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Abstract: The effect of microwave-supported leaching of electric arc furnace (EAF) slag by ammonium
salts was investigated to improve calcium leaching ratio for CO2 mineral sequestration process.
The results show that the calcium leaching ratio from EAF slag at the constant temperature in the
microwave field increases about 10% than that under the water bath at the same leaching time.
The greater the microwave power, the higher the impact of calcium leaching rate, which proves that
microwave treatment can improve the leaching ratio of calcium. The rapid calcium leaching step
(up to 5 min) is possibly due to the easy reaction of calcium silicate, while the slower calcium leaching
step (after 5 min) is owing to the difficult reaction of calcium ferroaluminates for the hydrolysis of
iron and aluminum. The leaching behaviors of magnesium and calcium ions affected by different
leaching parameters are similar and the concentration of aluminum, iron and phosphorus can be
neglected. Calcium ion is probably not precipitated in the real leaching solution from steel slag by
ammonium chloride solution as its concentration is less than 0.32 mol/L. However, the concentration
of magnesium ion starts to drop sharply when the pH value is higher than 10 and it has precipitated
completely at pH value of 11.6.
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1. Introduction

As fossil fuels will still be the main power source in the near future and its combustion would
emit significant amounts of greenhouse gases, an economically viable approach to sequestrate CO2

is becoming more and more necessary. Meanwhile, the worldwide production of crude steel has
reached 1.63 × 106 Mt in 2016 [1], large amounts of steel slag generated simultaneously, which are
estimated to about 10~15% by weight of the total produced crude steel [2]. Furthermore, the iron
and steel industry is recognized as one of the largest CO2 emission industries with total amounts
of 1500~1600 Mt CO2 emission [3]. Currently, the waste steelmaking slag are mainly used as fluxing
agent of iron and steel smelting [4,5], fertilizer of agricultural production [6,7], construction materials
(such as slag cement, brick, concrete and construction aggregate) [8], soil conditioner [9], as well as
adsorbent of environmental protection [10]. However, for these applications only a small part of the
slag can be utilized, especially in China, where the utilization rate of steel slag is only 22%, which is
far behind the developed countries [11]. The uses of CO2 in the waste off-gas and unused slag are
limited for various causes and difficulties. Therefore, large amounts of slag are stockpiled, which are
costly and seriously harmful to the environment, such as damaging soil and vegetation or polluting air
and water.
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In 1990, Seifritz proposed a safe and permanent method of CO2 sequestration based on chemically
combining CO2 with abundant raw materials to form stable carbonate minerals [12]. It was improved
by using waste slag to sequestrate CO2 due to significant levels of calcium, high alkalinity in the
slag and in situ CO2 mineral carbonation in iron and steel plants. An approach involving calcium
ion leaching from the waste slag with the ammonium salts, and subsequently reacting with CO2

to produce precipitation calcium carbonate (PCC), has been reported recently [13–17]. The usage
of ammonium chloride solution as an extraction reagent in the indirect aqueous processes of CO2

sequestration is currently widely investigated for high efficiency and selective extraction of calcium
and easy purification process. The process mainly consists of a two-step reaction as follows.

2CaO·SiO2(s) + 4NH4Cl(aq)→2CaCl2(aq) + 2H2O + SiO2(s)↓ + 4NH3(aq)

4NH3(aq) + 2CO2(aq) + 2CaCl2(aq) + 4H2O(l)→2CaCO3(s)↓ + 4NH4Cl(aq)

Ammonium chloride is consumed in the first step and regenerated in the second step, thus, the
extraction agent can be recycled. Compared with ammonium salts leaching, the pH of the leached
system needs to be improved after leaching for nitric acid and sulfuric acid to make the following
carbonation reaction possible, while using acetic acid as a leaching solution would leach large amounts
of other elements besides calcium, such as magnesium [18–21]. Therefore, the whole process cost
would be reduced by using ammonium chloride as a leaching agent, due to fewer requirements for the
pH adjusting and purification process. However, the calcium extraction efficiency with ammonium
salts is much lower than that with acidic extraction. In order to improve the calcium leaching ratio
from electric arc furnace (EAF) slag, this paper proposes the methods of assisting the calcium leaching
in a microwave field and proves the possibility of improving calcium extraction efficiency from EAF
slag, and the optimization of the process was also studied.

2. Experimental Procedure

The as-received carbon steel EAF slag was provided by a local steelmaking plant, and the
main chemical composition of EAF slag was analyzed with inductively coupled plasma emission
spectroscopy (IRIS Advantage ER/S) as 39% CaO, 28% Fe2O3, 12% SiO2, 8% MgO and 4% Al2O3, which
indicates that it is suitable for mineral CO2 sequestration due to its high basicity (CaO/SiO2 > 2.7)
and calcium content. A batch of 2 kg EAF slag was crushed in a vibratory disk mill and ground in a
planet-type ball mill. The ground slag was subsequently dried in an oven at 110 ◦C for 24 h.

In order to compare the calcium extraction efficiency in the microwave leaching process, a first
batch of leaching experiments at the constant temperature with water bath and in a microwave field
were carried out in a three-necked flask, respectively. In the experiment, the particle size of EAF slag,
which is smaller than 54 µm, was selected. The leaching process was assisted by magnetic stirring
at the maximum rate, and the other leaching process parameters were 20 mL/g liquid–solid ratio,
200 mL solution volume and 2 mol/L ammonium chloride solution. Moreover, the effect of various
leaching parameters (stirring speed, leaching solution volume, liquid-solid ratio, leaching solution
concentration) on calcium leaching ratio from EAF slag was also studied on a second experimental
batch at fixed temperature (60 ◦C) under microwave field, on EAF slag particles grinded less than
100 µm.

In the conventional leaching experiment, the reaction temperature was conducted with water bath
and the leachant was stirred magnetically. The microwave chemical reactor MCR-3 can provide two
kinds of microwave outputs, i.e., a stable microwave power and a stable temperature with variable
microwave heating output. The experiment temperature in the microwave field was monitored with
a trifluoroethylene thermocouple. Both conventional and microwave leaching experiments were
equipped with a condenser pipe system.

In the microwave leaching process of constant temperature, the leaching solution was heated to
the aimed temperature, then the EAF slag was added into the leaching solution and the microwave
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chemical reactor was switched on immediately, while the leaching reaction in the leaching process
of constant microwave power begins from room temperature. At a certain time, a part of the
reactant was sampled and filtered. The calcium concentrations of leachate were analyzed with the
ethylenediaminetetraacetic acid (EDTA) titration method of GB/T 15452-2009 [22]. Moreover, the
concentrations of magnesium, aluminum, iron and phosphorus at the final leaching solution were
analyzed by inductively coupled plasma emission spectroscopy (IRIS Advantage ER/S, Thermo Jarrell
Ash, Franklin, MA, USA). The filtered leached slag residue was washed with Reverse Osmosis water
(RO water) three times and dried at 115 ◦C for 24 h. The mineralogical phases of the slag residue
were determined by an X’Pert PRO MPD X-ray diffractometer with Cu Kα. A field emission scanning
electron microscopy (Nova 400 NanoSEM, FEI, Hillsboro, OR, USA) coupled with energy dispersive
spectrometer (INCAIE 350 PentaFET X-3 EDS, Oxford, UK) was used to analyse the as-received slag
sample and the leached slag residue.

The leaching ratio of calcium ion was calculated by the following equation:

xCa2+ =
cCa2+ ×VT

mslag × ηCaO × MCa
MCaO

(1)

where xCa2+ is the leaching ratio of calcium; cCa2+ is the concentration of Ca2+ in the filtrate, µg/mL;
VT is the total volume of the leaching solution, mL; mslag is the mass of the EAF slag, g; ηCa2+ is the
content of CaO in the EAF slag, %; MCa, MCaO are the molecular mass of Ca and CaO, respectively.

3. Results and Discussion

3.1. Calcium Leaching by NH4Cl with Conventional and Microwave Leaching Processes

The calcium leaching ratio from the EAF slag by NH4Cl under different leaching environments
are shown in Figure 1. It can be seen from Figure 1a that the calcium leaching ratio rose significantly
at the initial period (5 min) and then tends to the maximum value, which attains ~87% with 120 min
leaching at 100 ◦C. Figure 1b is the variation of calcium leaching ratio with leaching time at constant
temperature in a microwave field. Comparing with Figure 1a,b, the tendencies of the calcium leaching
ratios are similar, which attains the maximum leaching ratio within 5 min. However, the calcium
leaching ratio at the constant temperature in the microwave field increases about 10% than that under
the water bath at the same time. This is possibly due to the fact that the polar molecules in the leaching
system vibrate rapidly in the microwave field, producing a large amount of energy, which heats the
solution and increases the collision frequency between the slag materials and solution. Moreover, the
fresh surfaces in the slag particles exposed on the crack caused by the microwave are beneficial for the
extraction reaction [23–25].
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Figure 1. Calcium leaching ratio from the electric arc furnace (EAF) slag by NH4Cl under the different
environments: (a) at constant temperature under water bath; (b) at constant temperature in the
microwave field; (c) at constant power in the microwave field.

It can be seen from Figure 1b,c that the greater the microwave power, the higher the impact of
calcium leaching ratio, which proves that the thermal effect and non-thermal effect generated by the
microwave field improve the leaching ratio. Meanwhile, the leaching solutions are boiling within
several minutes at constant power in the microwave field. Therefore, the following experiments were
further studied at the constant temperature in the microwave field.

XRD analysis of the as-received EAF slag and the leached slag residue after different leaching
processes are shown in Figure 2. The crystalline phases of the as-received EAF slag, containing
Ca(Fe,Al)2O5, CaFe(Si2O6), RO phase, CaCO3, CaMgSi2O6, CaSiO3, Ca2SiO4 and Ca3SiO5, are complex,
while the crystalline phases of the leached slag residue at different leaching parameters are similar.
Compared with the as-received EAF slag and the leached slag residue, it can be found that CaSiO3,
Ca2SiO4 and Ca3SiO5 are disappeared and SiO2 is detected after the leaching process, which indicates
that CaSiO3, Ca2SiO4 and Ca3SiO5 are dissolved in the ammonium chloride solution and SiO2

is produced.
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with microwave (85 ◦C); (d) leached slag residue with microwave (540 W).

Figures 3 and 4 are the SEM images of as-received EAF slag and the leached slag residue with
microwave (85 ◦C) for 60 min, respectively. Table 1 shows the EDS results of the related compounds.
Not only the phases detected in the XRD such as Ca2SiO4, Ca2(Fe,Al)2O5 and RO phase in Figure 3,
but also the phases undetected in the XRD such as SiO2, f-CaO (free calcium oxide) and metal Fe
are observed in the SEM images. This may be due to metallic iron and free lime being below the
detection limit of conventional XRD. It can also be seen that the RO phase and calcium-ferrite solid
solution often coexist with the calcium silicate [26,27]. Besides containing iron, the RO phase, with
poor hydration activity, contains high magnesium. Calcium-ferrite solid solution usually contains
aluminum existing as calcium ferroaluminates. In Figure 4, it is found that the particles with high
contents of iron mainly contain RO phase and calcium ferroaluminates. The RO phase contains low
calcium element at original phase, while the calcium ferroaluminates contain relatively high calcium
element. Given that the calcium ferroaluminates in the slag residue leached by ammonium chloride
solution still contain relatively high contents of calcium, it shows that the calcium in the form of
calcium ferroaluminates is difficult to extract. Moreover, as the phosphorus is mainly dissolved in
C2S and C3S in the steelmaking slag [28,29], the leached slag residue particles containing phosphorus,
probably the calcium silicates before leaching, have high levels of silicon and less amounts of iron
and calcium, which indicates that most of the calcium has been leached from C2S and C3S phases by
ammonium chloride solution. The SEM results are consistent with the XRD analysis.
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Table 1. The related results of energy dispersive spectrometer (EDS) (Atomic percent)/%.

Spectrum Mg Al Si P Ca Mn Fe Possible Phase

Figure 3

1 33.31 65.3 1.36 Ca2SiO4(C/S = 1.96)
2 54 1.58 3.23 41.22 RO phase
3 32.54 66.2 1.29 Ca2SiO4(C/S = 2.03)
4 75.4 1.79 22.8 RO phase
5 76.8 0.84 2.32 20.04 RO phase
6 31.98 68 Ca2SiO4(C/S = 2.13)
7 62.6 2.03 35.4 RO phase
8 59 3.64 37.34 RO phase
9 6.55 5.59 66.9 4.34 16.66 -
10 32.24 66.3 1.42 Ca2SiO4(C/S = 2.07)
11 31.88 67.2 0.9 Ca2SiO4(C/S = 2.11)
12 13.37 50.5 36.18 CaFA(C/(A + F) = 1.02)
13 59.1 5 35.94 RO phase

Figure 4

1 1.85 1.39 63.84 4.64 23.48 1.01 3.79 Calcium silicate after leached
2 51.47 2.32 3.40 42.81 RO phase
3 68.96 0.92 3.15 26.98 RO phase
4 33.39 0.14 1.25 5.28 59.94 RO phase
5 1.12 1.90 55.37 13.43 24.99 3.19 Calcium silicate after leached
6 2.91 4.23 62.41 8.42 18.33 1.17 2.53 Calcium silicate after leached
7 9.60 1.44 47.54 41.42 CaFA(C/(A + F) = 0.93)

Figure 5 is the element mapping of typical leached slag residue with microwave power of
540 W for 10 min radiation. It shows that the particles with large amounts of calcium are rich
in iron and aluminum, while those particles with less calcium are rich in silicon. Based on the
thermodynamics analysis that calcium silicate and calcium ferroaluminates can react with ammonium
chloride [30], as well as the fact that iron and aluminum will completely hydrolyze in the system
of NH4Cl–NH3–H2O, it can predict that CaSiO3, Ca2SiO4 and Ca3SiO5 easily react in ammonium
chloride solution and the hydrolysis of iron and aluminum on the surface of the particles hinders
further calcium leaching from calcium ferroaluminates.
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Figure 5. Element mapping of typical leached slag with 540 W microwave (10 min).

Since the principal phases of EAF slag are calcium silicate, RO phase and calcium ferroaluminates,
and RO phase contains little calcium; the main calcium sources in the leaching reaction process are
calcium silicate and calcium ferroaluminates. From Figure 1, the rapid calcium leaching step (up to
5 min) is possibly due to the easy reaction of calcium silicate, and the slower calcium leaching step
(after 5 min) is owing to the difficult reaction of calcium ferroaluminates for the hydrolysis of iron
and aluminum.
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3.2. Effect of Different Leaching Parameters on Calcium Leaching Ratio from EAF Slag

Although the leaching rate of calcium increases with the increasing of microwave power, the
higher microwave power makes the solution temperature too high, even boiling and resulting in
an overflow of ammonia, which goes against the absorption of carbon dioxide and the formation
of calcium carbonate in the follow-up carbonate step. Therefore, the following calcium leaching
experiments are studied at 60 ◦C under microwave fields. Figure 6 is the effect of different process
parameters on the calcium leaching behavior. In Figure 6a, calcium leaching ratio increases significantly
when the stirring rate is raised from 2/4 vm to 3/4 vm (vm is the maximum stirring rate of magnetic
stirring); however, the leaching ratio does not increase much with the stirring rate increased from
3/4 vm to 4/4 vm. It indicates that the external diffusion is not the restrictive conditions of calcium
leaching when the stirring is 3/4 vm. It is shown in Figure 6b that the calcium leaching ratio slightly
increases with leaching solution volume decreasing, which may be due to the solution of the mixing
intensity being relatively lower under a certain stirring rate when the reaction solution volume
increased significantly. In Figure 6c,d, the calcium leaching ratio increases with the liquid–solid
ratio increasing. Meanwhile, the concentration of calcium in the solution drops rapidly. Therefore,
a suitable liquid–solid ratio is required considering the calcium leaching ratio and the concentration
of calcium. With the concentration of ammonium chloride solution increasing, the concentration of
calcium in the leachate rises (Figure 6e). It is possibly due to the fact that the lower pH value of the
leaching system leaded by the higher concentration of ammonium chloride is favorable for the calcium
leaching [2]. However, the excessive concentration of ammonium chloride solution is also not good to
avoid impacting the absorption and precipitation of CO2 at the subsequent carbonate process.

As the extraction ratio of calcium in EAF slag is nearly 70% and reaction ratio of calcium in
leaching solution with carbon dioxide almost reaches 100% [31], CO2 uptakes can be calculated as 306
g CO2/kg slag for the EAF slag containing 39% calcium oxide, compared to the thin-film condition
and slurry-phase route (176~280 g CO2/kg slag) [3].

Minerals 2017, 7, 119  8 of 13 

 

3.2. Effect of Different Leaching Parameters on Calcium Leaching Ratio from EAF Slag 

Although the leaching rate of calcium increases with the increasing of microwave power, the 
higher microwave power makes the solution temperature too high, even boiling and resulting in an 
overflow of ammonia, which goes against the absorption of carbon dioxide and the formation of 
calcium carbonate in the follow-up carbonate step. Therefore, the following calcium leaching 
experiments are studied at 60 °C under microwave fields. Figure 6 is the effect of different process 
parameters on the calcium leaching behavior. In Figure 6a, calcium leaching ratio increases 
significantly when the stirring rate is raised from 2/4 vm to 3/4 vm (vm is the maximum stirring rate of 
magnetic stirring); however, the leaching ratio does not increase much with the stirring rate increased 
from 3/4 vm to 4/4 vm. It indicates that the external diffusion is not the restrictive conditions of calcium 
leaching when the stirring is 3/4 vm. It is shown in Figure 6b that the calcium leaching ratio slightly 
increases with leaching solution volume decreasing, which may be due to the solution of the mixing 
intensity being relatively lower under a certain stirring rate when the reaction solution volume 
increased significantly. In Figure 6c,d, the calcium leaching ratio increases with the liquid–solid ratio 
increasing. Meanwhile, the concentration of calcium in the solution drops rapidly. Therefore, a 
suitable liquid–solid ratio is required considering the calcium leaching ratio and the concentration of 
calcium. With the concentration of ammonium chloride solution increasing, the concentration of 
calcium in the leachate rises (Figure 6e). It is possibly due to the fact that the lower pH value of the 
leaching system leaded by the higher concentration of ammonium chloride is favorable for the 
calcium leaching [2]. However, the excessive concentration of ammonium chloride solution is also 
not good to avoid impacting the absorption and precipitation of CO2 at the subsequent carbonate 
process. 

As the extraction ratio of calcium in EAF slag is nearly 70% and reaction ratio of calcium in 
leaching solution with carbon dioxide almost reaches 100% [31], CO2 uptakes can be calculated as 306 
g CO2/kg slag for the EAF slag containing 39% calcium oxide, compared to the thin-film condition 
and slurry-phase route (176~280 g CO2/kg slag) [3]. 

(a)

(b)

Figure 6. Cont.



Minerals 2017, 7, 119 9 of 13

Minerals 2017, 7, 119  9 of 13 

 

(c)

(d)

(e)

Figure 6. Effect of different technological parameters on calcium leaching: (a) the stirring speeds; (b) 
the volume of leaching solution; (c,d) the liquid-solid ratio; (e) the leaching solution concentration. 

3.3. Leaching Behaviors of Impurity Ions from EAF Slag 

Figure 7 is the variation of concentration of calcium, magnesium, aluminum, iron and 
phosphorus ions in the leached solution under different leaching parameters for 120 min. The 
concentration of aluminum, iron and phosphorus ions are less than 10−6 mol/L, which indicates that 
it can be neglected. In addition, the leaching behaviors of magnesium and calcium ions are similar. 
Although the concentration of magnesium is much less than that of calcium, it may be necessary to 
remove magnesium ion before the carbonate process [32,33]. 

Figure 6. Effect of different technological parameters on calcium leaching: (a) the stirring speeds;
(b) the volume of leaching solution; (c,d) the liquid-solid ratio; (e) the leaching solution concentration.

3.3. Leaching Behaviors of Impurity Ions from EAF Slag

Figure 7 is the variation of concentration of calcium, magnesium, aluminum, iron and phosphorus
ions in the leached solution under different leaching parameters for 120 min. The concentration
of aluminum, iron and phosphorus ions are less than 10−6 mol/L, which indicates that it can be
neglected. In addition, the leaching behaviors of magnesium and calcium ions are similar. Although
the concentration of magnesium is much less than that of calcium, it may be necessary to remove
magnesium ion before the carbonate process [32,33].
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3.4. Removal of Impurity Ions from the Leachate

As the concentrations of aluminum, iron and phosphorus ions can be neglected, and magnesium
ion is the major impurity in the leached solution, the removal of magnesium ion by adjusting pH value
was studied. A 500 mL experimental solution was set up containing 0.5 mol/L CaCl2, 0.2 mol/L
MgCl2, 1 mol/L NH3·H2O and 2 mol/L NH4Cl, and then the configured solution was shaken up
and left standing for 24 h, after which the configured solution was filtered, and the filtrate was
selected as the solution for the removal experiment of magnesium ion by adding 15 mol/L sodium
hydroxide solution.

In Figure 8, it can be seen that the required volume of sodium hydroxide solution to raise the
pH value of the solution reduces gradually, which is due to the buffering effect caused by the system
of NH4Cl–NH4–H2O. In addition, the concentration of calcium in the solution, 0.32 mol/L when the
pH value is 11.6, is still high, which indicates that the calcium ion is probably not precipitated in
the real leaching solution from steel slag by NH4Cl solution as the calcium concentration of the real
solution is less than 0.32 mol/L (Figure 7). This is important to obtain high carbonation efficiency,
since only dissolved Ca can be used for CO2 sequestration. Indeed, Ca precipitation negatively affects
CO2 uptake. For this reason, is important to allow only Mg precipitation, maintaining Ca ions in the
solution. However, the concentration of magnesium ion starts to drop sharply when the pH value is
higher than 10 and it has precipitated completely at pH value of 11.6. This is due to the solubility of
calcium being much bigger than that of magnesium.
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4. Conclusions

(1) The calcium leaching ratio at the constant temperature in the microwave field increases about 10%
than that under the water bath at the same time. The greater the microwave power, the higher
the impact of calcium leaching ratio, which proves that microwave treatment can improve the
leaching ratio. Meanwhile, the leaching solutions are boiling within several minutes at constant
power in the microwave field.

(2) The rapid calcium leaching step (up to 5 min) is possibly due to the easy reaction of calcium
silicate and the slower calcium leaching step (after 5 min) is owing to the difficult reaction of
calcium ferroaluminates for the hydrolysis of iron and aluminum.

(3) The leaching behaviors of magnesium and calcium ions affected by different leaching parameters
are similar and the concentration of aluminum, iron and phosphorus can be neglected.

(4) Calcium ion is probably not precipitated in the real leaching solution from steel slag by NH4Cl
solution as its concentration is less than 0.32 mol/L. However, the concentration of magnesium
ion starts to drop sharply when the pH value is higher than 10 and it has precipitated completely
at pH value of 11.6.
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