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ABSTRACT

Manganese is an important alloying element for the production of high-grade steel. In Japan,
the total amount of Mn disposed of annually in steelmaking slag is close to the amount of imported
Mn. Therefore, steelmaking slag can be considered as a Mn resource. Although ferromanganese
alloys can be produced by the reduction of steelmaking slag, P content in the product is too high
and Mn content is too low, preventing the use of these alloys for the steelmaking process.

The separation of P from Mn and increase in the Mn/Fe ratio is thermodynamically possible
via the formation of liquid sulfide (matte). High-purity ferromanganese alloys can be obtained by
the desulfurization (oxidation) of the formed sulfide.

A fundamental experiment to clarify the distributions of Fe, Mn, Ca, and P between matte and
steelmaking slag was conducted, and it was found that P was not distributed in matte. Moreover, the
separation of P from Mn was confirmed.
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1. INTRODUCTION

The properties of steel products are improved by the addition of appropriate alloying
elements. Recently, owing to the growing demand for high-grade steel products, the quality of steel
products has become significantly dependent on the value of the alloying elements.

Manganese is an important alloying element for high-grade steel. Nowadays, Mn is not only
used in the production of heavy plates and pipes but also added to various grades of coils and
sheets. This is because the demand for steel with high tensile strength for automobile use has
increased. Changes in the consumption of Mn in Japan are shown in figure 1. An increasing trend
can be seen in this figure. In particular, the consumption of metallic Mn, which has a low P content,
is increasing greatly. In Japan, approximately 440 kton of manganese is imported annually, and
more than 95% of this amount is consumed as an alloying metal for steel. Therefore, Mn has been
designated as a national stockpile element in Japan 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 effective Mn recycling processes.

Japan has a domestic source of Mn, namely, steelmaking slag. Mn contained in Fe ore is
reduced in a blast furnace, and Mn content in the hot metal is approximately 0.3%. Almost all Mn in
the hot metal is oxidized in a BOF and discarded as slag. After tapping steel from the BOF,
imported ferromanganese alloys are added in the secondary steelmaking process. Based on the mass
flow of Mn in Japan [1], as the input, about 440 kton Mn was imported as a raw material or product
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of Fe—Mn alloy and about 255 kton Mn was imported as Fe ore. As the output, only 353 kton Mn
was used as an alloying element in steel and about 520 kton were disposed as slag. This observation
indicates that the total amount of Mn disposed of annually in steelmaking slag is close to the
amount of Mn imported.
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Figure 1: Trends in the annual consumption of Mn in Japan
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Figure 2: Schematic for recycling of Mn from steelmaking slag [5]

Therefore, steelmaking slag is considered to be a valuable source of Mn. Although
ferromanganese alloys can be produced by the reduction of steelmaking slag, the alloys thus
produced are not suitable for the steelmaking process because the P content in these alloys is too
high and the Mn content is too low. From mass balance calculations, the Mn content is found to be
less than 20% while the P content is found to reach up to 7% by a simple reduction process.

We have proposed a novel recycling process for recovering Mn from steelmaking slag [2-6].
figure 2 shows a schematic of the proposed process. First, steelmaking slag is sulfurized to separate
P from Mn because MnS is preferentially formed in the liquid sulfide phase (matte). In this step, P
remains as an oxide. The next step is to oxidize the separated matte to form a Mn-enriched oxide
phase. In this step, the Mn/Fe ratio increases in the oxide phase. This oxide phase is then reduced by
C, and an Fe—Mn alloy with ultralow P content is obtained.

In this paper, the results of fundamental experiments to determine the equilibrium
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distributions of P, Mn, Fe, and Ca between slag and matte will be summarized. On the basis of
obtained results, a simple study on the Mn yield and quantity of the produced Fe—Mn alloy is
formulated.

2. EXPERIMENTAL METHOD

A furnace equipped with a Kanthal Super heating element and an alumina reaction tube was
used. Approximately 5 g of slag was charged on approximately 5 g of matte in a fused magnesia
crucible. The slag and matte were prepared by mixing reagents in an appropriate ratio. In order to
obtain a liquid sulfide phase at 1673 K, the MnS:FeS ratio in the matte was set at 2:8. The effect of
(CaO + MgO)/Si0O; on Fe, Mn, Ca, and P distributions was investigated by changing the partial
pressures of sulfur gas (Ps;) and oxygen gas (Po,). Preliminary experiments confirmed that the
reaction achieved equilibrium after 24 h when the Mn and Fe distributions between the matte and
slag became constant. The sample was heated at 1673 K under a suitable CO/CO,/SO, atmosphere
in a furnace. The equilibrium relation between Ps, and Pg, was calculated using the equilibrium
relations of the following equations:

2 CO) + 0s(g) =2 COx(g) (1)

1/2 Sy(g) + Os(2) = SO:(2) (2)

The MgO crucible with the sample was removed from the furnace after 24 h and was then
quenched in water.

The amounts of Fe, Mn, Mg, Ca, and P in the slag were analyzed using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and the Si content in the slag was measured 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 microanalyzer (EPMA). The S content in the
slag was determined using infrared absorption spectroscopy (IR).

3.  EXPERIMENTAL RESULTS [3.4]
3.1. Separation of P from Mn

Figure 3 shows the typical microstructure of matte after the experiment. Many oxide particles
were observed in the matte that was recognizable as suspended slag particles because their
compositions were similar to those of slag. The correct matte composition was then calculated by
subtracting the composition of each element in the suspended oxide from the total amount of that
element in the matte obtained by chemical analysis.

{MZ analyzed = {1\4} Matte + {M} SP (3)

where {M}aaiy-ed {M}vane, and {M}sp are the concentration of element M obtained by
chemical analysis, true concentration of M in the matte, and concentration of M due to the
suspended slag, respectively.

The suspended amounts of oxide particles were calculated using the Si content which was
obtained by the chemical analysis of the matte, because the true Si content in the matte is negligible
and the analyzed value is attributed to the suspended slag particles.

lfSl.}unuly:ed = {Si} sP= WSPX (SZ)SP/I 00 (4)
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where {Si}ana-ea and {Sitsp denote the Si content obtained by chemical analysis and the Si
content due to the suspended slag particles, respectively, Wsp is the amount of the suspended slag
particles, and (Si)sp is the Si content in the suspended oxide particles.

- Fe [Mn| Ca| s [0 si|p |
B 1 415 208 12 360 05 00 00
® 2 443 38 193 208 118 00 00
3| 83 39 246 22 343 152 18

Figure 3: Typical microstructure of matte phase

Figure 4 shows the relation between the true concentration of P in matte obtained using eq. (3)
and the matte composition. It is clear that most of the true values were close to zero. This
observation indicates that the P content measured by chemical analysis was due to the suspended

slag particles in the matte and the sulfurization of molten slag can separate Mn from P.
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Figure 4: Relation between the true concentration of P in matte and matte composition

3.2. Distributions of Mn and Fe between Slag and Matte

In this paper, the experimental results for log Po; values 0f-9.9 and -11 and log Ps; values of -
1.4 and -1.9 are summarized. Figure 5 shows the effect of slag basicity on the Fe, Mn, and Ca
content in matte at 1673 K. The Ca content was low although it increased slightly with an increase
in the slag basicity. Therefore, the matte can be considered to be a FeS—MnS binary system. The Mn
content in matte was almost constant even when the slag composition was changed. Figure 6 shows
the effect of slag basicity on the distribution ratios of Fe and Mn.
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Figure 5: Effect of slag basicity on Fe, Mn, and Ca content in matte

The distribution ratios of Fe and Mn increased with an increase in the slag basicity. When slag
basicity was 2.7, LM,,(M/ % increased to 22 and this value is greater than Lpe(M/ % This result indicates
that when steelmaking slag is sulfurized, most of the Mn in the slag transfers to the matte because

the basicity of steelmaking slag is greater than 2.5.
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Figure 6: Effect of slag basicity on Fe and Mn distribution ratios
4. STUDY OF FE-MN ALLOY PRODUCTION PROCESS [6]

From the fundamental experiments, it was clarified that the sulfurization of molten slag can
separate Mn from P. By a simple mass balance based on experimentally obtained distribution ratios,
the Mn yield and Mn content in the matte were evaluated.

The mass balance of an element M between the matte and slag can be derived as follows:

AM — W_MSlug[n]?lll_ W_MSlugOul]?llt (7)

where W Mg, and W _Mg,2"" are the weights of M in the input slag (before
sulfurization) and the output slag (after sulfurization), respectively; 4M is the weight of M that is
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transferred from the slag to the matte, i.e., AM is equal to the weight of M in the matte. When the
matte is assumed to be an FeS—MnS binary system, the mass balance equations can be obtained as
follows:

AFe _ o) (W .Feg" — AFe) ®
(AFeCog+AMn-Cy) ' ° Wgi™ —(AFe - Cryy + AMn - Cyy)
AMn M) (WMnéTﬁgm — AMn)
= Mn ' (9)

(AFe - Cyys +AMn - Cyyg) Went" —(AFe - Cyo + AMn - Cyy)
where Wslag'“‘”ut is the weight of the input slag; Creo and Cyno are the stoichiometric constants used
to convert the weight percents of FeO and MnO to those of Fe and Mn, respectively; and Cres and
Cwins are the stoichiometric constants used to convert the weight percents of Fe and Mn to those of
FeS and MnS, respectively.

The Mn yield and Mn ratio were determined using the following equations:

M yield(%) =" Mhwes 100 (10)

Slag

W . Mn,

N
Mn ratio(%) = (W .Mn,, + W .Fey,)

x 100 (11)

By using the relation between the slag basicity and Ly,™> or L™ at 1673 K, the Mn yield
and Mn ratio were calculated, assuming that the FeO and MnO content in the steclmaking slag
were 25 and 10 mass %, respectively.
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Figure 7: Relation of slag basicity with Mn yield and Mn ratio during the sulfurization process

Figure 7 shows the calculation results. With an increase in the slag basicity, the Mn yield
increases, and when the basicity is larger than 2.5, the Mn yield becomes greater than 90%.
Therefore, most of the Mn contained in the steelmaking slag is sulfurized under this condition.
However, for all values of the slag basicity, the Mn ratio is less than 30%. As this ratio is too low
for the production of Fe—Mn alloys, another process is required to increase the Mn/Fe ratio.
Therefore, the author has proposed the oxidation process of the matte. From figure 6, it can be
deduced that when the matte, which is produced by the sulfurization of steelmaking slag, is
oxidized to form a new oxide phase with low basicity, most of the Mn in the matte transfers to the
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oxide phase as L ™ is small. On the contrary, the amount of Fe that transfers to the oxide phase

is lower than that of Mn as L™ is greater than L™ On the basis of this principle, it is
possible to produce CaO-Si0,—-MnO-FeO oxide with low basicity and high MnO/FeO ratio from
matte.

A schematic of the proposed novel recycling process for recovering Mn from steelmaking slag
is shown in figure 3. First, the steelmaking slag is sulfurized to separate P from Mn because MnS is
preferentially formed in the liquid sulfide phase (matte). In this step, P remains as an oxide and
most of the Mn transfers to the matte phase because the basicity of the steelmaking slag is large.
The next step is to oxidize the separated matte and form a Mn-enriched oxide phase. In this step, the
Mn/Fe ratio increases in the oxide phase because of the use of oxides with low basicity. This oxide
phase is then reduced by C and an Fe—Mn alloy with ultralow P content is obtained.

5.  CONCLUSIONS

Mn is an important alloying element for the production of high-grade steel. In Japan, the total
amount of Mn disposed of annually in steelmaking slag is close to the amount of imported Mn.
Therefore, steelmaking slag can be considered to be a resource of Mn. Although ferromanganese
alloys can be produced by the reduction of steelmaking slag, P content in the product is too high and
Mn content is too low, preventing the use of these alloys for the steelmaking process.

A fundamental experiment was conducted to clarify the distributions of Fe, Mn, Ca, and P
between the matte and steelmaking slag. It was found that P was not distributed in the matte and the
separation of P from Mn was confirmed. As the Ca content in the matte was low, the matte can be
considered to be a FeS—MnS binary system. The distribution ratios of Fe and Mn increased with an
increase in slag basicity, and when slag basicity was 2.7, the distribution ratios of Mn increased to
22, which was greater than the distribution ratio of Fe. This observation indicates that when
steelmaking slag is sulfurized, most of the Mn in slag transfers to the matte.

By a simple mass balance based on experimentally obtained distribution ratios, the Mn yield
and Mn content in the matte were evaluated. The results showed that when the basicity was more
than 2.5 during the sulfurization process, the Mn yield was greater than 90%. However, for all
values of the slag basicity, the Mn content in the matte was not high. To increase the Mn/Fe ratio,
the oxidation of matte is necessary. By the oxidation of matte, a new oxide phase with low basicity
and a high MnO/FeO ratio is formed.

A novel recycling process for recovering Mn from steelmaking slag is proposed. In this
process, steelmaking slag is first sulfurized to separate P from Mn because MnS is preferentially
formed in the liquid sulfide phase (matte). In this step, P remains as an oxide and most of the Mn
transfers to the matte phase. The next step is to oxidize the separated matte to form a Mn-enriched
oxide phase. In this step, the Mn/Fe ratio increases in the oxide phase. This oxide phase is then
reduced by C and an Fe—Mn alloy with a ultralow P content is produced.
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