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Two-stage leaching of calcium and vanadium from high-calcium steelmaking 
slag
Maria Kokkoa, Toni Kauppinena,b, Tao Hua, Pekka Tanskanenc, Rita Kallioc, Ulla Lassia,b and Janne Pesonen a

aResearch Unit of Sustainable Chemistry, University of Oulu, Oulu, Finland; bKokkola University Consortium Chydenius, University of Jyväskylä, 
Kokkola, Finland; cResearch Unit of Process Metallurgy, University of Oulu, Oulu, Finland

ABSTRACT  
Vanadium (V) is a critically important element in many industries. A widely used recovery process is 
a combination of roasting and leaching. However, roasting is an energy-intensive stage. Generally, 
basic oxygen furnace (BOF) slag is high in calcium (Ca) but low in V. Ca content and its chemical 
nature can prevent V leaching. This study presents a potential two-stage leaching process for Ca 
and V from BOF slag. The method is environmentally friendly using low temperatures and enabling 
leachate recycling. Furthermore, the utilisation rate of the slag can be higher due to Ca recovery. Ca 
is first leached using ammonium nitrate and nitric acid solution. The V-containing residue is 
directed to the second stage, where V is leached using ammonium carbonate ((NH4)2CO3). Ca 
leaching efficiency was 71% achieved with a low temperature (40°C) and in 20 min. > 99% of 
the dissolved element was Ca. Increasing the total nitrate concentration increased the leaching 
efficiency. Reducing the L/S ratio improved selectivity. The solid material was analysed after the 
leaching stages and a clear change was observed after the Ca-stage. The V leaching efficiency 
was 50%. > 88% of dissolved element was V (L/S 8, [(NH4)2CO3] 200 g/L, 60°C, and 60 min). 
Increasing [(NH4)2CO3] and L/S ratio slightly improved the leaching efficiency but decreased 
selectivity. The studied process implements circular economy principles and has been 
developed for side streams with low V concentrations. However, further optimisation and 
developments are required regarding the effectiveness of the process.
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1. Introduction

The European Commission has listed vanadium (V) as 
one of the critical raw materials for the European 
Union [1]. It is used in several industries, such as the 
chemical, ceramic, steel, and battery industries. V is a 
more common element in the Earth’s crust than 
copper or nickel, but it is widespread in the Earth’s 
crust, so it does not occur as concentrated deposits [2]. 
However, V content can be significant in secondary 

raw materials, such as steelmaking slags, and their utilis
ation as a source of V has been studied.

The V recovery has been studied by direct pressured 
leaching [3,4]. However, a more common procedure 
includes a combination of roasting and leaching 
before ammonium precipitation [5,6]. Roasting oxidises 
low-valence V species to higher oxidation states and 
decomposes the stable iron phases, transforming V 
into a more soluble form [7]. However, a non-salt 
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roasting [7–10] and a roasting with sodium (Na) or Ca 
salt addition [8,11–15] requires high temperatures and 
polluting gases are emitted during alkaline roasting 
(e.g. Na2CO3, Na2SO4, NaCl) [16,17].

Water [16,18], alkaline [9,14], or acid [11,12,19] is com
monly used as a leaching agent, but the main problem is 
non-selective leaching. Silicon (Si), phosphorus (P), and 
chromium (Cr) are often the main impurities in water 
and alkali leaching [9,16,20,21]. Due to the high concen
trations of impurities, purification is often complicated 
[22]. In many of the proposed processes, the leachate 
cannot be recycled. In acidic leaching consumption of 
reagents is high due to the high lime content in steel 
slags [22]. Furthermore, Si concentration is significant 
[23–26]. The dissolution of silica and the formation of 
silica gel [27] can become a challenge in the recovery 
of V. Dissolved vanadate is precipitated by adding 
ammonium salt (e.g. ammonium sulfate, ammonium 
chloride) to the purified leachate at a suitable pH 
[18,20,28,29] and temperature [8,20].

Some studies have investigated the recovery of V by 
direct leaching from high Ca content steel slag [17]. Ca 
is divided into several phases in BOF slag [30] and 
from some of those it can dissolve fairly easily. Due to 
its high concentration and chemical nature, Ca can 
become a problem in V recovery. However, Ca can be 
bound to the solid as sulfate, hydroxide, or carbonate, 
but this consumes a lot of reagents. This also increases 
the amount of produced solid waste. Therefore, Ca 
recovery before V leaching is desirable. After selective 
Ca leaching, it can be utilised as calcium carbonate. 
This increases the utilisation rate of the slag. This study 
presents a Ca and V recovery method where Ca can be 
utilised as calcium carbonate and V as ammonium 
vanadate.

The aim of this study was to develop an environmen
tally friendly direct leaching of Ca and V from the BOF 
slag. The leaching was done in two stages. In the first 
stage, Ca is dissolved in an ammonium nitrate and 
nitric acid (NH4NO3-HNO3) solution. The V-containing 
residue is directed to the second stage, where V is 
leached with (NH4)2CO3. This process follows the prin
ciples of circular economy and to our knowledge, a 
fully hydrometallurgical method of Ca extraction fol
lowed by V leaching from high-Ca BOF slag has not 
been previously studied.

2. Materials and methods

2.1. Raw material and reagents

The BOF slag utilized in these experiments was sourced 
from a steel mill in northern Finland. The slag was 

ground (12.5 microns, D50) and used in the Ca leaching 
stage. The residue from the first stage was directed to 
the V leaching stage. In the leaching experiments, 
HNO3 > 69% (Honeywell, USA, puriss. p.a.), NH4NO3, 
(VWR Chemicals BDH, USA, 99.5%), and ammonium car
bonate ((NH4)2CO3, Thermo Scientific, USA, extra pure) 
were used as the reagents. In addition to nitric acid, 
hydrofluoric acid (HF; 40%; VWR Chemicals BDH, USA), 
hydrochloric acid (HCl; 37%; Fisher Chemical), and 
boric acid were used in acid digestion.

2.2. Experimental design of leaching

Ammonium salt solutions (NH4Cl, NH4NO3, CH3COONH4) 
have been proposed as selective extraction solutions for 
Ca [31]. However, the leaching efficiency remains lower 
than when using strong acids. HNO3 has been studied 
for its potential to dissolve Ca almost completely, but 
the selectivity of the leaching process is poor [25,31]. 
In this study, to maximise the Ca leaching efficiency 
and prevent the V leaching a solution of NH4NO3 and 
HNO3 (ratio 3:1) was used in the Ca-stage. The exper
iments with temperatures of 25°C and 40°C were per
formed in a beaker and with 70°C in a 250 mL three- 
neck round-bottom flask. A reflux condenser and 
plastic caps were used to prevent excessive evaporation 
of the liquid. The stirring speed was maintained at 350 
rpm. The solution was heated to the desired tempera
ture before the addition of the slag. The reaction time 
started with the addition of the slag. Leaching was fol
lowed by filtration, and the residue was washed with 
deionised water. Investigated reaction conditions in 
the Ca-stage are shown in Table 1.

The V-containing residue was directed to the second 
stage and V leaching was performed by using (NH4)2CO3. 
The experiments were performed in a three-neck round- 
bottom flask tightly closed with rubber and glass caps. 
The stirring speed was maintained at 280–290 rpm. 
When using lower (≤200 g/L) concentrations, the 
ammonium carbonate solutions were prepared in a 
volumetric flask. With higher (NH4)2CO3 concentrations 
(≥300 g/L), solid (NH4)2CO3 was weighed straight into 
a three-neck round-bottom flask. The reaction time 
started with the addition of reagents and residue. 
Washing after filtration was carried out using warm 

Table 1. Optimised parameters in the Ca leaching stage.
Parameter(s) to be 
investigated

Time 
(min)

[NO3
- ] (mol/ 

L)
L/S  

(mL/g)
Temp.  

(°C)

[NO-
3] with  

different L/S ratios
20 5, 6, 7 5, 8, 

10
40

Temperature 20 7 5 20, 40, 
70
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deionised water to prevent untimely crystallization of 
ammonium vanadate. The studied parameters are 
shown in Table 2.

2.3. Characterization methods

The solid samples were digested by microwave-assisted 
acid digestion to determine the elemental concen
trations of the solid material. The digestion was done 
by Rantala et. al validated method 2 [32]. Measurements 
were performed using inductively coupled plasma– 
optical emission spectroscopy (ICP–OES, Agilent 5110). 
X-ray diffraction analysis (PANalytical X’Pert Pro, CuKα1 

radiation, 40 mA, 45 kV, 2θ values from 10° to 70°) was 
used to identify the phases of the original slag and the 
residues. Electron probe microanalyzer–wavelength-dis
persive spectroscopy (EPMA–WDS JEOL JXA-8530FPlus) 
results were used to identify the chemical composition 
of the phases. Modal mineralogy was studied by field 
emission scanning microscope-energy dispersive spec
troscopy (FESEM-EDS JEOL JSM-7900F). Differential scan
ning calorimetry-thermogravimetry (DSC-TG Netzsch 
STA449F3) analysis combined with mass spectrometry 
(MS Netzsch QMS403) was used to confirm some 
phases in V leaching residue. The concentrations of V, 
Ca, and impurities (iron (Fe), aluminum (Al), magnesium 
(Mg), manganese (Mn), and silicon (Si)) in the leachates 
were determined by ICP–OES (Agilent 5110). The solid 
samples from the optimised conditions were decom
posed as previously described and analysed via ICP– 
OES to ensure there were suitable concentrations of 
the main elements in the residues.

The leaching efficiencies (X) of V, Ca, and impurities 
were calculated according to Equation 1.

X =
CdVinit.

m0
∗100%, (1) 

where Cd is the concentration (mg/L) of the desired 
element in the leachate, Vinit. (L) is the initial volume of 

the solution, and m0 is the amount (mg) of the investi
gated element in the slag.

Leachate recycling is possible if the leaching is 
sufficiently selective towards the desired element. In 
this study, the method’s selectivity was evaluated by cal
culating the mass fractions of the dissolved elements in 
the leachates. Element distribution (ED) was calculated 
using Equation 2.

ED =
􏽘 mi

mtot
∗100%, (2) 

where ED represents the element distribution of the lea
chate (%), mi represents the mass (g) of the desired 
element in the leachate, and mtot represents the sum 
of masses (g) of all investigated elements leached to 
the leachate.

3. Results and discussion

3.1. Mineralogy and elemental distributions of 
BOF slag

The concentrations of V, Ca, and the main impurities of 
the BOF slag are shown in Table 3, the chemical compo
sition of the main phases in Table 4, and the results of 
the mineralogical analysis in Figure 1.

According to the XRD analysis (Figure 1), the Ca- 
bearing phases and compounds in the slag were 
calcium hydroxide (Ca(OH)2), lime (CaO), calcium car
bonate (CaCO3), calcium ferrite (an intermediate calciu
maluminoferrite composition from srebrodolskite and 
brownmillerite solid solution, interpreted as brownmil
lerite in Figure 1), and calcium silicate phases (hatrurite 
and larnite). Quartz could be identified from the XRD 
result, which is due to the slag handling procedures 
at the steel plant. EPMA-WDS analysis (Table 4) 
revealed that the V-containing phases in the slag are 
calcium vanadate (CV), larnite, and calcium ferrite. 
Larnite also contained some phosphorus (P), and Fe, 
most probably replacing Si in the crystal lattice. Lime 
had increased Fe and Mn contents, and wüstite had 
typically increased Mg, Mn, and Fe contents. In 
addition to V, calcium ferrite contained some titanium 
(Ti), and chromium (Cr) as additional components. CV 
was a Si-containing variety with increased contents 
of P and Cr. Lime, wüstite, and hatrurite were low in 
V contents.

To find out the more precise distribution of V 
between the different phases, FESEM-EDS modal 

Table 2. Investigated parameters in the V leaching stage.
Parameter(s) to  
be investigated

Temp.  
(°C)

Time  
(min)

[(NH4)2CO3]  
(g/L)

L/S  
(mL/g)

Reaction time and 
temperature

60, 70, 
80, 90

60, 
120

100 8

L/S ratio 60 60 100 8, 12, 
16

Concentration 60 60 100, 200, 300, 400, 
500, 600

8

Table 3. Elemental concentrations (mg/g) of slag, as measured using ICP–OES analysis.
Concentration of elements (mg/g) Al Ca Fe Mg Mn Si V Ti P

BOF slag 7.43 330.78 151.03 9.92 19.49 51.08 21.81 5.99 3.61
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analysis was performed (supplementary data (SD), 
Figure 1). Based on combined information from 
modal mineralogy and mineral chemical compositions, 
most of the V was incorporated in larnite (about 47%) 
and calcium ferrite (about 32%) and almost 19% in CV 
with only minor deportment in hatrurite. In the Ca-, 
and Fe-containing phases V can occur as a trivalent V 
[30], implicating that the V dissolution might be less 
favourable [33].

3.2. Calcium leaching

The slag contained approximately 33 wt% Ca, and due 
to the chemical nature and high concentration of Ca, 
removing it from the slag was beneficial for the recov
ery of V. Furthermore, Ca recovery could significantly 
increase the utilisation of steel production’s side 
streams. The potential for utilising CO2 to produce 
precipitated calcium carbonate (PCC) from steel slag 

has been studied [34] requiring selective leaching 
of Ca.

Based on preliminary tests, the pH value of the 
aqueous slag solution was 13.06 after a six-hour 
shaking test (L/S 10, room temperature). A strong acid 
is required to neutralise the alkalinity of the slag. 
H2SO4-(NH4)2SO4 solution is not suitable due to the 
goal of Ca utilisation hence NH4NO3-HNO3 solution is 
presented as the leaching solution. During the Ca- 
stage, it is essential to prevent the loss of V. Dissolved 
pentavalent V occurs in the solution as different vana
date species (meta-, pyro-, ortho-, or polyvanadate) or 
hydrated pentavalent forms depending on the reaction 
conditions (pH, [V] in the solution) [35]. In the NH4

+-con
taining solution with favourable conditions (pH, [V], and 
temperature) vanadate ions precipitate as ammonium 
vanadate [35] (Equation 3), thus V is not lost in the 
Ca-stage. The leachate from the selective Ca-leaching 
stage can be recycled back to the leaching process 

Figure 1. XRD analysis of original BOF slag.

Table 4. Chemical composition of the main phases, as determined via EPMA–WDS analysis (n = number of point analyses).
Phase n MgO Al2O3 SiO2 P2O5 Cr2O3 CaO TiO2 FeO MnO V2O3 Total

Larnite 27 0.02 0.79 25.92 2.36 0.16 61.82 0.60 1.86 0.20 3.92 97.76
Lime 30 0.89 0.10 0.75 0.09 0.08 83.13 0.08 7.95 4.54 0.29 97.90
Ferrite 22 0.53 5.19 0.55 0.07 2.14 42.65 2.83 35.18 0.90 3.58 93.63
Wüstite 14 11.33 0.00 0.00 0.01 0.16 6.10 0.03 65.72 14.05 0.18 97.59
Hatrurite 8 0.33 0.48 22.81 1.17 0.04 69.08 0.28 2.21 0.93 0.77 98.13
Ca vanadate 10 0.00 0.07 10.89 3.75 2.48 53.07 0.62 0.68 0.06 24.60 96.24
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mainly by adjusting the pH. It can be adjusted with 
HNO3, preventing the accumulation of ammonium ions 
in the leachate during recycling. As shown in section 
3.1, Ca is mainly located in silicate phases, lime, and Ca 
(OH)2. The leaching of Ca is represented by reaction 
Equations 4–6.

VO−3 (aq)+ NH+4 (aq)→ NH4VO3 (s) (3) 

Ca(OH)2 (s)+ NH4NO3 (aq)+ HNO3(aq)

→ Ca(NO3)2(aq)+ NH3 (aq)+ 2H2O (l) (4) 

CaO (s)+ NH4NO3 (aq)+ HNO3(aq)

→ Ca(NO3)2(aq)+ NH3 (aq)+ H2O (l) (5) 

Ca2SiO4 (s)+ 2NH4NO3 (aq)+ 2HNO3(aq)

→ 2Ca(NO3)2 (aq)+ 2NH3 (aq)+ 2H2O (l)

+ SiO2 (s) (6) 

In this study, Ca leaching was studied with NH4NO3 

and HNO3 solution, keeping the ratio of ammonium 
salt and acid constant (3:1). For simplicity, the concen
tration is presented as total nitrate concentration 
[NO3

- ]. Based on the preliminary experiments with 
[NO3

- ] of 6 and 7 mol/L, Ca dissolved more at a higher 
[NO3

- ], but V was found to dissolve more at a lower 

[NH4
+] (Figure 2). In addition, Ca leaching seemed to be 

a rapid reaction. Most of the Ca was dissolved in the 
first five minutes and it seemed to remain unchanged 
up to 60 min. It can be assumed that Ca has leached 
from more easily soluble phases under prevailing con
ditions. Similar results have been found in the literature. 
Dissolution of Ca has shown to be rapid with acetic acid 
(CH3COOH) [36], ammonium chloride (NH4Cl) [37], and 
NH4NO3 [34] solutions. The temperature data in 
Figure 2 indicated that the Ca leaching from these 
phases was an exothermic reaction. The temperature 
seemed to stabilise close to the initial temperature in 
60 min. Based on the preliminary results, the reaction 
time was set at 20 min.

3.3. Effects of concentration, L/S ratio and 
temperature

The effect of the L/S ratio and concentration on Ca leach
ing efficiency (average with relative error bar) and 
element distribution in the leachate was investigated 
(Figure 3(a,b)). The pH of the solution changed due to 
variations in the concentration and L/S ratio and it can 
be seen from Figure 3(a).

Figure 3(a) shows that the highest and lowest L/S 
ratio [NO3

- ] of 5 mol/L has a moderately large 

Figure 2. Ca leaching at room temperature with an L/S ratio of 5.
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difference between replicates. This may be due to the 
relatively small sample portion and heterogeneity of 
the material. Based on the results, however, it seems 
that increasing both parameters increases the leach
ing efficiency of Ca. Eloneva et al. (2008, 2012) inves
tigated Ca leaching efficiency affected by [NH4NO3] 
(from 0 mol/L to 2 mol/L) [31] and L/S ratio (variation 
between 1.7–50 mL/g) [34]. Their findings support the 
results of this study. The dramatic decrease in 

leaching efficiency between L/S 8 and L/S 10 (7 
mol/L) might be due to the low pH (<1) and dissol
ution of silica. At a low pH (<2), dissolved silica can 
begin to form colloidal silicic acid [38,39], trapping 
Ca within it [39].

With the lowest [NO3
- ], the proportions of impurities 

did not significantly increase, even though the L/S 
ratio increased (Figure 3(b)). At higher [NO3

- ], increasing 
the L/S ratio increased the relative proportion of 

Figure 3. Effects of the different [NO3
- ] and L/S ratios on the (a) Ca leaching efficiency and (b) ED in the leachate (40°C, 20 min).
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impurities such as Fe and Si in the leachate. The 
measured concentrations of the elements shown in 
Figure 3(b) are presented in SD, Table 1. Furthermore, 
V concentration increased in the solutions with low 
pH. If [H+] is high, the bond between vanadate and 
ammonium may be broken down. In a sufficiently 
acidic solution, ammonium vanadate decomposes [40] 
and releases V into the leachate. It can be inferred 
from the results that dissolved V is converted to 
ammonium vanadate at low temperatures [8,15] and a 
sufficiently high pH.

Precipitation of CaCO3 through the PCC process 
requires alkaline leachate [37]. The pH of the leachate 
should be above 8 to avoid the addition of large 
amounts of reagents. In addition, the purity of the sol
ution should be high, to ensure the quality of the final 
product. For those reasons, the parameters chosen 
were L/S ratio 5 and [NO3

- ] 7 mol/L.
The effect of the leaching temperature (25°C, 40°C, 

and 70°C) was investigated, and Figure 4 illustrates its 
effect on the leaching efficiency (average with relative 
error bar) and ED in the leachate. Measured concen
trations are presented in SD, Table 2.

Increasing the temperature from 25 to 40 °C 
increased the leaching efficiency of Ca. However, when 
the system was heated to 70 °C, the leaching efficiency 
declined. The temperature had no significant effect on 
the amount of impurities in the solution. Considering 
the energy consumption, preventing ammonium evap
oration, leaching efficiency of Ca, the purity of the sol
ution, and minimising V loss, the optimal leaching 
temperature is 40°C (L/S 5, 7 mol/L, 20 min).

3.4. Characterization of Ca leaching residue

The conditions of the Ca-stage were optimised and the 
concentrations of the elements in the residue were ana
lysed via microwave-assisted acid digestion and ICP–OES 
measurements (Table 5). The phase composition of the 
residue was analysed by XRD (Figure 5) and EPMA– 
WDS (Table 6).

It can be seen from Tables 3 and 5 that concen
trations of other elements increase during the first 
stage due to the dissolution of Ca. Most of the 
phases of BOF slag altered to compositionally hetero
geneous V-containing iron, calcium, silicate hydrate 
phase (FCSH) or phases (Table 6). The chemical compo
sition of the FCSH phase varied widely. The SiO2 

content varied from 17 to 28 wt%, the CaO content 
between 5 and 12 wt%, and the FeO content 
between 6 and 11 wt%. The V2O3 content remained 
high, varying between 3 and 6 wt%. Totals of the 
oxide analysis were rather small, at between 40 and 
56 wt%, indicating there was a loose material structure 
containing a significant amount of hydroxyl water.

Differences in the reactivity of different phases and 
grain sizes were noted. The coarsest particles were 
only partially reacted, meaning they still containing the 
primary larnite, brownmillerite, and wüstite in the core 
areas. Moreover, tiny, seemingly unaltered brownmiller
ite and wüstite grains existed as inclusions in FCSH or 
associated with larnite in the bigger particles or as sep
arate grains.

According to the EPMA–WDS and XRD results, Ca 
(OH)2, CaCO3, lime, and hatrurite, totally disappeared, 

Figure 4. Effect of the temperature on the leaching efficiency of Ca (7 mol/L, L/S 5, 20 min) and ED of leachate.
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along with most of the larnite. However, according to 
FESEM (SD, Figure 2), some amount of CV remained 
after the Ca leaching stage. According to Table 6, 
the calcium ferrite was resistant to Ca leaching and 
contained about 17% of V content in the residue 
(SD, Figure 2). Based on these results, it can be inferred 
that Ca was essentially dissolved from lime, CV, 
calcium silicate phases, CaCO3 and Ca(OH)2. Most of 
the V (80-81%) was mainly in the formed FCSH 
phase (SD, Figure 2) but it is also likely that V may 
be present as ammonium vanadate in the residue. 
However, the presence of possible ammonium vana
date could not be detected with the methods used 
in this study.

3.5. Vanadium leaching

Ammonium salt leaching has been studied for the 
selective recovery of V. Precipitation of ammonium 
vanadate directly by cooling the solution has also 
been proposed as an advantage [15]. Ammonium salt 
leaching has been studied for roasted V slag 

[7,10,15]. However, the literature does not present 
the studies of V leaching with ammonium salt for 
steelmaking slag by direct leaching. In this study, 
ammonium salt leaching was investigated for the Ca- 
leached residue. Temperature, reaction time, [(NH4)2

CO3], L/S ratio, and repeating the leaching cycle were 
investigated to optimise V leaching efficiency and sol
ution purity.

3.6. Effects of reaction time and temperature

In this study, the effect of temperature was studied 
together with the reaction time for the Ca-stage 
residue. The results are shown in Figure 6(a,b) and the 
measured elemental concentrations are presented in 
SD, Table 3.

It can be observed from Figure 6(a) that V dissolves 
already in 60 min with all studied temperatures. Its 
leaching efficiency changes only slightly when the reac
tion time is extended to 120 min. Based on this, it can be 
assumed that the dissolution of V proceeds rapidly. In 
many studies, it has been shown that in the 

Figure 5. XRD analysis results for the residue after Ca leaching (7 mol/L, L/S ratio 5, 40°C, 20 min).

Table 5. Elemental concentrations of the residue from Ca leaching (L/S 5, 40°C, [NO3
- ] 7 mol/L, 20 min), as measured using ICP–OES.

Concentration of elements (mg/g) Al Ca Fe Mg Mn Si V Ti P

Residue 1, after Ca leaching 11.40 158.70 201.10 13.10 28.50 73.90 31.00 8.6 5.56
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hydrometallurgical process of unroasted [21,41], and 
roasted slag [7,10,15], the leaching efficiency of V 
increases as a function of temperature. However, in 
this study increasing the temperature did not improve 
the leaching efficiency of V. It is unclear if the tempera
ture and reaction time would affect the V-containing 
phases or whether the formed FCSH phase prevents 
the dissolution of V from the phases.

Temperature does not affect the total level of the 
impurities significantly over a longer reaction time 
(Figure 6(b)). The purity of the solution improves slightly 
when increasing the temperature with a shorter reaction 
time. Increasing the temperature significantly affects the 
Fe concentration with both reaction times. This may 
result from the oxidation of Fe, as supported by the low
ering pH as the temperature increases and the Fe 

Table 6. EPMA–WDS analysis results for the residue after Ca leaching.
Phase n MgO Al2O3 SiO2 P2O5 Cr2O3 TiO2 CaO FeO MnO V2O3 Total

FCSH 9 0.20 1.16 21.46 1.46 0.20 0.71 8.07 8.94 1.70 4.55 48.45
Larnite 5 0.04 0.50 26.50 2.82 0.15 0.69 61.00 2.51 0.16 4.21 98.59
Ferrite 7 0.39 3.11 1.83 0.25 0.96 2.18 42.50 37.78 0.99 4.23 94.21
Wüstite 4 14.67 0.07 0.00 0.01 0.37 0.00 13.49 50.38 15.04 0.20 94.24

Figure 6. Effects of temperature and reaction time on (a) V recovery yield and (b) ED of the leachate (L/S ratio 8, concentration 100 g/L).
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concentration decreases (Equations 6 and 7).

Fe2+(aq) → Fe3+(aq)+ e− (6) 

Fe3+(aq)+ 3H2O (l) → Fe(OH)3(s)+ 3H+(aq) (7) 

Ca and Mg concentrations reduce when the temperature 
is increased (Mg 1.9–0.3%, Ca 2.4–0.2%). In the presence 
of carbonate ions, Ca and Mg ions precipitate as insolu
ble calcium and magnesium carbonates (CaCO3 and 
MgCO3) (Equations 8 and 9). This probably affects the 
decrease in pH.

(NH4)2CO3 (s)+ H2O (l)→ 2NH+4 (aq)+ HCO−3 (aq)
+OH− (aq)(8) 

2HCO−3 (aq)+ 2OH− (aq)+Mg2+(aq)+ Ca2+(aq)

→ CaCO3(s)+MgCO3(s)+ 2H2O (l) (9) 

It also can be seen from Figure 6(b) that increasing the 
temperature dramatically increases the Si concentration 
n the leachate (from 3.8–6.9%). Preventing the dissolution 
of Si is important for ensuring the simplicity of the process 
and the recycling of leachate. However, the precipitated 
product may contain impurities as shown above 
(MgCO3, CaCO3 e.g.). Some of these can possibly be 
washed from the precipitated product with an acidic 
ammonium salt solution, such as NH4NO3. Furthermore, 
too high temperature can decompose ammonium car
bonate into carbon dioxide and ammonia. Therefore, a 
temperature of 60°C and reaction time of 60 min were 
selected for the following experiments.

3.7. Effects of L/S ratio, [(NH4)2CO3], and 
repeating leaching cycle

The effect of the L/S ratio on the V leaching efficiency 
was investigated. It can be seen from Figure 7(a) that 
increasing the L/S ratio improved slightly the dissolution 
of V. The literature reveals that this action improves the V 
leaching rate also in alkaline leaching of unroasted slag 
[41], ammonium salt leaching [15] and ammonium salt– 
acid leaching [8] of roasted slag. In the present study, 
increasing the L/S ratio also increased the concen
trations of impurities such as Fe, Mg, Ca, Si. This can 
be seen in Figure 7(b) (elemental concentrations in SD, 
Table 4). Based on the results, L/S ratio 8 was selected 
to the further experiments.

Several studies have been presented in the literature, 
where increasing the concentration of the leaching 
reagent, increases V leaching efficiency from roasted 
slag [7,15]. The results of this study partly agree with 
them. However, it should be noted that the results 
cannot be directly compared to the literature research 
due to the absence of a roasting stage. The investigated 

[(NH4)2CO3] range was 100–600 g/L (60 °C, 8 mL/g) and 
the effect for the V leaching efficiency and the ED in the 
leachate is shown in Figure 8(a,b).

Figure 8(a) shows that [(NH4)2CO3] had the predomi
nant effect on the leaching efficiency of V. Increasing the 
concentration to 200 g/L improved the V leaching 
efficiency to 50%. After this, increasing the concen
tration decreased the leaching efficiency of V. This may 
be due either to a large excess of ammonium relative 
to the V concentration [42], or a secondary phase to 
have formed that could prevent leaching.

The purity of the leachate remained at a high level while 
the concentration was increased up to 200 g/L (Figure 8(b)) 
but started to decrease slightly at a concentration of 300 g/ 
L. Measured concentrations are presented in SD, Table 5. 
The concentrations of the impurities increased signifi
cantly when [(NH4)2CO3] was 400 g/L or greater. The 
main impurity in the leachate was Fe. Its concentration 
was under 20 ppm (pH 9.09) in the optimised condition. 
[Fe] increased to 709 ppm when [(NH4)2CO3] was 400 g/ 
L, and it increased further to 2575 ppm with 600 g/L [(NH4

)2CO3]. The highest concentration corresponded to about 
18% of the Fe content in the solid residue. The results for 
the Fe dissolution is difficult to explain based on the leach
ing conditions (pH 9.49–9.69). Therefore, it remains unclear 
which mechanism affects Fe leaching. Further research 
should focus on this mechanism and higher [(NH4)2CO3], 
studying the effects of different reaction conditions on 
the leaching efficiency of V.

The repeating of the leaching cycle was studied with 
optimised conditions. After the first leaching (60 min, 60 
°C, 200 g/L [(NH4)2CO3], L/S ratio 8), the residue was 
washed and dried. A second leaching round was per
formed with a new portion of the leaching solution, in 
the same reaction conditions as the first leaching 
round. The results can be seen in Figure 9.

It was possible to dissolve 21% of the remaining 
amount of V during the second leaching cycle. This 
increased the total leaching efficiency to 60.7% but at 
the same time increased the concentrations of impuri
ties significantly. This was expected as the reaction con
ditions were not optimised, and the amount of V was 
greatly lowered in the residue after the first round. 
This experiment demonstrated the possibility of improv
ing the V leaching efficiency by reprocessing the residue. 
However, if this step was to be utilised to improve V 
leaching efficiency, it would require optimisation to 
achieve higher solution purity.

3.8. Characterization of residue

After the second stage, the concentrations of the elements 
in the residue were analysed using microwave-assisted 
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acid digestion and ICP–OES (Table 7). The phase compo
sition was analysed using EPMA–WDS (Table 8).

Table 7 shows that V leached while the other 
elements were mainly enriched in the residue. The 
microstructural appearance of the residue was not 
much changed compared to the Ca-stage residue. The 
coarsest particles still contained the primary minerals 
larnite, calcium ferrite, and wüstite in the core areas. 
Based on the EPMA–WDS results, most of the material 
was compositionally heterogenous FCSH phase where 
SiO2 content varied from 16 to 29 wt%, and CaO from 

2 to 19 wt%. FeO content was between 9 and 11 wt%, 
and V2O3 between 1 and 3 wt%. Totals of the oxide 
analysis were small, at between 41 and 62 wt%, indicat
ing that material structure contained a large amount of 
hydroxyl water.

It seems that V had dissolved from the FCSH phase 
due to a lowered V content (Table 8). FESEM-EDS 
reveals that V has probably also dissolved from CV, as 
the phase has disappeared during V leaching stage 
(SD, Figure 3). Unreacted ferrite and intact but scarce 
larnite still contained V (Table 8).

Figure 7. Effects of the L/S ratio on the (a) V leaching efficiency and (b) ED of the leachate (60 min, 60°C, 100 g/L (NH4)2CO3).
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Based on the EPMA–WDS analyses (Tables 6 and 8), 
Ca content decreased in the FCSH phase during the 
V-stage. According to the ICP–OES results Ca was not 
released into the solution. This indicates that Ca was 
precipitated as CaCO3. Ca–Mg carbonate phase was 
observed in the XRD analysis of the V-stage residue 
(Figure 10) and also with FESEM-EDS. DSC-TG-MS 
analysis (Figure 11(a,b)) supported this result. The 
first DSC peak, with a temperature of about 100°C, 
was caused by rapid H2O (m/z 18) removal. Another 
4% weight loss took place in the period until the 
temperature reached 650°C. The second DSC peak 
with a temperature of 670–720°C, could have been 

associated with CO2 (m/z 44) removal, and the total 
corresponded with a weight loss of 14%. The peak at 
670–720°C further suggested the presence of carbon
ate compounds in the residue.

4. Conclusions

To achieve a more comprehensive utilisation process for 
high-Ca content BOF slag a direct two-stage leaching 
process of Ca and V was proposed. This method provides 
a higher utilisation rate of slag due to Ca recovery. In the 
first stage, Ca is leached selectively, and the leachate can 
be directed to the PCC process where sulfate-free side 

Figure 8. Effect of [(NH4)2CO3] on the (a) V leaching efficiency and (b) ED in the leachate (60 min, 60°C, and L/S 8).
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Figure 10. XRD ratio 8, ((NH4)2CO3 300 g/L). analysis results of residue from V leaching (60°C, 60 min, L/S 8).

Figure 9. Effect of second leaching cycle on ED of the leachate and V leaching efficiency.

Table 7. Elemental concentrations of V leaching residue as measured using ICP–OES.
Concentration of elements (mg/g) Al Ca Fe Mg Mn Si V Ti P

Residue 2, after V leaching 11.10 161.50 190.80 12.10 27.20 73.80 16.90 7.88 5.04

Table 8. EPMA–WDS analysis results for the residue after the V-stage.
Phase n MgO Al2O3 SiO2 CaO FeO MnO TiO2 P2O5 Cr2O3 V2O3 Total

FCSH 17 0.49 1.44 23.19 6.23 12.39 1.35 0.87 1.19 0.19 2.16 49.49
Larnite 6 0.00 0.60 26.45 62.42 1.50 0.06 0.69 2.89 0.12 4.47 99.19
Ferrite 4 0.55 6.50 0.60 43.16 29.26 0.71 4.37 0.07 1.26 7.11 93.59
Wüstite 13 7.06 0.09 0.00 11.96 59.99 14.44 0.05 0.01 0.22 0.26 94.07
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product (CaCO3) can be produced. The PCC process 
sequesters significant amounts of carbon dioxide 
(CO2). The residue from the Ca-stage is directed to the 
second leaching stage, from which V can be recovered 
as ammonium vanadate.

In the first stage, the formed solution contained more 
than 99% Ca of all dissolved elements. V loss was minor in 
this stage. Ca leaching efficiency was 71.1% with the L/S 
ratio 5, temperature 40 °C, reaction time 20 min, and 
[NO3

- ] 7 mol/L (NH4NO3/HNO3 ratio 3:1). Residue from 
the first stage was directed to the second leaching 
stage where V leaching was performed by ammonium 

salt solution. The V leaching efficiency was 50.0%, and 
V was more than 88% of all dissolved elements. These 
results were obtained at the temperature 60 °C, L/S 
ratio 8, reaction time 60 min, and [((NH4)2CO3)] 200 g/L. 
Based on comprehensive mineralogical analyses, it was 
observed that in the residue after Ca leaching V occurs 
mainly in the formed FCSH phase and calcium ferrite, 
with minor amounts in the CV and larnite relicts, 
although a significant amount of larnite was affected 
by Ca leaching. The FCSH phase was largely formed 
during Ca leaching stage from the phases (silicates, CV, 
CaO, Ca(OH)2, CaCO3) from which Ca was dissolved. 

Figure 11. Thermal decomposition curves for V-stage residue: (a) fragment m/z 18 (H2O+), (b) fragment m/z 44 (CO2
+). Green curve =  

TG, blue curve = MS(MID), red curve = DSC.
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Formation of the FCSH and the perseverance of calcium 
ferrites throughout both leaching likely hinder the possi
bility to achieve higher V leaching efficiency and selectiv
ity under studied reaction conditions.

The significant advantages of this method are related 
to environmental and energy aspects due to the low 
temperatures in leaching treatments and without a 
roasting stage. The utilisation rate of side streams with 
a low V content can be increased by recovering Ca as 
well. Furthermore, the leachates from both leaching 
stages can be cycled back into the processes, thus sig
nificantly reducing the amount of wastewater. 
However, further optimisation and developments are 
required regarding the effectiveness of the process, 
especially to improve the selectivity of the V leaching 
stage and V leaching efficiency from both FCSH and 
calcium ferrite.
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