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Abstract: In order to improve the alkali metals discharge
capacity of slag, the gas-slag balance method was used to
carry out the slag alkali metals discharge experiments,
the effect of slag composition on alkali metals discharge
performance of slag was studied, some suggestions were
put forward to optimize the alkali metals discharge per-
formance of slag and the extreme value model was estab-
lished. The results show that the alkali metals discharge
ratio of slag decreased with the increase in the binary
basicity and mass fraction of TiO2, and increased with
the increase in the mass fraction of MgO, Al2O3 and
MnO. The change in slag composition led to the change
in the solubility of alkali metal oxides in liquid slag,
decomposition of alkali metal silicates, structure of the
slag in liquid state and viscosity of the slag, and then
affected the alkali metals discharge performance of slag.
The ability of slag to absorb alkali metals was certain under
the condition of fixed composition. With the help of slag
alkali metals discharge extreme value model, whether the
current slag meets the needs of blast furnace alkali metals
discharge could be evaluated. The alkali metals discharge
capacity of slag could be improved by optimizing the alkali
metals discharge performance of slag combined with experi-
ments and actual production.

Keywords: blast furnace, slag alkali metals discharge,
influence mechanism, performance optimization, extreme
value model

1 Introduction

Greening and intelligent are the inevitable requirements
for the transformation and upgrading of iron and steel
industry, which will promote the development of blast
furnace (BF) in the direction of large scale and refinement
[1–3]. The large scale and refinement BF puts forward
higher standards for the quality of raw materials and fuels,
especially for the control of harmful elements (alkali metals,
lead, zinc, sulfur and arsenic) in raw materials and fuels,
there is an upper limit of furnace load [4–8].

Alkali metals in raw materials and fuels not only
worsens the low temperature reduction degradation prop-
erty of sinter and pellet, but also affects the coke melting
loss reaction and reduces the post reaction strength of
coke, so the amount of powder in BF increases, the perme-
ability of BF decreases and the differential pressure of BF
increases [9–12]. There is a phenomenon of “cyclic enrich-
ment” after alkali metals enter BF, it will form “nodules”
on the hot surface of the furnace lining after enrichment to
a certain extent, and change the operation furnace profile
of BF [13]. Alkali metals steam can even enter the refrac-
tory of BF [14–19], making the refractory brittle and spal-
ling, which seriously affects the service life of BF [20–25].

In this study, the optimization of slag alkali metals
discharge based on experiments was carried out to improve
the alkali metals discharge capacity of slag, and the extreme
value model was established to evaluate the alkali metals
discharge capacity of slag. The slag alkali metals discharge
experiments were designed by using the gas-slag balance
method to explore the influence law of basicity and compo-
sition content on alkali metals discharge ratio of slag, and
clarify the effect of basicity and composition on alkali
metals discharge performance of slag. The optimization
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scheme of alkali metals discharge performance of slag was
proposed based on the analysis of the experimental results.
The extreme value model of slag alkali metals discharge
was established to calculate the current extreme value of
BF slag alkali metals discharge.

2 Experimental

2.1 Samples preparation and experimental
setup

The mass fraction of actual slag composition in an iron-
making plant was taken as the benchmark for slag alkali
metals discharge experiments. It was prepared with CaO,
MgO, Al2O3, SiO2, MnO and TiO2 pure chemical reagent
powder. Among them, alkali metals were mixed into slag
in the form of K2CO3 and Na2CO3. Q6 The slag sample was
50 g, 3.10 g for K2CO3 and 5.40 g for Na2CO3. The weighed
sample powder was poured into a mortar for mixing, and
the mixed powder was packed into a high-purity graphite
crucible (Ф64mm × 90mm). The mass fraction of the
experimental slag is shown in Table 1. The vertical tub-
ular furnace was used for slag alkali metals discharge
experiments, the inside of the tubular furnace was a cor-
undum tube, U-shaped silicon molybdenum rod was
employed as the heating unit and the insulation material
is alumina refractory fiber, and the maximum tempera-
ture can reach 1,600°C.

2.2 Experimental procedure

The gas-slag (alkali metals steam and slag) balance
method was employed to carry out the slag alkali metals
discharge experiments. The high-purity graphite crucible
containing the mixed powder sample was put into the
tubular furnace, the upper part of the graphite crucible
was covered with a graphite cover, which could inhibit
the discharge of K and Na steam at high temperature, so
that the slag could fully contact and react with alkali
metals. Then, the tubular furnace was covered, and
high-purity argon gas was introduced into the furnace
with a flow rate of 3 L·min−1. The FP93 temperature con-
trol meter started to heat up after the temperature rise
program was set. When the temperature rose to 1,500°C
(the actual slag iron temperature in hearth, the highest
liquidus temperature in the samples is 1,442°C), the tem-
perature was kept for 2 h to make the slag composition
uniform and fully react with alkali metals. After the

reaction, the graphite crucible was taken out with cru-
cible pliers and put into water for quenching, to keep the
alkali metals content of slag in equilibrium. Then, the
cooled slag sample was ground into powder, the mass
fractions of K2O and Na2O in each slag sample were
detected through chemical analysis under different experi-
mental conditions, the alkali metals discharge ratio of slag
was calculated to determine the alkali metals discharge
capacity of slag under different conditions.

3 Results

3.1 Micro morphology of slag after reaction

After the reaction, the cooled slag sample was cut (as
presented in Figure 1), the cross section of the sample
was inlaid with resin into electron microscope samples
and the micro morphology of the slag was analyzed
by scanning electron microscope-energy dispersive spec-
trometer (SEM-EDS). As shown in Figure 2(a), holes of
different sizes were found in the slag near the surface
layer. According to the EDS results (Figure 2(b)), the

Table 1: The mass fraction of slag sample

Number CaO SiO2 MgO Al2O3 MnO TiO2 Basicity

A-1 36.62 39.38 8.50 15.50 0.00 0.00 0.93
A-2 37.81 38.19 8.50 15.50 0.00 0.00 0.99
A-3 38.93 37.07 8.50 15.50 0.00 0.00 1.05
A-4 39.98 36.02 8.50 15.50 0.00 0.00 1.11
A-5 40.98 35.02 8.50 15.50 0.00 0.00 1.17
A-6 41.92 34.08 8.50 15.50 0.00 0.00 1.23
B-1 40.51 36.49 7.50 15.50 0.00 0.00 1.11
B-3 39.45 35.55 9.50 15.50 0.00 0.00 1.11
B-4 38.93 35.07 10.50 15.50 0.00 0.00 1.11
B-5 38.40 34.60 11.50 15.50 0.00 0.00 1.11
C-1 40.51 36.49 8.50 14.50 0.00 0.00 1.11
C-2 40.24 36.26 8.50 15.00 0.00 0.00 1.11
C-4 39.72 35.78 8.50 16.00 0.00 0.00 1.11
C-5 39.45 35.55 8.50 16.50 0.00 0.00 1.11
D-1 39.88 35.92 8.50 15.50 0.20 0.00 1.11
D-2 39.77 35.83 8.50 15.50 0.40 0.00 1.11
D-3 39.67 35.73 8.50 15.50 0.60 0.00 1.11
D-4 39.56 35.64 8.50 15.50 0.80 0.00 1.11
D-5 39.45 35.55 8.50 15.50 1.00 0.00 1.11
E-1 39.45 35.55 8.50 15.50 0.00 1.00 1.11
E-2 38.93 35.07 8.50 15.50 0.00 2.00 1.11
E-3 38.40 34.60 8.50 15.50 0.00 3.00 1.11
E-4 37.88 34.12 8.50 15.50 0.00 4.00 1.11
E-5 37.35 33.65 8.50 15.50 0.00 5.00 1.11

Note: Bold values mainly represent the parameters changed in the
experiment.
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mass fractions of K and Na were 3.66 and 5.34% in the
hole and its surrounding area, respectively, which proved
that the alkali metals once stayed in the hole. The hole
presented a horn shape with large outer side and small
inner side (Figure 2(c) and (d)), it was speculated that it
might be caused by the separation of alkali metals steam
from slag during high temperature experiment. Figure 3
shows the EDS results of the cross section of slag sample

after reaction, it was clear from the figure that during the
high temperature experiment, K and Na had been distrib-
uted throughout the slag after the experiment. The alkali
metals steam that could not be absorbed would float up
on the surface of the liquid slag and separated from the
slag. This proved that the alkali metals discharge experi-
ment of gas-slag balance method can evaluate the alkali
metals discharge capacity of slag.

3.2 Influence of various factors on alkali
metals discharge ratio of slag

The morphology of the slag with different binary basicity
after reaction is shown in Figure 4. It is clear from the
figure that when binary basicity was 0.93, the color of the
slag was yellow and the surface was uneven after reac-
tion, which proved that the slag had absorbed a large
amount of the alkali metals. The sample with higher
binary basicity had darker color and less alkali metals
absorption. In addition, when binary basicity was 1.23,
the slag had insufficient strength after cooling and was

Figure 1: Macro morphology of slag after reaction.

Figure 2: Micro morphology of slag after reaction. (a) Holes of different sizes; (b) EDS results of point A; (c) horn shaped hole; (d) internal
morphology of the hole.
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broken into small pieces. It shows that the slag might not
be able to absorb so much of alkali steam at this time, and
the alkali metals steam overflowed from the slag during
the experiment, resulting in a large number of holes left
in the slag after cooling, enabling the slag sample to
break easily.

The alkali metals discharge ratio of slag can be cal-
culated as follows:

( )
=

×
+r

w m
m

,K O Na O slag

a

2 2 (1)

where r is the alkali metals discharge ratio of slag, %;

( + )
w K O Na O2 2 is the total content of alkali metals in the slag
after the experiment, %; mslag is the total mass of the

experimental slag, g; andma is the total mass of the alkali
metals added in the experiment, g.

The influence of binary basicity on slag alkali metals
discharge is shown in Figure 5. When the binary basicity
of slag increased from 0.93 to 1.23, the alkali metals dis-
charge ratio of slag decreased from 85.03 to 68.16%. The
alkali metals discharge ratio of slag generally showed a
downward trend. The mass fraction of alkali metals in the
slag decreased with the increase in the binary basicity,
that is, the alkali metals discharge capacity of the slag
decreased with the increase in the binary basicity. When
the binary basicity increased from 0.99 to 1.11, the alkali
metals discharge ratio of the slag decreased from 85.03
to 73.04%, the degree of decline was obvious. However,

Figure 3: EDS results of the cross section of slag sample after reaction. (a) Morphology of slag cross section; (b) EDS result of Ca; (c) EDS
result of K; (d) EDS result of Na..

Figure 4: Morphology of slag with different binary basicity after reaction. (a) R = 0.93; (b) R = 0.99; (c) R = 1.05; (d) R = 1.11; (e) R = 1.17; (f) R = 1.23.
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when the binary basicity was 1.17, the decrease in the slag
alkali metals discharge ratio was small.

As shown in Figure 6, when the mass fraction of MgO
increased from 7.5 to 11.5%, the alkali metals discharge
ratio of the slag increased from 65.05 to 76.59%. It
showed an upward trend, the alkali metals discharge
capacity of the slag increased with the increase in the
MgO mass fraction in the slag.

Figure 7 depicts the effect of Al2O3 on the slag alkali
metals discharge. When Al2O3 in the slag increased from
14.5 to 16.5%, the alkali metals discharge ratio of the slag
increased from 62.72 to 73.15%. The mass fraction of
alkali metals in the slag increased with the increase in
Al2O3 mass fraction in the slag, the increase in Al2O3

could improve the alkali metals discharge capacity of
the slag.

It can be seen from Figure 8 that with the increase in
MnOmass fraction in the slag, the alkali metals discharge
ratio of the slag showed a slow upward trend. When
the mass fraction of MnO increased from 0.2 to 0.6%,
the alkali metals discharge ratio of slag increased from
73.26 to 73.60%, the alkali metals discharge capacity of
the slag changed a little. When the mass fraction of MnO
increased from 0.6 to 1.0%, the alkali metals discharge
ratio of the slag increased from 73.60 to 77.48%, the alkali
metals discharge capacity of the slag increased slowly.

As shown in Figure 9, the alkali metals discharge
ratio of the slag showed a downward trend with the
increase in TiO2 mass fraction in the slag, the alkali
metals discharge capacity of the BF slag decreased with
the increase in TiO2 mass fraction in the slag. However,
the degree of decline was different in different TiO2 mass

Figure 5: Effect of binary basicity on slag alkali metals discharge.

Figure 6: Effect of MgO on slag alkali metals discharge.

Figure 7: Effect of Al2O3 on slag alkali metals discharge.

Figure 8: Effect of MnO on slag alkali metals discharge.
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fraction ranges. When the mass fraction of TiO2 was less
than 3.0%, the alkali metals discharge ratio decreased
from 85.14 to 83.37%, the decline was small. While,
when the mass fraction of TiO2 was greater than 3.0%,
the alkali metals discharge ratio decreased from 83.37 to
71.04%, the decline was large.

4 Discussion

4.1 Influence mechanism of slag
composition on alkali metals discharge
performance

Binary basicity. The alkali metals discharge capacity of
the slag decreased with the increase in binary basicity.
The mechanism: (1) The solubility of alkali metal oxides
in the liquid slag decreased with the increase in binary
basicity, so the alkali metals absorption capacity of
the slag decreased after the increase in binary basicity.
(2) Alkali metals were dissolved in the liquid slag and
existed in the form of silicate, the following reactions
occurred [26]: K2SiO3 + CaO + C = CaO·SiO2 + CO(g) + 2 K(g).
The mass fraction of CaO in the slag also increased with the
increase in binary basicity, which would promote the reac-
tion to the right, accelerate the decomposition of alkali
metals silicate and reduce the alkali metals absorption
capacity of the slag. When the binary basicity was 1.17,
the decrease in the slag alkali metals discharge ratio was
small, which might be related to the change in slag vis-
cosity. In a certain range, the complex anion groups in

the slag were disintegrated into simple ion units to reduce
the viscosity after the binary basicity increased. The kinetics
of alkali metals discharge chemical reaction were improved,
this was conducive to the alkali metals discharge reaction,
and some adverse effects on alkali metals discharge were
offset. However, when the binary basicity was too high
(1.23), heterogeneous high melting point compounds such
as 2CaO·SiO2 were formed in the slag, which increased the
viscosity and further worsened the alkali metals discharge
capacity of the slag. Therefore, excessive slag viscosity was
unfavorable to alkali metals discharge.

MgO. The alkali metals discharge capacity of the slag
increased with the increase in MgO mass fraction in the
slag. The mechanism: (1) MgO could improve the solubil-
ity of alkali metals oxides in the liquid slag [27]. (2) The
existence of MgO increased the free oxygen ion O2− in the
liquid slag, the complex network ion structure and het-
erogeneous high melting point compounds in the slag
were disintegrated. The structure of slag in the liquid
state was simplified, so the viscosity of the slag was
reduced. The components had greater diffusion kinetic
energy in the liquid slag after the slag viscosity reduced,
the kinetics of alkali metals discharge chemical reaction
was improved, so the alkali metals discharge capacity of
the slag was increased.

Al2O3. The increase in Al2O3 mass fraction could
improve the alkali metals discharge capacity of the slag.
The mechanism: (1) Al2O3 could form nepheline with high
melting point (such as KAlSiO4) with SiO2 and alkali
metals in the slag, so that part of the alkali metals could
be solidified in the slag [28,29]. (2) Al2O3 could form
CaO·Al2O3 with CaO, reducing the mass fraction of free
CaO and inhibiting the decomposition of alkali metal sili-
cates, which made more alkali metals stay in the slag, so
as to increase the alkali metals discharge capacity of
the slag.

MnO. The alkali metals discharge ratio of the slag
increased slowly with the increase in MnO mass fraction
in the slag. The mechanism was mainly because MnO
reduced the viscosity of the slag: (1) MnO could separate
the free oxygen ion O2− from the slag, the free oxygen ion
dissociated the complex network structure of the slag
into a simple structure and reduced the viscosity of
the slag. (2) MnO and SiO2 formed manganese olivine
(2MnO·SiO2)with lowmelting point in the slag, the super-
heat degree of the slag was increased, the force between
the components in the liquid slag was reduced, so the
viscosity of the slag was reduced. (3) The reduction of
some oxides in the slag would release some CO gas,
and the alkali metals steam would overflow from the
slag with CO. When the mass fraction of MnO was high

Figure 9: Effect of TiO2 on slag alkali metals discharge.
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(higher than 0.06%), it could inhibit the reduction of
some oxides: 2MnO + Ti = 2Mn + TiO2, the foaming prob-
ability in the liquid slag was reduced [30,31]. The over-
flow of some alkali metals steam was restrained, so the
alkali metals discharge capacity of the slag was improved.

TiO2. The alkali metals discharge ratio of the slag
showed a downward trend with the increase in TiO2 con-
tent in the slag. The mechanism: (1) The acidity of TiO2 in
the slag was weaker than that of SiO2, which was only
about three fifths of that of SiO2. When the mass fraction
of TiO2 increased, the acidity of the slag was reduced, so the
alkali metals discharge capacity was relatively reduced. (2)
Some alkali metals could be dissolved by highmelting point
compound (perovskite) and low melting point compound
(diopside) formed by TiO2 in the slag. However, TiO2 could
precipitate solid particles such as TiC in the slag under high
temperature and carbon containing conditions [32]. Once
solid particles appeared in the liquid slag, the properties
of Newtonian fluid would be changed and the viscosity of
the slag would increase rapidly, so the kinetic conditions of
alkali metals discharge chemical reactionwere deteriorated,
this effect completely masked the solid solution. In parti-
cular, when the mass fraction of TiO2 was high (higher than
3%), the viscosity increased greatly, so the alkali metals
discharge capacity of the slag decreased significantly.

4.2 Optimization of slag alkali metals
discharge performance

The alkali metals discharge performance of the slag was
optimized based on the experimental results and theore-
tical analysis.

The alkalimetals discharge capacity of the slag decreased
with the increase in binary basicity under the condition of
experimental slag system, the alkali metals discharge ratio
of slag decreased little when the binary basicity was 1.17.
Therefore, in the actual production process, on the premise
of ensuring the production of qualified pig iron, it is suggested
that the binary basicity should be controlled at about 1.17,
considering desulfurization, alkali metals discharge and
viscosity.

The alkalimetals discharge capacity of the slag increased
with the increase in MgO mass fraction in the slag. The mass
fraction of MgO in the slag should not exceed 12%, in order to
ensure the smooth operation of the BF, prevent the formation
of high melting point periclase and spinel in the slag, dete-
riorate the fluidity of the slag and worsen the dynamic con-
ditions of the reaction in the furnace. The mass fraction of

MgO in the BF slag is recommended to be controlled at
7.5–10.5% according to the actual slag system.

The alkali metals discharge ratio of the slag increased
with the increase in Al2O3 mass fraction in the slag; how-
ever, the slag viscosity increased with the increase in
Al2O3 mass fraction. Therefore, it is suggested that in
the actual production process of BF, slag desulfurization,
slag alkali metals discharge and slag viscosity should be
comprehensively considered, and the mass fraction of
Al2O3 should be kept below 16%.

The alkali metals discharge ratio of the slag could be
improved by increasing the mass fraction of MnO in the
slag. However, the fluidity of the slag would increase with
the high MnO content in it, which was unfavorable to the
long service life of the hearth. Therefore, it is suggested
that the mass fraction of MnO in slag should be controlled
below 0.6%.

The alkalimetals discharge capacity of the slag decreased
with the increase in TiO2 content in the slag. When the mass
fraction of TiO2 in the slag was high, solid particles such as
TiC were precipitated in the slag, which made the viscosity of
the slag increase rapidly. Therefore, it is recommended to
reduce the mass fraction of TiO2 in the slag as much as pos-
sible, during normal production of BF. Subsequently, the
mass fraction of TiO2 in the slag shall be appropriately
increased according to the need of corrosion resistance and
hearth protection.

4.3 Extreme value model of slag alkali
metals discharge

BF slag itself has the ability to discharge alkali metals,
but under the condition of fixed composition, the ability
of the slag system to absorb alkali metals is limited. If the
alkali metals load in the furnace exceeds the alkali metals
discharge capacity of the slag system, the alkali metals
will be “recycled and enriched” in the BF, which will
have a series of adverse effects on the BF. Therefore, it
is necessary to study the extreme value model of slag
alkali metals discharge. The model is used to calculate
the current extreme value of BF slag alkali metals dis-
charge, evaluate the current situation of BF alkali metals
discharge and judge whether the current slag can meet
the needs of BF alkali metals discharge.

First, the mass fractions of K2O and Na2O in the slag
are detected under the condition of existing slag compo-
sition. Take the highest value of the sum of different
alkali metals’ mass fractions:
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= ( ) + ( )w w wK O Na O ,max 2 2 (2)

where wmax is the highest value of total mass fraction of
the slag alkali metals, %; and w(j) is the mass fraction of
components in the slag, %.

The extreme value of alkali metals discharged with
the slag is calculated under the condition of existing slag
composition:

= ×m w R,max max (3)

where mmax is the extreme value of alkali metals dis-
charged with the slag, kg·t−1; and R is the slag ratio of
the BF, kg·t−1.

The alkali metals load of the BF is calculated according
to the existing raw material conditions:

[ ]∑= × ( ) + × ( )L m w m wK O Na O ,
i

i i i i2 2 (4)

where L is the alkali metals load of the BF, kg·tHM−1;mi is
the mass of different kinds of raw materials and fuels in
the BF, kg·tHM−1; and wi(j) is the alkali metals content in
different kinds of raw materials and fuels, %.

The alkali metals load of the BF is compared with
the extreme value of the slag alkali metals discharge, if
L < mmax, the BF slag can meet the needs of the alkali
metals discharge; if L > mmax, the BF slag under the
existing conditions cannot complete the alkali metals
discharge task, and it will produce “cyclic enrichment”
in the BF. The existing slag composition needs to be
adjusted to meet the needs of alkali metals discharge.
The slag composition can be adjusted in the laboratory
according to the slag alkali metals discharge performance
optimization scheme. The mass fraction of alkali metals

in the slag is determined by the gas-slag balance experi-
mental method in this article, and the extreme value of
alkali metals discharge is calculated. If the experimental
slag can meet the needs of alkali metals discharge, it can
be put into practice in BF production. If the experimental
slag still does not meet the alkali metals discharge needs,
continue to adjust until it can meet the alkali metals dis-
charge needs of the BF. The adjusted technical route is
presented in Figure 10.

5 Conclusion

(1) The influence direction and range of various factors
on the alkali metals discharge ratio of the slag were
different. The alkali metals discharge ratio of the slag
decreased with the increase in binary basicity and
mass fraction of TiO2. The alkali metals discharge
ratio of the slag showed an upward trend with the
increase in mass fraction of MgO, Al2O3 and MnO.

(2) The influence mechanism of slag composition on
alkali metals discharge ratio: the alkali metals dis-
charge performance of the slag was mainly affected
by the solubility of alkali metal oxides in the liquid
slag, the decomposition of alkali metal silicates, struc-
ture of slag in the liquid state and the viscosity of
the slag.

(3) In actual production, the ability of the slag system to
absorb alkali metals was limited when the composi-
tion was fixed. With the help of the extreme value
model of the slag alkali metals discharge, whether
the current slag can meet the needs of the BF alkali
metals discharge could be evaluated. The alkali metals
discharge capacity of the slag could be improved by
optimizing the alkali metals discharge performance
of the slag combined with experiments and actual
production.
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