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Novel Recycling Process of Mn by Sulfurization of Molten Slag
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Abstract. We propose a novel process to recycle Mn from
steelmaking slag. The first step is to sulfurize the slag, pro-
ducing a liquid sulfide phase (matte) without P. High-purity
Fe-Mn alloys can then be made by desulfurizing the matte.
However, to our knowledge, there have been no reports to
date concerning the sulfurization of P and Mn contained in
molten slag. Therefore, knowledge of the distribution of
Fe, Mn and P between the matte and the molten slag is re-
quired to determine the feasibility of this process. In this
study, the equilibrium distributions of Mn, Fe, Ca and P be-
tween a FeS-MnS matte and FeO-MnO-SiO2-MgO-P2O5
slag with/without CaO are investigated under controlled
partial pressures of oxygen and sulfur. It was found, as P
is not present in the matte, that a separation of P from Mn
was accomplished. The increament of (CaOCMgO)=SiO2
in slag can improve the concentrations of Mn and Fe in
the matte. The content of Ca in the matte was less than
2 mass%, even when the concentration ratio of CaO=SiO2
in the slag was unity.
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1 Introduction

The physical and chemical properties of steel products are
improved through the addition of appropriate alloying ele-
ments. Recently, due to the growing demand for high-grade
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steel products, the quality of steel products has become sig-
nificantly dependent on the value of the alloying materials.
Moreover, the value of alloying materials is lost in the steel
recycling process because the recycled scraps are used for
the manufacture of low-grade steel, regardless of alloying
element content. Thus, alloying elements are important in
the manufacture of high-grade steels, but are rarely recov-
ered.

Mn is one of the most important alloying elements for
steel because its addition is associated with improved me-
chanical properties. Indeed, Mn is considered to be an es-
sential alloying element in various advanced steel products
which require high strength and also improved formability.
The increased consumption of Mn in steel has led to de-
mands for high-purity Fe-Mn alloys with a low P content.
More than 80% of Mn is produced by only five countries in
the world and more than 95% of the Mn sources are in just
six countries: South Africa, Ukraine, Australia, China, In-
dia and Gabon [1]. It is important that major steel producers
establish stable future supplies in light of the scarcity of Mn
resources in their countries. In fact, in Japan, Mn is desig-
nated as one of its national stockpile elements to stave off
a potential delay in its supply to domestic steel producers.
Despite the importance of this element, no attempts have
been made to establish a reliable supply of Mn through the
generation of an effective Mn recycling process.

In Japan, there is a domestic source of Mn contained
in slag which is a by-product of the steelmaking process.
During steelmaking, approximately 0.3% of the Mn con-
tent in hot metal is oxidized in a basic oxygen furnace and
removed as slag. Following this, the steel undergoes a sec-
ondary steelmaking process, during which imported Fe-Mn
alloys are added. And also, Mn loss occurs when the scrap
is melted in an electric arc furnace and the Mn is oxidized
and partially removed in the slag. As shown in Figure 1, the
total amount of Mn wasted in steelmaking slag is almost
equal to that consumed, in the form of Fe-Mn alloy, during
the steelmaking process [2]. This means that a significant
amount of Mn is wasted as a by-product of the steelmaking
process. In this regard, it is important to develop a method
for the effective recycling of steelmaking slag to recover
these valuable Mn resources

While Mn can be recovered as a Fe-Mn alloy by reducing
steelmaking slag with carbon, this simple reduction is not
suitable for the production of Fe-Mn alloy from steelmaking
slag because it commonly contains about 1.7 mass% P in
the form of P2O5 [3]. Although it is possible to increase
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Figure 1. Material flow of manganese in Japan

Figure 2. Schematic diagram for the proposed recycling
process of Mn from slag.

up to 25% of the Mn content by carbon-based reduction,
this could lead to an increase in the P concentration in the
resultant Fe-Mn alloy products by 7%, as determined by a
mass balance calculation. Furthermore, Matsui et al. [4]
reported that more than 50% of P in the slag phase was also
reduced and included in the obtained metal phase after the
carbon-based reduction of steelmaking slag.

Therefore, we propose a novel recycling process for re-
covering Mn from steelmaking slag. Figure 2 shows a
schematic diagram of the proposed process. Firstly, the Mn-
and P-containing steelmaking slag is sulfurized to separate
the P from the Mn, as MnS is preferentially formed in the
liquid sulfide phase (matte). In this step, P remains as an
oxide due to the low thermal stability of the phosphorus
sulfides over 796 K [5]. The next step is to oxidize the sep-
arated matte. In this case, the ratio of Mn=Fe increases in
the slag phase and the sulfur in the matte is recovered and
reused in the sulfurization step. Therefore, a Fe-Mn alloy
with an ultra low P content can be produced.

In order to clarify the feasibility of this process, it is nec-
essary to investigate the distribution of Fe, Mn and P in

both the matte and steelmaking slag under an atmosphere
in which the partial pressures of sulfur and oxygen are con-
trolled.

The current study presents, under the controlled atmo-
sphere of CO-CO2-SO2mixing gas, the equilibrium distri-
butions of Fe, Mn, Ca, and P between the matte and the
molten slag.

2 Experimental Methods

This experiment determines the equilibrium distributions of
Fe, Mn, Ca, and P in the FeS–MnS matte and the FeO-
MnO-SiO2-MgO-P2O5 slag system with/without CaO un-
der a controlled CO/CO2/SO2 atmosphere at 1673 K. Fig-
ure 3 shows the experimental setup. A furnace, equipped
with a Kanthal Super heating element and an alumina reac-
tion tube (42 mm inner diameter and 1000 mm height) was
used. The temperature of the sample was measured using
a Pt-6%Rh/Pt-30%Rh thermocouple and maintained within
˙5 K. Approximately 5 g of slag was charged on approxi-
mately 5 g of matte in the magnesia crucible (19 mm inner
diameter and 45 mm height). The slag and the matte were
made by mixing the appropriate ratio of reagents. Table 1
shows the initial compositions of matte and slag. In order to
make the liquid sulfide phase at 1673 K, the ratio of MnS to
FeS in the matte was set at 2 W 8. Three types of slag com-
position were prepared, as listed in Table 1. Series 1 (S1)
and 2 (S2) were investigated with respect to the effect of
CaO/SiO2on the Fe, Mn and P distribution, while series 3
(S3) was investigated with respect to the effect of the partial
pressures of sulfur gas, PS2 , and oxygen gas, PO2 , on the
distribution ratios. The preliminary experiments confirmed

Figure 3. Experimental setup.
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Table 1. Initial compositions of slag and matte.

that the reaction achieved equilibrium after 24 h when the
Mn and Fe distributions between the matte and the slag be-
came constant.

The sample was heated at 1673K under a suitable
CO/CO2/SO2 atmosphere in a furnace. The flow rate of
the CO and CO2 gasses were about 70–139�10�6 m3=min
and 0.9–80 � 10�6 m3=min, respectively. PS2 was con-
trolled to be PS2 � 10�3 [atm] and PS2 � 10�4 [atm] in
the ranges of 2–20 � 10�6 m3=min for SO2 gas and 0.4–
9:1 � 10�6 m3=min for Ar-1%SO2 gas, respectively. The
equilibrium relation between PS2 and PO2 was calculated
using the following equations:

2CO(g)C O2(g) D 2CO2(g); (1)

�Gı (J=mol) D �565 160C 172:03T;

1=2S2(g)C O2(g) D SO2(g); (2)

�Gı (J=mol) D �361 660C 72:48T:

Figure 4 shows the potential diagram calculated using ther-
modynamic data [6]. In this figure, the equilibrium PO2 and
PS2 of reactions (3) to (6) at 1673 K are indicated, with the
various reactions of the oxides and sulfides taken into con-
sideration.

2Fe(s)C O2(g) D 2FeO(l); (3)

�Gı (J=mol) D �477 560C 97:06T;

2Fe(s)C S2(g) D 2FeS(l); (4)

�Gı (J=mol) D �240 670C 69:16T;

2Mn(l)C O2(g) D 2MnO(l); (5)

�Gı (J=mol) D �713 300C 129:6T;

2Mn(l)C S2(g) D 2MnS(s); (6)

�Gı (J=mol) D �593 390C 153:17T:

As shown in Figure 4, the experimental conditions of low
PS2 and PO2 are indicated by series 1 in which the metal
phase (iron) can form, while series 2 indicates relatively
high PS2 and PO2 The MgO crucible with the sample was
removed from the furnace after 24 h and then quenched in
water.

Figure 4. Fe and Mn speciation diagram with respect to
logPO2 and logPS2 for series 1 and 2 at 1673 K.

The amounts of Fe, Mn, Mg, Ca and P were an-
alyzed using inductive coupled plasma-atomic emission
spectroscopy (ICP-AES, Optima 3300). Assuming that
FeO, MnO, MgO and P2O5 are the oxide components of
the S3 slag, the SiO2 content was calculated by subtract-
ing the sum of these components from 100 mass%. In the
case of the S1 and S2 slag, the Si content in slag was mea-
sured using ICP-AES and a gravimetric method with alkali-
fusion. The microstructures and compositions of the matte
and slag were observed using an electron probe micro an-
alyzer (EPMA, JXA-8200). The sulfur content of the slag
was measured using infrared absorption spectroscopy (IR,
EMIA-520) to determine the amount of suspended sulfide
in the slag.
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Table 2. Experimental results for series 1.

3 Results

3.1 Series 1 Equilibrium Ratio Between FeS-MnS Matte
and FeO-MnO-SiO2-CaO-MgO-P2O5 Slag

Table 2 shows the experimental results of Series 1 in Fig-
ure 4. The content of P in the matte was almost always less
than 0.1 mass% (i.e. less than the lower limit of the analy-
sis method). It was confirmed that the P can be separated
from Fe and Mn by the formation of a liquid sulfide phase
(matte). The content of Ca in the matte was less than 2
mass%, even though the content of CaO was approximately
30% in the S2 slag.

However, sulfide and oxide particles are evident within
the slag and matte, respectively, as shown in Figures 5
and 6. The compositions of the sulfide and oxide particles,
which were analyzed by EPMA, are similar to the matte and
slag phases respectively. Therefore it can be found that they
are not precipitated particles but the suspended particles.

The total amount and composition of suspended sulfide
within slag can be determined by the detected composition
of sulfide particles with EPMA and the total contents of S
in slag with IR. The revised slag compositions were there-
fore calculated by subtracting the amount of each element
in the suspended sulfide particles from the chemical analy-
sis results of slag phase in Table 2. On the other hand, the
content of Mg in matte resulted from the suspended oxide
particles within matte. In the same way, the total amount
and composition of suspended oxides within the matte can
be defined by the detected composition of suspended ox-
ide particles and the total Mg content in the matte. Hence,
the matte composition can be also obtained by substrcating
the amount of each element in the suspended oxide particles
from the chemical analysis results of matte phase in Table 2.

Table 3 shows the compositions of the slag and matte
after revising the suspended phases. In this table, the con-
tent of each element in slag was converted to the oxide and
that in matte was converted to the sulfide. As shown in
Figure 7, the total amount of slag suspended in the matte
was 0.1–5 mass% and was independent of the composition
of matte shown in Table 3. The total amount of suspended
matte within the slag was also independent of the slag com-
position, as shown in Figure 8.

Figure 5. Suspended sulfides within slag.

Figure 6. Suspended oxides within matte.

In this experiment, the degree of freedom is calculated
to be 7 because the system consists of 9 elements (Fe, Mg,
Si, Mg, P, C, S, O and Ca) and 4 phases (gas, molten
slag, molten matte, and crucible), using the phase rule.
Hence, the temperature, total pressure, CO=CO2, SO2=S2,
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Table 3. Matte and slag compositions of series 1 after revising the suspended phases.

Figure 7. Total amount of suspended slag within matte as a
function of ¹Mnº=¹Feº of matte in Table 3.

MgO (saturated in slag), mass% of P2O5 in the slag and
CaO=SiO2 in the slag were set so that an equilibrium was
able to be achieved.

For this reason, Figure 9(A) and (B) shows the relation-
ship between (CaOCMgO)=SiO2 and the obtained compo-
sitions in Table 3 where PO2 (CO/CO2) and PS2 (SO2/S2/
are between 10�12 [atm] and 10�13 [atm] and between
10�5 [atm] and 10�7 [atm], respectively. As shown in Fig-
ure 9(A), the ratio of Mn=Fe in the matte and that in the
slag increased as the (CaO C MgO)=SiO2 ratio increased.
However, in every case, the ratio of Mn/Fe in the matte was
below 0.4 and lower than that in the slag. In addition, based
on the phase diagram [7], the ratio of Mn=Fe in liquid phase
at 1673 K is less than 0.4 in the binary FeS-MnS system.
This implies that, at 1673 K, the content of Mn in matte
cannot be condensed.

Figure 9(B) shows the partition ratios of Fe and Mn be-
tween the matte and the slag, which are expressed by the
following equation:

Partition ratio D
¹mass% M in matteº

.mass% M in slag/
; (7)

where M means Fe or Mn.

Figure 8. Total amount of suspended matte within slag as a
function of (CaOCMgO)=SiO2 of slag in Table 3.

Both partition ratios increased with an increasing (CaOC
MgO)=SiO2 ratio and the partition ratio of Fe was always
higher than that of Mn. These results indicate that Fe sul-
fides are more readily formed than Mn sulfides. It is also
expected that the activity of MnS is much higher than that
of FeS under the partial pressure conditions of series 1.

3.2 Series 2 Equilibrium Ratio Between the FeS-MnS Matte
and FeO-MnO-SiO2-MgO-P2O5 Slag

In this experiment, the degree of freedom is 6 because the
system consists of 8 elements (Fe, Mg, Si, Mg, P, C, S
and O) and 4 phases (gas, molten slag, molten matte, and
crucible). In order to maintain the equilibrium, the temper-
ature, total pressure, CO=CO2, SO2=S2, MgO (saturated)
and mass% P2O5 in slag were set.

Table 4 shows the experimental results of series 2. The
contents of P in the matte were nearly always less than 0.1
mass%, which is similar to the results determined for se-
ries 1, as shown in Table 2. It is clear that the sulfurization
of molten slag forms the sulfides of Fe and Mn, but not of P,
and the separation of P is not related to the PS2 and PO2 .
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Table 4. Experimental results for series 2.

(A) Ratio of Mn/Fe in matte and slag

(B) Partition ratios of Fe and Mn between matte/slag

Figure 9. Relationship between (CaO C MgO)=SiO2 and
the composition of matte and slag, as shown in Table 3,
where PO2 (CO/CO2) and PS2 (SO/SO2) are 10�12–10�13

and 10�5–10�7.

(A) Effect of PO2

(B) Effect of PS2

Figure 10. Effects of PO2 or PS2 on the partition ratios of
Fe and Mn between matte/molten slag.
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(A) Effect of PO2

(B) Effect of PS2

Figure 11. Effect of PO2 or PS2 on the content ratio of
Mn=Fe in matte and slag.

By using the same calculation as series 1, the equilibrium
compositions of series 2 can be also obtained, as shown in
Table 5. Figure 10(A) shows the effect of PO2 , at a con-
stant PS2 , on the partition ratio of Fe and Mn between the
matte/slag, while Figure 10(B) presents the corresponding
effect of PS2 , at a constant PO2 . It is evident that the parti-
tion ratios of Fe and Mn between the matte and the molten
slag increased as the PS2 increased and the PO2 decreased.
Furthermore, Figure 11(A) and (B) shows the effect of PO2
or PS2 on the ratio of Mn=Fe in the matte and slag. The
ratio of Mn=Fe in the matte and slag shows a similar trend
with increasing PS2 and decreasing PO2 .

4 Discussion

Table 6 shows the mole fractions of matte and slag for series
1 and 2. The relationship of partition ratio of Fe and Mn
between the matte and the slag can be represented by the
following equations:

FeO(l)C 1=2S2 D FeS(l)C 1=2O2;

�Gı (J=mol) D 118 445 � 13:95T;
(8)

�FeS

�FeO
�
NFeS

NFeO
�

�
PO2

PS2

�1=2
D K8; (9)

log
NFeS

NFeO
D �

1

2
logPO2 C

1

2
logPS2

� log
�FeS

�FeO
C logK8;

(10)

MnO(l)C 1=2S2 D MnS(s)C 1=2O2;

�Gı (J=mol) D 59 955C 11:783T;
(11)

�MnS

�MnO
�
NMnS

NMnO
�

�
PO2

PS2

�1=2
D K11; (12)

log
NMnS

NMnO
D �

1

2
logPO2 C

1

2
logPS2

� log
�MnS

�MnO
C logK11:

(13)

When either PO2 or PS2 is constant and the ratio of the
activity coefficient (�FeS=�FeO or �MnS=�MnO/ in equations
(10) and (13) is constant, the mole fraction ratio of Fe and
Mn between matte/slag is practically proportional to �1=2
of logPO2 and 1=2 of logPS2 , as shown in Figure 12(A)
and (B), respectively. Moreover, by combining equations
(9) and (11), equation (15) is derived, which can be used to
express the ratio of Mn=Fe in the matte and the slag:

FeO(l)CMnS(s) D FeS(l)CMnO(l); (14)

�Gı (J=mol) D 58 490 � 25:735T;

NFeS

NMnS
�
NMnO

NFeO
�
�FeS

�MnS
�
�MnO

�FeO
D K14: (15)

In equation (15) K14 is the equilibrium constant at 1673 K
and .NFeS=NMnS/ and .NMnO=NFeO/ terms indicate the
mole fraction ratios of FeS and MnS in the matte and of FeO
and MnO in the slag, respectively. The terms (�FeS=�MnS/

and (�MnO=�FeO/ refer to the activity coefficient ratios of
MnS and FeS in the matte and of MnO and FeO in the
molten slag, respectively.

Figure 13 shows the change in .NFeS=NMnS/ �

.NMnO=NFeO/ as a function of PO2 or PS2 , even though
the partial pressures of oxygen and sulfur are not inde-
pendent variables. As shown in Figure 13, the values of
.NFeS=NMnS/ � .NMnO=NFeO/ in series 1 were relatively
higher than those of series 2. As mentioned above, both
the PS2 and PO2 in series 1 are higher than those in series 2.
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Table 5. Matte and slag compositions of series 2 after revising the suspended phases.

Table 6. Mole fractions of matte and slag for series 1 and 2.

Figure 12. Relations of PO2 (A) and PS2 (B) with logarithmic mole fraction ratios of Fe and Mn between matte/slag.
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Figure 13. Relation of PO2 (A) and PS2 (B) with the
change of .NFeS=NMnS/ � .NMnO=NFeO/.

Figure 14. Relationship netween the ratio of .�MnS=�FeS/

and that of .NMnS=NFeS/ in matte.

This implies that .�FeS=�MnS/� .�MnO=�FeO/ is not constant
value and changed by the experimental conditions. The val-
ues of .�FeS=�MnS/ were evaluated by using regular solution
model [8] which calculated the values of (�MnO=�FeO/ in
equation (15).

Figure 14 shows the relationship between the ratio of
(�MnS=�FeS/ and that of .NMnS=NFeS/ in the matte. The
ratio of .�MnS=�FeS/ increased exponentially while that of
.NMnS=NFeS/ in the matte decreased below approximately
0.22. Furthermore, in every case, the values of �MnS were
more than 3 times larger than that of �FeS. For this reason,
the partition ratios of Fe between the matte/slag were con-
sequently higher than that of Mn.

5 Conclusion

We have proposed a novel recycling process to recover Mn
from steelmaking slag via sulfurization to separate P from
Fe and Mn. In order to evaluate the feasibility of this pro-
cess, the equilibrium distributions of Fe, Mn and P between
the liquid sulfide (matte) and molten slag at 1673 K were
investigated.

The conclusions of the present study are as follows:

I. The content of P in the matte was almost always less
than 0.1 mass%. It was revealed that P was not present
in the matte and thus separation of P from Mn was
achieved.

II. The ratio of (CaOCMgO)=SiO2 in the slag affects the
Mn and Fe content in the matte. The content of Ca in
the matte was less than 2 mass%, even when the ration
of CaO=SiO2 was unity in the slag.

III. The partition ratios of Mn and Fe between the
matte/slag were proportional to 1=2 of logPS2 and
�1=2 of log PO2 , respectively.

IV. By calculating the activities of FeO and MnO in the
molten slag using the regular solution model, the rela-
tionship between the ratio of .�MnS=�FeS/ and that of
Mn=Fe in matte was found.

V. In every case, the ratio of Mn=Fe in the matte did not
exceed 0.3 at 1673 K. This implies that sulfurization
of the molten slag is not sufficient to improve the ratio
of Mn=Fe in the matte at 1673 K.

The above conclusions suggest that the separation of P
from Fe and Mn by the sulfurization of steelmaking slag is a
feasible first step in our proposed recycling process. We are
currently investigating the effects of the slag composition,
PS2 , and PO2 on the the distribution of Mn and Fe in the
matte in detail. The next step of our proposed process is to
oxdize and desufurize the matte and thus improve the ratio
of Mn=Fe for the production of highpurity Fe-Mn alloys.
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