 < 1 145 0.9 5.8 
2 < 1 < 1 < 1 24.4 < 1 50.7 < 1 173 0.9 6.5 
4 < 1 < 1 < 1 20.0 < 1 41.3 4 438 1.2 9.0 

 

As can be seen from Table 6, the main components in wash water are V, Si, Ca, and Na, with K 

and Mg as minor components. After the extraction cake is filtered, there is some solvent remaining, 

bound between the cake particles that appears in the wash water. Also, as found earlier, the wash 

water itself acts as a mild solvent, extracting some further material [7]. The data shown in Table 6 

will be used in our ongoing work in designing a wash water purification system. We especially 

will focus on V capture in order to eliminate it from the wash water.   
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3.4. General process observations 

 

Fig. 7 presents the flow sheet and performance values of the traditional process, while our new 

wet extractive grinding method is presented in Fig. 8. The 1 tonne of PCC production basis is 

selected for commercially evaluating the feasibility of the process. CO2 is fixed by stoichiometry. 

As the extraction efficiency is much higher with the extractive grinding, the need for slag and the 

amount of residual slag are both significantly smaller; they drop from 3.73 to 2.12 and from 3.17 

to 1.55, respectively. The data in Fig. 8 are based on the results obtained in this paper. 

 

  

Figure 7. Process schematic of the X2PCC 

process flow sheet, mechanical mixing, 30% 

yield in extraction. 

Figure 8. Process schematic of the X2PCC 

process flow sheet combined with extractive 

grinding, 53% yield in extraction. 

 

As can be seen from Figs 7 and 8, process improvement is significant in many ways when a more 

efficient extraction step is introduced. At first, when the extraction efficiency increases from 30 to 

53%, the amount of residual slag decreases from 3.17 to 1.55 tonnes, respectively. This decreases 

the residual slag treatment costs significantly. Secondly, the amount of solvent used in the extractor 
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decreases also from 127 to 72 tons, respectively, which has a significant effect on the capital 

(smaller reactor is sufficient) and operational (less chemical is required) costs. Of course, these 

numbers refer to a batch of 1 tonne of PCC, which is too large, and, in practice, several batches 

are required to produce 1 tonne of PCC. Thirdly, the loss of solvent decreases from 0.56 tonnes to 

0.274 tonnes, respectively, per 1 tonne of PCC in the extraction step. This has a significant effect 

of the economic feasibility of the process. The effect of process improvement on energy efficiency 

will be studied in more detail in our future work. 

 

4. Conclusions 

 

The objective of this work was to study a new extractive grinding method to obtain more efficient 

extraction of Ca from steelmaking slags to be used in mineral carbonation of CO2. We compared 

three cases: 1) mechanical mixing extraction with original grind slag (0–250 μm); 2) mechanical 

mixing extraction with fine dry-grind slag (0–50 μm); and 3) the new extractive wet grinding 

process with original slag (0–250 μm). In the new extractive grinding process, we combine the 

grinding and extraction steps into a single unit with the aim of increasing both the rate and the 

yield of the process, and to decrease the grinding energy requirement and the system’s complexity. 

We found that Ca yield for original coarse slag A with mechanical mixing, path 1) reaches 

a maximum of 38% by increasing the solvent concentration from 1 to 4 mol/L. For fine ground 

slag path 2), 0–50 μm, 56% yield is achieved with just 1 mol/L solvent, and increasing the molarity 

of the solvent has no significant effect on the yield. Fine ground slag was used to understand what 

level of Ca it is possible to obtain when the limitations from mass transfer are removed. With wet 
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extractive grinding. path 3), the yield was found to be 52% at a molarity of 1–2 mol/L and 60% at 

4 mol/L. We also observed that dissolution of vanadium and silicon, which are impurities in the 

later carbonation stage, declines with increasing in solvent concentration. This is a perfect result 

for our process development, since the purity of the PCC is very important. 

One important step in developing the industrial X2PCC process is to design an effective 

wash water purification system to make the environmental load of the process minimal and to be 

able to use the same water continuously. For this purpose, we carried out wash water analysis for 

different situations. Wash water analysis revealed that the main elements presents are: Ca (122–

438 mg/L), Si (38–61 mg/L), V (10–27 mg/L), and Na (5.7–9 mg/L) and K (0.9–1.2 mg/L). 

Analysis showed that no Cr dissolution takes place within in the analysis accuracy. More research 

will be done in later stages to develop an efficient process for recycling the wash water.  

The error analysis of elemental Ca mass balances showed that, for the most interesting 

cases of fine ground slag and extractive grinding, errors were is less than 7% and 4%, respectively. 

This indicates that our experimental system is sufficiently accurate.  

From the performance and feasibility point of view, the new process showed very 

promising results. Wet extractive grinding, and the use of 1 mol/L mild solvent for 20 min reaction 

time produced the same Ca extraction yield as the fine ground slag, 0-50 µm, in a ball mill for 6 

hours combined with 20 min mechanical mixing. We also found, that the extractive grinding does 

not affect the particle size distribution significantly; mass median diameter decreased from 147.2 

to 123.9 µm, while it decreased from 147.2 to 8.8 µm with fine grinding. Using the Bond’s 

equation, the energy consumption for the extractive grinding path 3) was estimated to be 56% 

smaller for than 2) fine-grinding path. Therefore, this new method reduces the energy requirement 
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of the grinding significantly. This has also additional benefits; as the extraction efficiency 

increases, we need to grind a smaller amount of slag, producing less residual slag, and therefore 

losing less solvent with the residual moisture content. These all further improves the process 

efficiency and economic feasibility. 
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