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Abstract

The Basic Oxygen Furnace (BOF) slag can be potentially used in the indirect aqueous CO, sequestration process due to
the fact that it contains large amounts of basic oxides. In this study, microwave-assisted selective leaching of calcium from
BOF slag with ammonium chloride solution has been investigated in order to improve the extraction efficiency of calcium
ion, and reduce leaching time and the contents of impurity ions in the leachate. The results show that the major phases of
BOF slag, such as Ca,SiO,, Ca,SiO; and Ca,Fe,O,, can react with ammonium chloride solution. The microwave power has
significant effects on the leaching ratio of calcium ion from the BOF slag. After microwave-assisted leaching treatment, the
internal tiny cracks can be found inside the BOF slag particles. The leaching ratio of calcium ion can be up to 90 % with
small amounts of impurity ions existed in the leachate. The non-isothermal leaching reactions are controlled by internal

diffusion and the apparent activate energies are estimated to be 6.9-26.5 kJ/mol
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1. Introduction

According to the International Energy Agency, the
annual carbon dioxide emissions around the world are
ascending year by year, and it had already attained
~3.17x10' t in 2012 [1]. Currently, several measures,
such as ocean disposal, geological sequestration and
mineral carbonation, can be potentially applied to
storage or fix CO, [2]. Of these treatment techniques,
the concept of mineral carbonation was originally
proposed by Seifritz in 1990 [3], and the process
routes can be divided into direct and indirect CO,
sequestration processes. The direct reaction of
alkaline mineral particles with gaseous CO, was
conducted to produce carbonates in the direct CO,
sequestration process. However, this process was
typically carried out at elevated temperature and CO,
pressure, and the reaction rate of carbonation was very
slow [4]. In the indirect CO, sequestration process, the
calcium or magnesium ion was firstly extracted by
acid or salts solutions, and thereafter the leachate was
carbonated with CO, gas to obtain calcium or
magnesium carbonates [5-7]. However, the impurity
ions in the leachate were in high concentration in the
acid leaching process, and certain amounts of alkaline
solvent, such as NaOH, were required to neutralize
the acidity in the carbonate stage. The minerals used
in the indirect aqueous CO, sequestration process
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mainly include natural Ca/Mg silicates (such as
wollastonite and monticellite) and alkaline solid
wastes with high Ca/Mg content, such as coal fly ash,
construction wastes, steelmaking slag, and so on[7-9].

The steelmaking industry is the third-largest CO,
emission source in China, and the CO, emissions by
Chinese steel industry shares 51% of emissions in the
world steelmaking industry annually [10]. As a solid
by-product of steelmaking process, large quantities of
Basic Oxygen Furnace (BOF) steelmaking slag are
produced (typically 100-150 kg slag/t steel). Owing to
the fact that it is not only near the emission CO,
facilities, but also rich in basic oxides in BOF slag,
especially calcium-containing oxides, it makes BOF
slag an excellent material for CO, sequestration. The
theoretical CO, sequestration capacity has been
estimated at ~0.25 t CO, per tonne slag processed on
the basis of the total calcium content in BOF slag [11].
Moreover, the utilization of BOF slag could promote
energy saving and emission reduction of steelmaking
process, and it is therefore enhance the
competitiveness of steel enterprises. Thus, the indirect
aqueous carbonation of BOF slag has attracted many
attentions recently [12-15]. Kodama et al. [15]
developed an indirect mineral carbonation process by
using recyclable ammonium chloride as a leaching
agent. In this process, the calcium in the BOF slag can
be extracted up to ~60% through Eq. 1, and the purity
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of the precipitate calcium carbonate (PCC) products
can reach up to 90% with less alkaline solvent
consumption due to the requirement for higher pH
value of the leachate (more than 9) in the precipitation
stage (Eq. 2).

4NH,Cl(a) + 2Ca0-Si0,(s) — 2CaCl,(a) +
28i0,(s)| + 4NH,(a) + 2H,0()) (1)
4NH,(a) + 2CO,(a) + 2CaCl,(a) + 2H,0(l) —

2CaCO,(s)| + 4NH,Cl(a) ©)

The slag properties, e.g., the mineralogy and
particle size, and leaching process parameters such as
the solid to liquid ratio are suggested to strongly
influence the calcium extraction efficiency [13-14].
Calcium silicate or lime bound phase as
(Ca,Fe,Mn,Mg)O can be the more reactive
components for different steelmaking slag [12]. The
calcium extraction efficiency from the slag can be
improved through lowering the particle size of slag
and solid to liquid ratio of the leaching system [14].
The PCC produced from this process is comparable to
the PCC produced with conventional methods.

On the other hand, microwave 1is an
electromagnetic wave with the frequency range of
300MHz-300GHz. Since 1980s, microwave-assisted
leaching process has been investigated in
hydrometallurgical operations to improve the leaching
yield of metal ions and shorten the extraction time due
to the non-thermal effect of microwave heating which
decreases the activation energy of the leaching
reactions, the super heating effect which can expand
the temperature gradient between solids and liquids
and therefore assist the mass transport, as well as the
update in the reaction interface for cracks initiated in
the mineral particles [16]. Moreover, microwave
energy is clean, controllable and environmental
friendly.

In this paper, microwave-assisted leaching was
applied to selectively extract calcium from BOF
steelmaking slag with ammonium chloride solution as
a leaching agent. The objective of this paper is to
investigate the effects of microwave on the extraction
efficiency of calcium with various experimental
parameters in order to clarify the kinetics of leaching
reactions, and improve the leaching yield to prepare
for the high-purity calcium carbonates in the next
carbonate stage.

2. Materials and method
2.1 Raw material and its chemical and phase
compositions

The BOF slag was collected from a local iron and
steel company, it was then ground and dried at 100 °C
for 24 h. The chemical composition of the BOF slag
was determined with IRIS Advantage ER/S
inductively coupled plasma atomic emission

spectrometry (ICP-AES). A PHILIPS XL30 TMP
scanning electron microscopy with energy dispersive
spectrometer (SEM-EDS) was used to examine the
microstructure of the BOF slag. The crystalline phases
of the slag samples were carried out using an X-ray
diffractometer (X'Pert PRO MPD) with Cu Ka
radiation at tube voltage of 40KV and current of
40mA. The 26 scanning ranges are between 10° and
80°.

2.2 Leaching experiments

The analytical reagent grade ammonium chloride
(99.5 wt%) was used in the leaching experiment. All
the solutions were prepared with deionized water
generated from an ultra-pure water purifier (Model
QYRO-20A). The microwave-assisted leaching setup
was modified with a domestic microwave oven
(Model MM721NH1-PW) at a maximum output
power of 700 W and a microwave frequency of 2.45
GHz (Fig. 1). The agitator and the sampling glass tube
were set at the top of the microwave oven inserted
into a 500 ml three-necked flask. The holes were
covered by copper wire shield to avoid microwave
leakage.

/Glass tube Digital display stirrer
__Hole

—t—— Microwave oven

_— Leachate

Refractory brick

Figure 1. Microwave-assisted leaching setup

During the leaching experiment, the BOF slag was
mixed with the ammonium chloride solution, and the
mixture was put into the three-necked flask placed in
the microwave oven. Subsequently, the agitator arm
and the glass tube were inserted into the flask. Timing
starts when microwave oven was set to work. About 3
mL of leachate sample was collected using a syringe
through the glass tube at time intervals of 2, 4, 6, 8,
10, 12, 15 and 20 min. Immediately, same amounts of
leaching solution was fed back to the flask after each
sampling to avoid the experimental errors. The effects
of different experimental parameters, such as
microwave output power, solid-to-liquid ratio, stirring
speed, concentration of ammonium chloride solution,
and volume of leaching agent, on the leaching ratio of
calcium ion from the BOF slag were considered in the
microwave-assisted leaching test.

Conventional leaching experiment was conducted
at 100°C by using oil bath heating, and the leaching
equipment and sampling method were the same as
that in microwave-assisted leaching experiment.
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2.3. Analitical methods

The collected leachates at certain intervals were
filtered and the concentrations of calcium ion and
other impurity ions were analyzed with IRIS
Advantage ER/S. The leaching ratio of calcium ion
(R,,,) can be defined as the ratio of total calcium ion
content in the leachate to the total calcium content in
BOF slag as the following equation

R, =C xCa0%x*40/56) 3)

Where C.,, is the concentration of calcium ion in
the collected leachates, V is the volume of leaching
solution, W, is the mass of the BOF slag in the
leaching experiment, and CaO % is the content of

calcium oxide in the BOF slag.

VAW,

Ca2+

3. Results and discussion
3.1 Chemical and phase compositions of the
BOF slag

The chemical composition of BOF slag is shown
in Table 1. It is found that the BOF slag contains
significant levels of basic oxides, such as CaO
(37.71%), Fe,0, (30.42%) and MgO (9.06%), as well
as small amounts of SiO,, Al,O,, MnO and P,O,. X-
ray diffraction (XRD) analysis indicates that the
major crystalline phases of the BOF slag are calcium-
containing phases, i.e., Ca,SiO,, CaCO,, Ca,SiO; and
Ca,Fe,O (Fig. 2). Among the four crystalline phases,
Ca,Fe,O; is present as the most abundant phase, and
calcite is found possibly due to the carbonation of free
lime in the BOF slag.

Table 1. Chemical composition of the BOF slag (wt%)

Oxides | CaO | SiO, | Al,O, | Fe,0,| MgO | MnO | P,0;
Content|37.71| 8.39 | 2.03 |30.42| 9.06 | 2.04 | 1.21
CaFe, O,
+ CaCoO,
Ca Sio,
v Ca,Sio,

Intensity
¥ O04

T ¥ T T T
10 20 30 10 50 60 70 80
20(%)

Figure 2. XRD pattern of the BOF slag

3.2 Thermodynamic analysis of leaching
reactions

According to the XRD analysis, the standard
Gibbs free energies of the leaching reactions between
the ammonium chloride solution and the calcium-
bearing phases in the BOF slag in the conventional
leaching temperature range (0~100°C) were
calculated by Factsage 5.3 in order to clarify the
possibility of the leaching reactions (Fig. 3). As
shown in Fig. 3, the standard Gibbs free energies of
leaching reactions between ammonium chloride
solution and most of calcium-containing phases in
BOF slag, such as Ca,Fe,O,, Ca,SiO; and Ca,SiO,,
are less than 60 kJ/mol, it indicates that these mineral
phases could react with ammonium chloride solution
in the range of 0 to 100°C [17]. However, the standard
Gibbs free energy of leaching reaction between
CaCO, and ammonium chloride solution is
considerably more than 60 kJ/mol, which manifests
that the reaction between CaCO, and ammonium
chloride solution can not occur in the conventional
leaching temperature range [17]. It also indicates that
the dissolution reaction of calcium ferrite by
ammonium chloride solution can proceed completely
for that the standard Gibbs free energy of the reaction
ranged between -50~ -100 kJ/mol. Therefore, the
leaching reactions of the major phases in the BOF slag
and their stoichiometry can be shown as Egs. 1 and 4:

4NH,Cl(a) + 2Ca0<Fe, O,(s) — 2CaCl,(a)+2Fe,0(s)|
+ 4NH (a) + 2H0(]) 4)
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Figure 3. The standard Gibbs free energies of leaching
reactions with different Ca-bearing phases in the
BOF slag

3.3 Comparison of Ca** leaching behavior in the
microwave-assisted and conventional leaching
processes

Fig. 4 shows the leaching behavior of Ca*" from
the BOF slag in the microwave-assisted and
conventional leaching processes. The leaching
experiments were conducted with 300 mL 2 mol/L
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ammonium chloride solution, solid-to-liquid (S/L)
ratio of 1:20 and stirring speed of 300 rpm. The
microwave-assisted leaching experiment was carried
out with microwave power of 385 W. It can be found
from Fig. 4 that the calcium extraction proceeds very
fast at the initial 8 minutes and slow down afterward
in the conventional leaching process. According to
Tang [18], the leaching reaction of waste slag and
ammonium chloride follows shrinking core model,
and the reaction is possibly controlled by chemical
reaction initially and by diffusion later. In addition, a
dense solid product layer forms gradually with the
proceeding of leaching reaction and hinders the
contact of calcium-containing phases in the core of
slag particle with ammonium chloride solution [19].
The leaching ratio of calcium ion from BOF slag can
be up to 30.16 % at 20 min in the conventional
leaching process. Since the contact area of reactants
and the leaching reaction rate constant can be
improved in a microwave field, the liquid-solid
reaction can be enhanced with intensively migration
of ions and/or rotation of dipolar species [20]. The
leaching ratio of calcium ion from the BOF slag in the
microwave-assisted leaching process improves
apparently with the extension of leaching time and
reaches up to 57.72 % within 20 min, although the
leaching ratio of microwave-assisted leaching process
is lower than that of the conventional leaching process
within 8 min because the initial leaching temperature
of the microwave-assisted leaching system is
relatively lower. This indicates that the microwave-
assisted leaching process is more efficient than the
conventional leaching process due to the heating
effect caused by directly volumetric heating and the
existence of a non-thermal effect under microwave
radiation [16].
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Figure 4. Ca®* leaching ratios in the microwave-assisted
and conventional leaching processes

3.4 Effects of microwave power on leaching
behavior of Ca’* from the BOF slag

The effects of microwave power on the leaching
ratios of Ca?* from BOF slag and temperature profiles

of leaching systems measured using a K type
thermocouple with shielding device are shown in Fig.
5 and Fig. 6, respectively. Fig. 5 indicates that the
improvement of microwave output power results in an
increase of leaching ratios of calcium ion in the
leachate. This might be due to that leaching system
has higher temperature with higher microwave power
(as shown in Fig. 6), and the non-thermal effect under
microwave radiation is intensified. It is also noted that
the leaching ratio of calcium ion can reach up to
~100% with microwave power of 700 W for 20 min.
In addition, the temperature rising period to reach the
isothermal stage is shortened with an improvement of
microwave power.
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Figure 5. Ca®* leaching ratios from the BOF slag with
various microwave power (300 ml, 2mol/L
NH,CIl, S/L=1:20, particle size <54um and 300
rpm)
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Figure 6. Temperature-rising behaviors of leaching system
with various microwave power (300 ml, 2mol/L
NH CI, S/L=1:20, particle size <54um and 300
rpm)

3.5 Effects of solid-to-liquid ratio on leaching
behavior of Ca** from the BOF slag

The influence of different solid-to-liquid ratio on
the extraction ratios of Ca** from BOF slag is shown
in Fig. 7. It indicates that the extraction efficiency
improves slightly with increasing of solid-to-liquid



X. Zhang et al. / JMM 53 (2) B (2017) 139 - 146

ratio, as the improvement of solid-to-liquid ratio
brings the relative higher volume of leaching agent
corresponding to unit mass of BOF slag, it therefore
increases the reaction probabilities between leaching
agent and BOF slag particles. In the conventional
leaching process, similar leaching behavior of
calcium ion is also obtained [13].

100

Leaching ratio of calcium ion(%)

Leaching time/min

Figure 7. Leaching ratios of Ca’>" from the BOF slag with
different solid-to-liquid ratios (300 mL, 2mol/L
NH CI, 385 W, particle size <54um and 300 rpm)

3.6 Effects of concentration of ammonium
chloride on leaching ratio of Ca** from the BOF slag

Fig. 8 illustrates the leaching ratios of calcium ion
from BOF slag with different concentrations of
ammonium chloride solution in a microwave field. It
can be seen that the leaching efficiency of calcium ion
improves with the promotion of the concentration of
ammonium chloride solution since it causes the
increasement of reaction probabilities between BOF
slag particles and ammonium chloride. The variations
of pH value of leaching systems with different
concentrations of ammonium chloride indicates that
the initial pH values of leaching systems decrease
from 7.93 to 7.59 with the improvement of
concentration of ammonium chloride. With the
leaching process proceeds, the pH values of each
leaching system reduce gradually. However, at the
same leaching time intervals, the higher the
concentration of ammonium chloride is, the lower the
pH value is. The lower pH value of leaching system
would benefit for the leaching reactions [21].
However, it has no significant difference on the final
leaching ratios of calcium ion with 2mol/L and
4mol/L.  ammonium chloride in 20 minute.
Considering the reduction of the vaporization loss of
ammonia owing to the hydrolysis of NH,” in the
solution, it is suggested that the concentration of
leaching solution may not require too high to avoid
the consumption of leaching agent.
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Figure 8. Ca’ leaching ratios from the BOF slag with
different concentrations of leaching agents
(300mL NH,CI, S/L=1:20, 385 W, particle size
<54um and 300 rpm)

3.7 Effects of stirring speed on leaching ratio of
Ca’" from the BOF slag

The effect of stirring speed on leaching ratio of
Ca*" from the BOF slag is shown in Fig. 9. It indicates
that the leaching ratio of Ca®" with different stirring
speeds has no significant variation, and this illustrates
the external diffusion is possibly not the limiting step
of leaching reactions [22].
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Figure 9. Ca® leaching ratios from the BOF slag with
different stirring speeds (300mL, 2mol/L NH CI,
S/L=1:20, particle size <54um and 385 W)

3.8 Non-isothermal kinetics of leaching process
in a microwave field

Leaching process of BOF slag with ammonium
chloride solution belongs to the solid-liquid phase
reaction. The reactions of calcium-bearing minerals
(such as Ca,SiO,) in the BOF slag leached by
ammonium chloride solution are shown as Egs. 1 and
4. According to Tong et al. [22], the non-isothermal
kinetics equation of microwave-assisted leaching of
solid minerals is shown as follows:

In{[(1-X)""=1]/(n=1)} = In[(Q/ By)x (E/ R)]

(%)
~2.315-0.4567[(EY RT)]
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where X is the leaching ratio, n is a constant with a
value of 2/3, Q is a parameter affected by several
factors, such as frequency factor, particle size and
concentration of leaching agent, and it can be
considered as constant under the condition of these
factors remain the same, ﬁozeb, E’=E+aR, R is the gas
constant (8.314 J-mol!-K™!), a and b are both constants
related to the microwave power, 7 is the leaching
temperature, and £ is the apparent activation energy.

The relationship between the function In{3[1-(1-
X)"31} and 1/T is linear according to Eq. 5, the slope
is -0.4567E /R, and the Y intercept of line is equal to
“In[(O/B,):(E"/R)]-2.315”. In addition, the heating rate
of leaching system (f) is not a constant in the non-
isothermal stage, and it can be expressed by 7 as the
following Eq. 6.

ﬁ: ea/Ter (6)

Thereafter, Eq. 7 can be deduced by taking the
logarithm to both sides of Eq. 6.

Inp=a/T+b (7)

By fitting curves to the temperature profiles of
Fig. 6, p can be calculated through derivation the
temperature-rising curves. The constant a with
different microwave powers can be calculated by the
slopes and the intercepts of the linear relationship
curves between Infg and 1/7T according to Eq. 7. The
values of a, b and correlation coefficient », with
different microwave powers are shown in Table 2. To
test the correlation coefficient r, with different
microwave powers, the correlation coefficients shown
in Table 2 are all bigger than | =0.95. Thus,
Infi=a/T+b is significant at 0.05 level.

Table 2. The values of a, b and correlation coefficient r with
different microwave powers

Microwave 120 220 385 700
power/W
Constanta | 5163 | 1349.4 | 12847 | 1356.6
Constant b -0.491 -3.007 -1.367 -1.159
Correlation | go5 | gog | 0982 | 0.991
coefficient 7,

Fig. 10 shows the linear relationship between
In{3[1-(1-X)""]} and 1/T with different microwave
powers at the non-isothermal leaching stage. The
apparent activation energies and value of Q with
different microwave powers could be obtained by
calculating from the values of a in Table 2 and the
slopes of fitting curves in Fig. 10. Table 3 shows the
apparent activation energies, value of O and
correlation coefficient 7, with different microwave
powers. It can be seen from Table 3 that the
correlation coefficient with different microwave
powers are all relatively high, and this indicates that
the non-isothermal kinetics model is in accordance

with the experiment situation. The value of QO
increases with the improvement of microwave power
within experimental area, meanwhile, the apparent
activation energy gradually decreases with an increase
of microwave power due to the kinetic compensation
effect [23]. It also suggests that the improving of
microwave power can promote the leaching reaction.
Furthermore, it is suggested that a reaction is
chemically controlled when the activation energy is
>40 kJ/mol, while the limiting step is physical
adsorption/desorption if the activation energy is less
than 40 kJ/mol [24]. As the external diffusion is
possibly not the limiting step of leaching reactions
(Section 3.7), and the values of apparent activation
energy with different microwave powers shown in
Table 3 are 6.9-26.5 kJ/mol (less than 40 kJ/mol), the
limiting step of microwave-assisted leaching of BOF
slag in ammonium chloride solution is therefore inner
diffusion at non-isothermal leaching stage.

Table 3. The apparent activation energy, value of Q and
correlation coefficient r, with different microwave

powers
Microwave |, 220 385 700
power/W
Apparent
activation 26.5 14 10.7 6.9
energy/kJ-mol
Value of O 4.1 X102[4.5X 10| 6.3X 107 |5.1X 1073
Correlation | g0, | 998 | 0941 | 0973
coefficient r,
12
- /'*\E-:_\. o o120W
EL B W o 220W
TN A 385W
1.6 v 700W
7 .18
E:L 2.0
-2.24 120W
o
24

T T T
0.0030  0.0031  0.0032

K

Figure 10. The relationship between In{3[1-(1-X)"?]} and
1/T with various microwave powers

T T T
0.0027  0.0028  0.0029 0.0033

3.9 Leaching behavior of the impurity ions from
the BOF slag

The concentrations of major impurity ions (Mg*",
AP* and Fe*") in the leaching system (200 mL 2mol/L
NH,CI, S/L=1:20 and 300 rpm) of the microwave-
assisted process with microwave power of 385 W and
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the conventional process were measured and shown in
Table 4. It can be found from Table 4 that the
concentration of Mg?>" increases apparently with an
increase of leaching time, while the concentrations of
Fe" and AI** have not varied obviously. Moreover, the
relative low concentrations of Fe** and AP* will
benefit to obtain high purity PCC in the carbonation
stage. However, the concentration of Mg** in the
leachate keeps one magnitude lower than that of Ca?",
it still remains at a relative high extraction level.
Owing to Mg®" has the same capability of fixation
carbon dioxide as Ca?" [25], it will impact the purity
of PCC product. As a consequence, Mg*" in the
leachate should be controlled further to get high purity
PCC product. Compared with the conventional
leaching process, it is clear that the concentration of
Ca*" is higher in the leachate of microwave-assisted
leaching process after 10 mins. Meanwhile, the
concentrations of Mg** of two kinds of leaching
processes have little difference, the concentration of
AP* of the microwave-assisted leaching process is
significantly lower, while the concentration of Fe*" of
microwave-assisted leaching process is higher. This
may result from an integration of various effects,
mainly including the advantages of microwave
heating and the selectively leaching of ammonium
chloride solution [26-27].

Table 4. The concentrations of the ions in the leachate of
the microwave-assisted leaching (MAL) process
and the conventional leaching (CL) process
(200mL, 2mol/L NH CI, S/L=1:20 and 300 rpm)

Leaching Ca*’/mg:ml" Mg*/mg'ml"| AP"/pg-ml”| Fe*/ug-ml"
time/min| MAL | CL |MAL| CL MAL| CL [MAL| CL
2 1.18 | 2.27 1 0.03 | 0.14 | 0.1 |1.33/0.48| 0.23
4 1.6 |2.89|0.06 |0.17|0.12]1.33]0.08| 0.1
6 277 13.3810.18 |0.19| 0.1 |133| 4 0.05
8 3.18 [3.69] 023 | 0.2 |0.08 |1.75|4.24| 0.08
10 431 |13.67]033 |02 002|225 |64 | 0.03
12 506 (374 04 | 02 | 0.1 |1.25| 4 0.05
15 7.26 | 422 | 0.62 | 0.21]0.06 |1.25|3.84| 0.05
20 10.5214.36 | 1.06 |0.21]0.06 | 2 |5.04| 0.13

(o

Figure 12.SEM-EDS analysis of the original BOF slag (a)

3.10 Characteristics of the residual slag after
leaching process

As shown in Fig. 11, the major phases of the
residual slag after leaching process (200 mL 2mol/L
NH,CI, S/L=1:20, 385 W and 300 rpm) are iron
oxides, Si0,, CaCO, and Ca,SiO,. This indicates that
most of calcium ferrite minerals and Ca,SiO, in the
BOF slag has already reacted with ammonium
chloride solution to produce iron oxides and SiO,. As
CaCO, cannot react with ammonium chloride
solution, it remains in the residual slag of leaching
process. The presence of Ca,SiO, in residual slag is
likely due to that it has not reacted completely with
leaching agent within inadequate leaching time. This
is consistent with the results of thermodynamic
analysis (Fig. 3).

A FeO
o FeO,
= SiO,
v CaSio,

- = oy
o o o CaCo,
L]

Intensity

20(°)

Figure 11. XRD pattern of the residual slag after leaching
process (200mL, 2 mol/L NH CI, S/L=1:20, 385
W, particle size <54um and 300 rpm)

The SEM-EDS analysis of the original BOF slag
and residual slag after leaching process are shown in
Fig. 12. It confirms that the existence of the phases of
CaSiO, and Ca,Fe O, (Fig. 12a). As the coefficients of
thermal expansion and microwave absorbing ability
of different crystalline phases in the BOF slag are
different, the temperature differences between
different phases generated in the microwave-assisted
leaching process will result in the local crushing stress
and tension stress [28]. The formation of internal tiny

and the residual slag after leaching process (b)
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cracks of slag particles increases the effective reaction
interface areca and therefore promotes the rate of
leaching reaction. Furthermore, the SEM-EDS
analysis of point B indicates that the unreacted low
calcium-bearing phases exist at the out layer of the
residual slag particles, this shows that the leaching of
BOF slag by ammonium chloride follows shrinking
core model (Fig.12b).

4. Conclusions

(1) The major crystalline phases of BOF slag are
calcium-bearing minerals. After microwave-assisted
leaching process, the internal cracks formed inside the
BOF slag particles.

(2) The increase of microwave power, solid-liquid
ratio and initial concentration of leaching agent can
improve the leaching rate of calcium ion in the
leaching process, while the stirring speed has no
significant influence on the leaching rate of calcium
ion.

(3) In the microwave-assisted leaching process,
the apparent activation energy of leaching reactions
decreased with microwave power, and the leaching
ratio of calcium ion can reach up to 90 % with small
amounts of impurity ions existed in the leachate.

(4) The non-isothermal leaching reactions is
controlled by internal diffusion and the apparent
activate energy is estimated to be 6.9-26.5 kJ/mol.
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