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Abstract: In order to study the influences of Mn oxides on Cr in Electronic Arc Furnace (EAF) slag produced in a stainless steelmaking plant. To 
simulate EAF slags, two synthetic slags (slag A and slag B) were prepared through melting the two groups of reagent-grade compounds, respectively. 
The phase composition of samples was characterized by means of XRD. In addition, the slags with different particle size and some mixture were 
leached following Europe standard procedure. There was only one main compound MgCr2O4 found in spinel phase in slag A. While there were two 
compounds MgCr2O4 and Mn2AlO4 co-existed in spinel phase in slag B, in which Mn and Cr occupy the octahehral sites. For leaching tests, the 
influence of different factors, such as slag types, slag particles size, mixed manganese oxides, were studied in detail. The leaching result shows that 
MnO2 melted in slag is the most important factor for improving Cr leaching. But Mn oxides mixed in Mn-free slag have a little influence on Cr 
leaching. 

 
1. INTRODUCTION 

 
EAF steel slag is a by-product from stainless steelmaking 

process.  
Chromium is one of the most important elements in stainless 
steelmaking, and persists not only in steel but also in the slag. The 
oxidation states of chromium are usually trivalent chromium Cr(III) 
and hexavalent chromium Cr(VI). Cr(III) is an eco-friendly element 
and is mostly insoluble in water, while Cr(VI) is very toxic and 
readily transported[1]. Usually, steel slag is reused in road 
construction for its material properties[2]. The influence of 
chromium on environment should be paid much attention when the 
slag is reused. A lot of study has been carried out on following:  

(1) Thermodynamic study in melting slag at high temperatures 
MnCr2O4 spinel phase which coexisted with MgCr2O4 was 

found in CaO-SiO2-CrOx-MgO slag[3]. Thermodynamic parameters 
and modeling of MnO-CrOx system was given under different 
oxygen partial pressure [4-6]. Mn and Cr equilibrium and distribution 
ratios between stainless steel slag and steel were investigated in a 
temperature range from 1823K to 1873K under Ar atmosphere[7].  
(2) Ageing and leaching of slag at low temperatures under 

different environment 
Ageing test includes different condition, such as ageing time, 

atmosphere humidity, accelerated carbonation, N2 environment [8-10]. 
In the Mn-free slag, carbon dioxide content, relative humidity and 
temperature had less effect of Cr leaching in slag, but Cr leaching got 
less after 10 months ageing time than 3 months ageing [10]. Several 
kinds of slag produced in different times were used for accelerated 
carbonation under varied CO2 content, moisture and time. Cr 
leaching decreased with road ageing and outdoors storage but little 
affected by carbonation[8]. The smaller of the particle size of slag can 
cause the more oxidation of chromium to Cr(VI) under ambient air. 
For the mixture of analytical grade chromium oxide and calcium 
oxide, oxidation ratios of chromium in pellet is higher than in 
powder under ambient. The moisture condition enhanced the rate of 
the oxidation reaction of chromium than dry or N2 condition and the 
proposed mechanism was given[9]. Other researches on the Cr(III) 
oxidation to Cr(VI) by MnO2 focused on the soil study, and MnO2 
was recognized as the more important oxidant in the oxidation of 
chromium, while effects and mechanism were proposed[11-16]. 

However, most of these researches only focused on the phases 
in the slag at high temperature or the ageing and leaching after 
production of slag at low temperature, and a little work, the influence 
of reactivity at high temperature in slag on the leaching of chromium 
at low temperature (such as room temperature), has been done. 
Chromium in CaO-SiO2 base oxides was annealed under a low 
partial pressure of oxygen as well as at above 1273 K, which can 

reduce the chromium leaching greatly [17]. The similar results can also 
be gotten by adding MgO, Al2O3 or FeO to the high temperature 
slag[18]. The rapid cooling of steel slag increased the reactivity 
between slags with water, which leaded to the rise of chromium 
concentration in leaching tests[19, 20].  

In this study, in order to understand the influence of forming 
process of Mn-bearing EAF slag on the leaching of chromium, the 
thermodynamic experiment and leaching test were carried out with 
synthetic slag which was made in terms of the slag produced in one 
steel plant. The slag was gotten by melting two groups of reagent-
grade compounds respectively in an induction furnace. The major 
phases and composition in the slag were analyzed with X-ray powder 
diffraction (XRD). In addition, the slag and some mixture with the 
slag were leached following Europe standard procedure (the one-
stage batch test prEN 12457-2)[21].  
 

2. EXPERIMENTAL PROCEDURE 
 

There are two steps in this procedure, showed in Fig. 1. The 
first work is thermodynamic test which includes melting synthetic 
slag and relative characterizations analysis. The second is leaching 
test which comprises of preparing samples used for leaching, 
leaching and leachate analysis. 

Slag B

Characterization
X-Ray Diffraction

Preparing synthetic
slag which smelted
in lab furnace

Slag A

Leaching tests
(CEN, prEN 12457-2)

Chemical analysis

Making samples
for leaching test

T 6

T 1

 
Fig. 1 Experimental procedure. 
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2.1 Thermodynamic Experiment and Analysis Methods 
Synthetic slags were prepared from different reagent grade powder 
compounds, and the contents of these compounds in slags were 

varied as shown in Table 1. CaF2 and Na2B4O7 were added to slag to 
decrease the melting temperature and prevent pulverization, 
respectively. 

 
Table 1 Synthetic slag prepared from reagent-grade compounds before melting tests. 

Synthetic 
slag Al2O3 MgO Cr2O3 MnO2 CaF2 MoO3 Na2B4O7 SiO2 CaO 

CaO/
SiO2 SUM 

Slag A 5 5 5 0 3 1 1 32 48 1.5 100 

Slag B 5 5 5 5 3 1 1 30 45 1.5 100 

 
Before melting, the compounds powders of each slag were 

homogeneously mixed and put in a MgO crucible, which was placed 
in a graphitic crucible in a induction furnace (Fig. 2). Each mixture 
was heated up 1600  at a low heating rate 3 /min, then 

maintaining 25 minutes at 1600  in order to make the melting slag 
homogenization. After that, the melting slag was cooled down slowly 
in the furnace until room temperature. 

 

Fig. 2 Schematic diagram of induction furnace 
 
 

Each slag from the furnace was crushed in a jaw crusher and 
sieved into two types (between 1.168 and 4 mm, and below 
1.168mm). Two XRD samples were prepared in a ringmill for 2x15 
seconds. XRD patterns of the samples were recorded by a Siemens 
D5000 X-ray diffractometer, copper Ka radiation (40 kV, 40 mA). 

2.2 Leaching Test and Analysis Methods 

In order to investigate the influence of Manganese oxides on the Cr 
leaching, reagent grade MnO2 and MnO powder were mixed with 
Slag A at room temperature, and a set of samples for leaching were 
prepared 

(Table 2).  

Table 2 Different leaching samples  

Leaching Number L1 L2 L3 L4 L5 L6 

Material Slag A Slag A Slag A + 5% MnO2 Slag A + 5% MnO Slag B Slag B 

Material Size/mm 4-1.168 <1.168 <1.168 <1.168 4-1.168 <1.168 

 
Then, leaching tests were performed according to the one-stage 

batch test prEN 12457-2 at L/S(liquid to solid ratio) of 10 l/kg[22]. 
The leachates were filtered through 0.45μm filter. Then, the chemical 
analysis of filtrates was performed by ALS Scandinavia AB where 
inductively coupled plasma-atomic emission spectrometry (ICP-
AES) and inductively coupled plasma-sector field mass spectrometer 
(ICP-SFMS) analyses were carried out according to USEPA 
Methods 200.7 (modified) and 200.8 (modified), respectively.  

 
3.  RESULTS AND DISCUSSION 
3.1 Characterization of Synthetic Slags 

3.1.1 Mn-free slag 
The XRD patters of slag 1 in Fig. 3 shows that there are mainly five 
compounds in slag 1, which are gehlenite 
(Ca2Al2SiO7) magnesiochromite (MgCr2O4), merwinite 
(Ca3MgSi2O8), alpha-Calcium silicate (α-Ca2SiO4) and bredigite 
(Ca14Mg2(SiO4)8). Obviously, for the chromium element, it is mainly 
compounded with Magnesium, silicon and oxygen, which form a 
spinel phase MgCr2O4. It also indicates that chromium is more easily 
combined with Magnesium, silicon and oxygen to form the spinel 
phase MgCr2O4 than with other elements when slag basicity 
CaO/SiO2 is 1.5. 
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Fig. 3 XRD patterns of slag 1. 

3.1.2 Mn-bearing slag 

For slag B, Mn-bearing slag, there are six main compounds which 
are detected in the XRD patterns of slag B, showed in Fig. 4. The 
compounds in slag B are same with these in slag A expect 
Manganese Aluminum Oxide (Mn2AlO4). Because Manganese is 
added in slag B, the elements (Manganese, Aluminum and oxygen) 

combine and form the new spinel Mn2AlO4 which is also found by 
M. Tossavainen[11] and T.S. Weymouth[12]. It means that there are 
two spinel compounds in slag B at least. Of course, the spinel 
compounds in slag B can be formulated as [MgAl](CrMn)2O4. So 
chromium and manganese elements situate at octahedral position of 
the spinel. 

 

 

Fig. 4 XRD patterns of slag 2. 

 
3.2 Leaching 

After leaching of six materials, main elements in each leachate 
were analyzed. 

 
3.2.1 Influence of melting MnO2 in slag on Cr leaching 
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Fig. 5 Cr leached amount (mg/kg) in different leachates of slag A and slag B. 
 

 
There is a clear difference between MnO2-free slag and MnO2-

bearing slag, showed in Fig. 5. For the slags with the same size 
range, Cr leached amount from MnO2-bearing slag is nearly 1153 
orders of magnitude higher than the amount from MnO2-free slag 
when the range of the slags size is from 4 to 1.168 mm, while it can 
reach 526 orders when the slags size is less than 1.168mm. 
Obviously, for slag B bearing MnO2, MnO2 is the main reason to 
accelerate Cr leaching out in the water. Because MnO2 has a high 
oxidation and it can oxidize Cr(III) to Cr(VI), Cr(VI) leached amount 
in water will has a big increase. It also indicates that MnO2 has 
stronger acceleration in Cr leaching. The main reactions in the 
MnO2-bearing slag are described as follows. 
MnO2 = MnO + O(g)             (1) 
2MnO2 = Mn2O3 + O(g)           (2) 
3/2MnO2 = 1/2Mn3O4 + O(g)       (3) 
1/3Cr2O3 + O(g) = 2/3CrO3         (4) 
O (g) is released from MnO2 (the formulates 1-3) and oxidize the 
Cr2O3 before it goes out of slag (the formulate 4), which changes a 
part of Cr(III) to Cr(VI). Then manganese takes a part of positions 
which were occupied by chromium before.  
 
3.2.2 Influence of the particle size on Cr leaching 

There is a big influence on Cr leaching in different leachates, 
showed in Fig. 5. For the MnO2-free slag leachates ( L1, L2), Cr 
leached amount from the small particle size (<1.168mm) slag is 3 
orders of magnitude higher than the amount from the big particle size 
(4-1.168 mm) slag. As the same results for the MnO2-bearing slag 
leachates (L5, L6), Cr leached amount from the small particle size 
slag is 1.38 orders of magnitude higher than the amount from the big 
particle size slag. The reason is that the small particle size slag 
increases a larger contact area with water than the big particle size 
slag. Cr leached amount is improved greatly with the larger contact 
area of slag and water. 

Another result can be gotten in Fig. 5 that the influence of the 
particle size on Cr leaching in the MnO2-bearing slag leachates is 
greater than in the MnO2-free slag leachates. Relative to an improved 
Cr leached amount 0.745mg/kg in L2 with the small particle size 
than in L1 with the big size, the improved leached amount is 
163mg/kg in L6 with the small particle size than in L5 with the big 
particle size. It means that the factor of slag particle size has a greater 
influence on Cr leaching in the MnO2-bearing slag leachates than in 
the MnO2-free slag leachates, and the small particle size can promote 
the Cr leaching greatly from either the MnO2-bearing slag or in the 
MnO2-free slag. 
 
 
 
 
 

 
3.2.3 Effect of mixed Manganese oxides on Cr leaching 
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Fig.6 Cr leached amount (mg/kg) in different leachates of 

materials containing slag A. 

The material in L3 is the mixture containing slag A and 
5%MnO2, and the material in L4 is the mixture containing slag A and 
5%MnO. The particle size of slag A in the two materials is less 
1.168. Fig.6 shows that 5%MnO2 or 5%MnO mixed in slag A has a 
little influence on Cr leaching from slag A. The reason that Cr 
leached amount has a little decrease in L3 and L4 is that 5% slag A 
in material 3 and 4 is replaced by 5%MnO2 and 5%MnO, 
respectively. It also be seen in Fig.6 that Cr leached amount in L3 is 
1.17 orders of magnitude than the amount in L4, which means that 
MnO2 has a stronger oxidation than MnO. 

 
4. CONCLUSIONS  

 
(1) In the Mn-free EAF slag (slag A), chromium is mainly 
compounded with Magnesium, silicon and oxygen, then the spinel 
phase MgCr2O4 is formed. 
(2) In the Mn-bearing EAF slag (slag B) added MnO2 before melting, 
there are two compounds MgCr2O4 and Mn2AlO4 co-existed in the 
spinel phase.  
(3) MnO2 melted in slag is the most important factor for Cr leaching. 
Cr leached amount from MnO2-bearing slag is nearly 1153 orders of 
magnitude higher than the amount from MnO2-free slag from 4 to 
1.168 mm, while it can reach 526 orders when the slags size is less 
than 1.168mm. 
(4) Small particle size can improve Cr leaching whether for MnO2-
free slag or for MnO2-bearing slag. But the factor of slag particle size 
has a larger influence on Cr leaching in MnO2-bearing slag than in 
MnO2-free slag. The improved leached amount is 163mg/kg in L6 
with the small particle size than in L5 with the big particle size. 
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(5) Mn oxides mixed in slag have a little influence on Cr leaching. It 
means that mixed Mn oxides promote Cr leaching, which is very 
limited. 
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