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Steelmaking slag contains considerable amount of manganese (Mn) and phosphorus (P), and
recycling them is an important issue. Since Mn is an alloy added to enhance the steel quality,
while P is a harmful impurity in the steel product, they need to be separated for recycling. We
have already found the possibility of separating Mn and P from steelmaking slag by selectively
reducing P2O5 and FeO while suppressing the reduction of MnO. As a fundamental study for
the selective reduction of P from steelmaking slag, in this study, we vary the slag basicity,
graphite mixing ratio, temperature, and crucible type to find the optimum condition. Artificial
steelmaking slag with various compositions is synthesized and mixed with graphite powder in an
Al2O3 or a MgO crucible. The reduction is conducted at 1673 K, 1773 K, and 1873 K for 20 to
80 minutes. As a result, carbon saturated metal is formed from the slag, and the reduced metal
and slag were separated easily. We find that a decrease in slag basicity suppressed the reduction
rate of Mn while enhancing that of P. The activation energy for the reduction rate constant of P
is found to be close to that of the diffusion of P in slag.
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I. INTRODUCTION

THE integrated steelmaking process generates blast
furnace slag and steelmaking slag as byproducts, where
most of the blast furnace slag is valuably reused as a
material for cement production, whereas the steelmak-
ing slag is used as a material for road base and civil
engineering work.[1,2] However, in the future, domestic
construction work is expected to decrease and the
regulation for environmental suitability to become
strict. Therefore, various studies have been conducted
to develop another method for valorization of steel-
making slag.[3–5] Meanwhile, steelmaking slag contains
several percentage of MnO and P2O5, and in Japan, the
amounts of these elements in steelmaking slag are close
to those of manganese imported as ferro-alloy or
manganese ore and phosphorus as phosphate rock.[3,6]

Mn is a key alloying element for various steel
products, and P is an essential nutrient in agricultural
production. In the last 5 years, the global consumption
of Mn and P has not decreased; rather, many experts
predict that their global demand will continue to
increase along with industrial development and

population growth. However, their deposits are sub-
stantially biased globally, and the top five countries
occupy more than 70 pct of the total deposits in the
world.[7,8] Therefore, their stable supply is an important
national issue. For these reasons, many researchers have
considered steelmaking slag as a secondary resource for
these elements and studied their recovery from steel-
making slag using various methods.
For example, Teratoko et al.[9] reported the dissolu-

tion behavior of a solid solution with high P content in
an acidic solution and proposed the selective leaching
process to separate P from steelmaking slag. As a
fundamental study of this process, Numata et al.[10] and
Du et al.[11] showed the difference in the dissolution
behaviors of P- and Fe-rich phases in steelmaking. The
magnetic separation process using the difference in the
magnetic properties between the P- and Fe-rich phases
was proposed by Kubo et al.[12] Using this process,
powdered steelmaking slag was separated into Fe- and
P-rich powders, and the content of P in the unmagne-
tized powder was found to be similar to that of the
P-rich phase in steelmaking slag. Kim et al.[13] studied
the separation of Mn from steelmaking slag by sulfu-
rization using the difference in the thermodynamic
stability of sulfide between Mn and P. They considered
the process of producing the raw material for ferro-man-
ganese alloy by a combination of sulfurization and
oxidation. Besides the abovementioned studies, some
other studies have also reported methods such as the
gravity separation process[14,15] and capillary action.[16]
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Carbothermic and smelting reduction are simply
applicable for recovering Fe, Mn, and P from steel-
making slag. Li et al.[17] proposed a waste-free steel-
making process that consists of a conceptual slag
regenerator. In this process, steelmaking slag is reduced
by smelting reduction in the slag regenerator and the P
content in the hot metal is increased. The slag obtained
after this treatment is reused in the steelmaking process
as a flux, and the hot metal with high P content is used
as a raw material to produce fertilizer. Morita et al.[18]

reported the recovery of Fe and P from steelmaking
slag by carbon reduction using the microwave process.
In this study, the FeO and P2O5 present in steelmaking
slag were reduced and formed a Fe-P-C (sat.) alloy
with high P content. In addition, for separating Fe and
P from the alloy, the dephosphorization process was
studied using Na2CO3 and K2CO3 as a flux. Matsui
et al. studied the effect of temperature on the reduction
behavior of FetO and P2O5,

[19] and concluded that the
reduction ratio of P was strongly influenced by the
equilibrium distribution ratio of P between the slag and
metal. Recently, Nakase et al.[20] investigated the
influence of FetO content in the slag on the reduction
behavior of Fe and P by conducting a carbothermic
reduction of steelmaking slag. In their study, the
reduction and evaporation behaviors of P were signif-
icantly influenced by FetO in the slag and about a half
of P in the slag could be removed by evaporation
under the optimum condition.

Previous research has mainly conducted the removal
of P from steelmaking slag through carbothermic or
smelting reduction. However, separation of Mn and P
has not been considered. In general, Fe, Mn, and P in
steelmaking slag are reduced simultaneously, and a
Fe-P-Mn-C alloy is formed. To utilize Mn and P in
steelmaking slag as a secondary resource, these elements
must be recovered separately. Especially, to recover Mn
as a raw material of ferro-manganese, since P is a
harmful impurity that lowers the toughness and ductility
of steel products, it must be removed.

It is well known that MnO is a basic oxide and
P2O5 is an acidic oxide, and the standard free energies
of formations of these oxides differ widely. In the hot
metal dephosphorization process using flux injection,
the Mn present in the hot metal is not oxidized during
dephosphorization, because of the formation of a
highly basic slag with low oxygen potential and its
operation at a relatively low temperature. To increase
the yield of Mn in basic oxygen furnace refining, a
highly basic slag is developed. These operations
indicate that the selective oxidation of Mn or P is
conducted in the steelmaking process. Therefore, we
consider the possibility of selectively reducing Mn and
P from steelmaking slag. By controlling the slag
basicity and temperature, the separation of Mn and
P by selective reduction can be achieved. We have
previously shown the thermodynamic calculation of
the theoretical background and the results of some
simple experiments.[21–23] We found the possibility to
separate Mn and P from steelmaking slag by reducing
P2O5 into metal selectively while suppressing the
reduction rate of MnO.

In this study, as a fundamental study for the selective
reduction of P from steelmaking slag, the effects of slag
basicity (mass pct CaO/mass pct SiO2), graphite mixing
ratio, temperature, and crucible type are mainly eluci-
dated to determine the optimum condition.

II. EXPERIMENTAL PROCEDURE

Reagent-grade CaCO3, SiO2, Fe, Fe2O3, Ca3(PO)4,
MnO, MgO, and Al2O3 were used to synthetize the slag.
First, FeO was pre-synthesized through a reaction of Fe
with Fe2O3 at 1673 K for 1 hour in Ar atmosphere, and
CaO was calcined from CaCO3 at 1473 K for 12 hours
in air. The reagents with CaO and FeO were mixed
homogenously and pre-melted at 1673 K in an Al2O3

crucible for 1 hour under Ar atmosphere (flow rate: 100
mL/min). After a given time, the pre-melted slag was
quenched in water. The chemical composition of the
slag, analyzed by inductively coupled plasma atomic
emission spectroscopy (ICP–AES), is shown in Table I.
The contents of P2O5 and MnO were set to about 4 and
6 mass pct, which are similar to that of industrial
steelmaking slag. The Al2O3 content was about 10
mass pct, which is higher than that of industrial slag, as
an Al2O3 crucible was used. For investigating the effect
of slag basicity, the ratio of CaO and SiO2 was varied
from 0.5 to 1.5. The synthesized slags were used for each
experiment after crushing them into powder (with
particle size of smaller than 500 lm).
The graphite powder (with particle size of smaller

than 44 lm) was used as a reductant in this experiment.
We homogenously mixed 3 g of crushed slag with
graphite powder. The amount of mixed graphite powder
was set as 100 to 200 pct of the amount required for
reducing all FeO, MnO, and P2O5 in the slag, which was
stoichiometrically calculated by Eqs. [1] through [3].

FeOð Þ þ C sð Þ ¼ Fe½ � þ CO gð Þ ½1�

MnOð Þ þ C sð Þ ¼ Mn½ � þ CO gð Þ ½2�

P2O5ð Þ þ 5C sð Þ ¼ 2 P½ � þ 5CO gð Þ ½3�
The experiment was performed using a vertical type of

resistance furnace equipped with an alumina reaction
tube (Inner diameter: 42 mm, Height: 1000 mm).
Basically, a dense Al2O3 crucible (Inner diameter: 19
mm, Height: 45 mm) was used, and a dense MgO
crucible of the same size was applied for comparison to
investigate the influence of the crucible. Before the
sample was sent in, the furnace was heated to the target
temperature (1673 K, 1773 K, and 1873 K) and Ar gas
(purity: 99.9999 pct) was injected (flow rate: 300 ml/
min) into the reaction tube for 30 minutes for oxygen
removal. Subsequently, the mixture of slag and graphite
powder loaded in the crucible was charged into the
heated furnace, and this moment was set as the start of
the experiment. A typical temperature change of the
sample with time is shown in Figure 1. To reach the
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target temperature, it generally took 7 to 9 minutes. The
experimental time was 20, 40, and 80 minutes and the
inner atmosphere of the furnace was completely con-
trolled by Ar gas (flow rate: 500 mL/min) during the
experiment. After the experiment, the sample with the
crucible was unloaded from the furnace and quenched in
water immediately. The sample was separated into slag
and metal, and the compositions of each phase were
analyzed by ICP–AES. The carbon content in the metal
was analyzed by the combustion method using a
combustion infrared spectrometer.

The mass of the slag was calculated by CaO balance
assuming that the mass of CaO in the slag did not
change during the experiment. The mass of the metal
was determined by the change in FeO content in the
slag. The equations for the calculations of the slag and
metal are expressed as

Wslag ¼ 100 � WInitial
CaO =ðmass pct CaOÞ ½4�

WMetal ¼ ðWInitial
FeO � Wslag � ðmass pct FeOÞ=100Þ

� ðMFe=MFeOÞ;
½5�

where Wslag and WMetal indicate the masses of slag and

metal after the experiment (g), WInitial
CaO and WInitial

FeO indi-
cate the masses of CaO and FeO in the initial slag,
(mass pct CaO) and (mass pct FeO) indicates the con-
centration of each oxide in the slag after the experi-
ment, and MFe and MFeO indicate the atomic weight
of Fe and the molecular weight of FeO.

III. RESULTS

Figure 2 shows a cross-section of the sample after
20-minute reduction at 1773 K. As shown in this figure,
the metal is easily separated from the slag. Through the
shape of the cross-section, the slag and metal are
considered to be in the molten state before quenching.
When 3 g of slag is used for the reduction, the diameter
of the reduced metal reaches 4 to 6 mm (0.5 to 0.7 g).
The top of the sample is covered by the residual graphite
powder. However, as the graphite powder is lost during
the quenching procedure, it is not observed in this figure.
A typical composition change of the slag and metal

for Slag B at 1773 K with time is shown in Figure 3. In
Figure 3(a), preferential reduction of FeO is observed,
and then, P2O5 and MnO are gradually reduced with
time during the initial 20 minutes. The content of Al2O3

in the slag is significantly increased with time owing to
the dissolution of Al2O3 from the crucible. Correspond-
ing to the change in the slag composition, the contents
of Mn and P in the metal phase gradually increase with
time (Figure 3(b)). In this figure, the initial value of
carbon is plotted as 4 mass pct, considering the satu-
rated value of the hot metal without the presence of Mn
and P. The carbon content decreases continuously due
to the change in solubility due to an increase in Mn and
P contents. The changes in slag composition are shown
in Figure 4 on the phase diagram of SiO2-CaO-FetO and
SiO2-CaO-Al2O3 systems.

Table I. Composition of Synthesized Slag (Mass Percent)

Sample FeO CaO SiO2 P2O5 MnO MgO Al2O3 Basicity (CaO/SiO2)

Slag A 23.36 29.87 20.07 4.06 5.61 3.43 13.60 1.49
Slag B 30.24 24.69 20.72 4.22 6.12 3.70 10.32 1.19
Slag C 26.37 25.70 25.54 3.77 6.02 3.67 9.03 1.00
Slag D 25.10 23.10 30.43 3.91 5.54 3.37 8.22 0.76
Slag E 25.95 16.75 33.43 3.90 6.22 3.44 10.31 0.50

Fig. 1—Typical temperature change of the sample with time. Fig. 2—Typical cross-sectional image of the sample after 20-min
reduction at 1773 K.
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Compared to the actual temperature change of the
sample, as shown in Figure 1, the slag is considered to
be liquid during the initial 20 minutes. This indicates
that except for the initial heating period, the reduction
has been occurring at the interface between the molten
slag and hot metal, besides the interface of the molten
slag and graphite powder floating on the surface.

Figure 5 shows the change in Mn and P contents with
reduction time in each phase for the slag with varying
basicity at 1773 K. Regarding the reduction rate of
MnO shown in Figure 5(a), with an increase in slag
basicity, the reduction is enhanced and Slag A (C/S =
1.49) shows the fastest reduction rate. A small increase
in MnO content is observed in Slags D and E for 20
minutes, which is attributable to the rapid reduction of
other components in the slag. On the contrary, regard-
ing the reduction rate of P2O5, as shown in Figure 5(b),
with a decrease in slag basicity, the reduction rate

increases and Slag D (C/S = 0.76) and Slag E (C/S =
0.50) show the most rapid decrease. The content of P2O5

in these slags is lower than 0.20 mass pct after 20
minutes. Corresponding to the composition change in
the slag phase, Slag A shows the greatest Mn content in
the metal phase (Figure 5(c)), while Slags D and E show
the greatest P content (Figure 5(d)).
The mass balances of Mn and P are shown in

Figure 6. The result shows that a decrease in slag
basicity from 1.49 to 0.50 suppresses MnO reduction
and enhances P2O5 reduction. At 20-minute reduction of
Slags D and E, more than 95 mass pct of Mn remains in
the slag, while more than 95 mass pct of P is reduced
into metal. The separation between Mn and P is
achieved when the slag basicity is lowered below 0.76
at 1773 K. When the reduction time is increased to 40

Fig. 3—Composition changes of Slag B and its reduced metal (1773
K, graphite mixing ratio: 200 pct). (a) Slag composition, (b) metal
composition.

Fig. 4—Composition changes of slags in SiO2-CaO-FetO and
SiO2-CaO-Al2O3 phase diagrams.[24]
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minutes for Slags D and E, the residual mass of P in the
slag is lowered further, while the reduced mass of Mn in
the metal increases.

In this experiment, the selective reduction of P,
suppressing the reduction of Mn, is achieved using the
acid slag. However, the reduction of MnO gradually
occurs through the elongation of the reduction time.
Therefore, the optimum condition should be determined
not only by the equilibrium condition but also by the
kinetics of the reduction reaction.

The influence of temperature is investigated using Slag
D (C/S = 0.76) at a graphite mixing ratio of 200 pct.
Figure 7 shows the changes inMn and P contents in each
phase with reduction time by varying the temperature.
Clearly, a rapid reduction in MnO is observed at 1873 K
(Figure 7(a)) and the reduction rate of P2O5 at 1673 K is
significantly slow (Figure 7(b)). The content of P2O5 in
the slag at 1673 K is 1.64 mass pct after 20 minutes, and
about 0.5 mass pct of P2O5 is observed in the slag even
after 40minutes. The changes inMn and P contents in the
metal (Figures 7(c) and (d)) exhibit a consistent tendency
with the composition change in the slag.

Figure 8 shows the result of mass balances of Mn and
P at each temperature. At 1873 K, the reduced mass of
Mn gradually increases with time (Figure 8(a)). On the
other hand, at 1673 K, a considerable mass of P remains
in the slag even after 20 minutes and the reduction rate is
remarkably decreased (Figure 8(b)).

Therefore, for the reduction of P2O5, low-temperature
treatment is not appropriate. However, when the tem-
perature increases, the reduction rate of MnO is
gradually increased. To conduct an efficient separation
of Mn and P, the optimum reduction time should be
determined for each temperature.
Figure 9 illustrates the effect of graphite mixing ratio

on the reduction behavior of Slag D. As the graphite
mixing ratio changes, the reduction trend differs signif-
icantly. When the graphite mixing ratio decreases from
200 to 150 pct, the reduction of MnO is effectively
suppressed during the initial period of reduction, but
the reduction rate of P2O5 does not change much. The
decreases in FeO and C concentrations in the metal are
almost the same. On the other hand, when the graphite
mixing ratio decreases to 100 pct, the reduction of FeO
does not fully proceed and about 5 mass pct of FeO
remains in the slag even after 40 minutes. This indicates
graphite powder is partially oxidized during the initial
period of reduction, because air exists among the slag
particles and graphite powders when charging them into
furnace at high temperature. Furthermore, the carbon
content is lower than that in the other conditions.
Considering the difference of P content in the metal, in
this case, the formed hot metal is not saturated with
carbon. The content of P2O5 in the slag does not decrease
much and the rate of increase of P in themetal is very low.
In addition, the content of Mn in the metal does not

Fig. 5—Changes in Mn and P contents in each phase with reduction time under varying slag basicity (1773 K, graphite mixing ratio: 200 pct).
(a) Content of MnO in slag, (b) content of P2O5 in slag, (c) content of Mn in metal, (d) content of P in metal.
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Fig. 6—Calculated mass balance of Mn and P with reduction time under varying slag basicity. (a) Mass balance of Mn, (b) mass balance of P.

Fig. 7—Content changes in Mn and P in each phase with reduction time under varying reduction temperature (Slag D, graphite mixing ratio:
200 pct). (a) Content of MnO in slag, (b) content of P2O5 in slag, (c) content of Mn in metal, (d) content of P in metal.
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increase. As the reduction behavior is much influenced by
the mixing ratio of graphite, the reaction would mainly
occur at the interface of slag and graphite powder.

Since an Al2O3 crucible is used, the Al2O3 content in
the slag increases to about 30 mass pct or more in the
above experiments. Al2O3 is a neutral oxide in the slag
and lowers the melting temperature. Therefore, for
retaining the liquid state after FeO reduction, Al2O3

plays an important role. To clarify the effect of Al2O3,
the experiments of Slags D and E are conducted using a
MgO crucible. The influence of the crucible is summa-
rized in Figure 10. The considerable dissolution of MgO
is also observed, and the MgO content in the slag is
found to reach about 25 mass pct or more.

Compared to the result of the Al2O3 crucible, when the
MgO crucible is applied, the reduction rate of MnO is
enhanced, while that of P2O5 is slightly decreased. This
behavior is similar to that obtained by increasing the slag
basicity. Based on the phase diagram of the CaO-
SiO2-MgO system,[24] the liquid slag is formed during
the experiment using aMgOcrucible. Thedifference in the
crucible is attributed to the slag basicity.

IV. DISCUSSION

In this experiment, although a mixture of solid slag
and graphite were loaded in the crucible, the slag and
the formed metal were in the liquid state from the early
stage of the reduction. Therefore, except for the very

initial stage, for most of the experimental period,
graphite powders floated on the surface of the molten
slag. In this case, a reduction in the slag can occur at the
interface of the molten slag and graphite powder
floating on the slag. According to the result that shows
the influence of the mixing ratio of graphite (Figure 9),
the main reaction site can be considered as the interface
of graphite powder floating on the slag surface.
The reduction rates of Mn and P (R; mol/s) in the case

of Slag C are calculated and shown in Figure 11. Here,
slag C is used for kinetic analysis in Figure 11 because
the selective reduction of P over Mn has been well
achieved. The reduction rate is calculated by Eqs. [6]
and [7].

RMn ¼ ðdWMn=MMnÞ=dt ½6�

RP ¼ ðdWP=MPÞ=dt; ½7�

where W indicates the masses of Mn and P in metal
(g) and M is atomic weight (g/mol); t is the reaction
time (s). In this figure, the relation between the average
reduction rates between each experimental time is plot-
ted with the average experimental time. The reduction
rate of P decreases with time, but that of Mn does not
change much and is lower than that of P. In most of
the experiments, the reduction rate of Mn is low and
the concentration change during the experiment is
small. Thus, for the kinetic analysis, the reduction rate
of P is used.
Figure 12 shows the influence of P content in the slag

on the reduction rate of P. For this analysis, the results
of Slags B and C were used as these slags showed the
intermediate reduction rate (RP). With a decrease in
P2O5 content in the slag, the reduction rate decreased
linearly. As the reduction occurred at the interface of
floating graphite powder, mainly, the reduction rate was
not affected by the P content in the metal, and the mass
transfer of P2O5 in the slag can be considered as a
rate-controlling step. The rate of decrease of P in the
slag can be expressed as in Eq. [8], where kP (1/min) is a
rate constant. Through the relation shown in Figure 12,
kP is evaluated and its temperature dependency is
discussed.

dðpct PÞ=dt ¼ RP � 60 � MP � 100=Wslag

¼ kPðpct PÞ ½8�

As most of the reaction finished before 20 minutes,
the rate constant for each temperature was evaluated
using the P content in the slag during the initial 20
minutes. The results are summarized in the form of
Arrhenius equation, as shown in Figure 13, and Eq. [9]
was thus obtained.

ln kP ¼ � 21859=T þ 10:11 ½9�
Using this equation, the activation energy is calcu-

lated to be about 181 kJ/mol. The activation energy of
the diffusion of P in a molten slag with compositions of
40 to 43 mass pct CaO—30 to 35 mass pct SiO2—21
mass pct Al2O3 is about 188 kJ/mol.[25] Therefore, the

Fig. 8—Calculated mass balance of Mn and P with reduction time
under varying temperature (Slag D, graphite mixing ratio: 200 pct).
(a) Mass balance of Mn, (b) mass balance of P.
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rate-controlling step can be considered as the mass
transfer in the slag phase. Figure 14 shows the effect of
basicity on the reduction rate of Mn and P.

The distribution ratio of each element (L) between the
slag and metal phase is calculated in Eq. [10] using the
result at 20 minutes. In these equations, (pct X) and [pct
X] indicate the concentrations of element X in the slag
and metal phase, respectively. The effect of basicity on
each crucible is shown in Figure 15.

LP ¼ ðpct PÞ=½pct P�; LMn ¼ ðpctMnÞ= pctMn½ � ½10�
In the case of the Al2O3 crucible, regarding the

behavior of Mn, with an increase in basicity, the
reduction rate increases and the distribution ratio
decreases. On the contrary, regarding the behavior of
P, the opposite trend is observed. When the MgO
crucible is used, the behavior of P does not change much

but the reduction rate of Mn increases and the distri-
bution ratio decreases. Therefore, for the selective
reduction suppressing the MnO reduction, the crucible
made of neutral oxide (Al2O3) is favorable, compared to
that made of a basic oxide crucible (MgO).
The target value of distribution ratio for the selective

reduction is considered. The assumed composition of a
typical industrial steelmaking slag is shown in Table II.
After controlling the slag basicity by SiO2 addition, a
selective reduction of this slag is calculated as a first
step. As a second step, the reduction of the residual slag
in the first step is calculated to produce a ferro-man-
ganese alloy.
In the first step, 97 pct of FeO is assumed to be

reduced, and the slag composition is calculated by
changing the distribution ratio of Mn and P. In the
second step, FeO, MnO, and P2O5 in the residual slag

Fig. 9—Content changes in Mn and P in each phase with reduction time under varying graphite mixing ratio (Slag D, 1773 K). (a) Content of
FeO in slag, (b) content of MnO in slag, (c) content of P2O5 in slag, (d) content of Mn in metal, (e) content of P in metal, (f) content of C in
metal.
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are considered to be completely reduced and produce
ferro-manganese alloy. In this case, the carbon concen-
tration in the ferro-manganese alloy is assumed to be
7.0 pct. The result is shown in Figure 16. Since LP and
LMn obtained in the experiment are 0.02 to 0.085 and 0.2
to 13, respectively, Mn concentration in the ferro-man-
ganese is sufficiently high under this condition, but the
concentration of P is estimated to be about 0.9 pct. As

the P content in the high-carbon ferro-manganese is
generally about 0.2 pct, the target value of LP should be
0.004 or less. This calculation indicates that a further
improvement to suppress the reduction of P during the
selective reduction is necessary.
The relation between Mn and P obtained from

Eqs. [2] and [3] is represented by Eq. [11].

Fig. 10—Content changes in Mn and P in each phase with reduction time under different crucibles (1773 K, graphite mixing ratio: 200 pct). (a)
content of Al2O3 in slag, (b) content of MgO in slag, (c) content of MnO in slag, (d) content of P2O5 in slag, (e) content of Mn in metal, (f)
content of P in metal.
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2 P½ � þ 5MnO lð Þ ¼ 5 Mn½ � þ P2O5 lð Þ ½11�
The equilibrium constant K of the reaction is repre-

sented by Eq. [12][26,27]:

logK ¼ log
a5Mn

a2P
� aP2O5

a5MnO

� �

¼ log
pctMn½ �5

pct P½ �2
� f5Mn

f2P
� aP2O5

a5MnO

 !

¼ � 16:17ð1773KÞ ½12�

Because P2O5 is an acidic oxide and MnO is a basic
oxide, the activity of P2O5 will increase while that of
MnO decreases when the slag becomes acidic. Thus,
basing on Eq. [12], the ratio between the activity of Mn
and P in metal decreases at a given temperature. This
explains the enhancement on the selective reduction of P
over Mn by decreasing the slag basicity. If the activity of
the oxide in the slag is calculated by a regular solution

Fig. 11—Change in the reduction rates of Mn and P in slag C with
time (1773 K, graphite mixing ratio: 200 pct).

Fig. 12—Influence of P content in the slag on the reduction rate of
P (1773 K, graphite mixing ratio 200 pct).

Fig. 13—Temperature dependence of the rate constant calculated by
Eq. [8].

Fig. 14—Effect of basicity on the reduction rates of Mn and P (1773
K, graphite mixing ratio 200 pct).
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model[28] and the activity coefficient of the solute
element in the molten metal is assumed as unity, the
value of [mass pct Mn]2.5/[mass pct P] can be calculated.
By using the experimental results of Slag D at 1773 K
after 20-minute reduction, the calculated value is about
0.03. However, this value obtained by the experiment is
about 190, which does not agree with the theoretical
result at all. This means that the activity coefficient in a
dilute solution, which is generally used to analyze

steelmaking reactions, cannot be used for this system.
It is necessary to measure the activity coefficients of Mn
and P in a high Mn, high P molten metal.

V. CONCLUSION

Here, as a fundamental study for the selective
reduction of P from steelmaking slag, the slag basicity,
graphite mixing ratio, temperature, and crucible type
were varied to determine the optimum condition. The
following conclusions were drawn.

(1) Decreasing the slag basicity from 1.49 to 0.50 sup-
pressed the reduction rate of Mn while enhancing
that of P. When the slag basicity was lower than 0.76
at 1773 K, the selective reduction of P was achieved.

(2) The effect of temperature on the reduction rates of
Mn and P was investigated. From the relation be-
tween the rate constant for P2O5 reduction in the
slag and temperature, the activation energy was
evaluated. The obtained value was close to the

Fig. 15—Effect of basicity on the distribution ratio of Mn and P
(1773 K, graphite mixing ratio 200 pct). (a) Distribution of Mn, (b)
distribution of P.

Table II. Typical Steelmaking Slag Composition (Mass
Percent)

FeO CaO SiO2 P2O5 MnO MgO Al2O3

17.9 45.1 22.0 1.90 5.7 3.7 3.7

Fig. 16—Estimated content of Mn and P in ferro-manganese alloy.
(a) Mn content, (b) P content.
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activation energy required for the diffusion of P in
the slag.

(3) The reduction behaviors of FeO, MnO, and P2O5

were influenced by the mixing ratio of graphite. The
reduction reaction was considered to mainly occur
at the interface between the slag and graphite pow-
der.

(4) With a change in the crucible type, the reduction
rate and distribution ratio of Mn changed, while
those of P did not change much.
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