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Abstract:Thermodynamic calculation on the smelting slag of direct recycling of electric arc furnace 
stainless steelmaking dust was presented. An induction furnace was used to simulate electric arc 
furnace smelting to recover the metals from the dust. The elements of iron, chromium and nickel 
in the ingot and the components of metal oxides in the slag were analyzed. The thermodynamic 
model for FeO-Crz O3-MgO-SiOz slag was set up and the active concentrations of substances in the 
slag at 1 550 *C were determined by thermodynamic calculation according to the experimental da- 
ta. The results show that the apparent equilibrium constant and quantitative distribution of 
chromium between slag and steel are unstable and affected by the mass ratios of pellets to start 
iron and metal reducing agent to the pellets. In order to get satisfactory chromium recovery from 
the direct recycling of electric arc furnace stainless steelmaking dust, it is important to ensure the 
mass ratio of pellets to the steel below 0.20 and the mass ratio of metal reducing agent to pellets 
over 0. 18 in practical smelting runs. 
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1 INTRODUCTION 

Electric arc furnace ( E A F )  dust has 

been classified as a hazardous waste  due to 

its high content  of some heavy metals  leach- 

abilities such as zinc, lead, cadmium and 

chromium,  so it has been banned from land- 

fills in many countries. An est imated 1%- 

2 ~  mass fraction of the scrap charged to an 

E A F  is converted to dust. And more dust  is 

generated in the Argon Oxygen Decarburiza- 

tion ( A O D )  or in the Vacuum Oxygen De- 

carburization ( V O D )  vessels in the electric 

stainless steelmaking. There  were few 

methods  to t reat  E A F  stainless s teelmaking 

dust  even though a lot o{ technologies {or the 

{erro-steel dust  t rea tment  were devel- 

oped E1-3J. The  direct recycling of E A F  stain- 

less s teelmaking dust  is a remediation option 

that  aims ar recovering the metallic elements  

present  in the dust  directly to the steel bath 

of E A F  in the steelmaking process. The  dust 

is mixed with carbon as reducing agent ,  dol- 

omite as f lux,  and l ignosulphonate as binder 

and then formed into pellets that  are subse- 

quently fed to the EAF.  Under  the condi- 

tions that  prevail in the E A F ,  the reducing 

agent is expected to reduce the metal oxides 

in the dust. The  operation above is inexpen- 

sive to apply. Main costs involved are the 

purchase of the reducing agent ,  the binder 

and pelletization Carbon,  dolomite and 
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lignosulphonate are cheap and easily 
available. 

A number of research steps were com- 
pleted prior to this study. The characteris- 
tics of the flue dust generated from EAF 
stainless steelmaking were investigated E41. 
The isothermal Es3 and non_isothermalE~.73 
kinetics models of the reduction were 
established using a thermo-gravimetric 
furnace (TGF) in the laboratory-scale exper- 
iments. The results showed that iron and 
nickle in the dust could be reduced and 
recovered well by reducing agent carbon. 
But it was difficult to fully reduce chromium 
only by carbon. Some of chromium got into 
the smelting slag, and aluminum or calcium- 
silicon was added in the end of the smelting 
to improve the recovery of chromium by re- 
ducing more of chromiun from the slag. On 
the other hand, the pre-reduction for the 
pellets hinders metal recoveries from the 
dustES. 93. This study focuses on the thermo- 
dynamic calculation on the steelmaking slag 
of the direct recycling process. 

2 EXPERIMENTAL 

2.1 Experimental materials 
The dust was taken from a stockpile 

located in the open air. As it was exposed to 

the atmosphere, the dust contained a large 

amount of moisture which caused particles to 

agglomerate over time. As a result, the 

range of particle sizes in the dust samples 

was in a very wide diameter from less than 

38 ttm to approximately 5 cm. Elemental 

analysis of dust samples was performed 

using X-ray Fluorescence ( X R F )  for A1, 

Ca, Cr, Fe, K, Mg, Mn, Na, P, Si, Ti 

and Inductively Coupled Plasma (ICP) for 

Ni, Pb and Zn. The compositions of the 

samples are given in Table 1. Since the dust 

was formed in air at high temperature, most 

of the elements within it were oxidized. X- 

ray Diffraction (XRD) observations indicated 

that the main phases present in the dust 

were FelOn, Fe203 and CrO. The study by 

N. D. Souza et al on the same dust confirmed 

this result E41. The main phases of the dust 

are listed in Table 2. 

The dust and dolomite whose composi- 

tion is given in Table 3 were screened to 

below 0. 45 mm in order to be suitable for 

pelletization. Pellets were made with 5% 

mass fraction of dolomite and suitable ligno- 

sulphonate (whose composition and proper- 

ties are shown in Table 4) used as a binder 

and 15% mass fraction of fine activated car- 

bon as a reducing agent after all the fines 

were thoroughly mixed. A disc pelletizer 

was used to agglomerate the mixture. The 

pellets produced were screened to be larger 

than 10 mm in diameter and then dried in air 

at room temperature for 4 days. The SEM 

observation for the central section of the pel- 

lets is given in Fig. 1, showing that the dust 

and carbon are mixed well. 

Table 1 Composition of EAF dusts w~ 

No. AI Ca Cr Fe K Mg Mn Na Ni P Pb Si Ti Zn 

1 0.43 6.02 11.29 39.38 0.08 2.01 2.80 0.24 2.82 0.02 0.07 2.71 0.15 0.24 

2 0.46 5.83 10.19 37.14 0.12 1.85 2.61 0.20 3.52 0.02 0.13 2.67 0.14 0.48 

3 0.35 6. 53 10.33 40. 57 0.26 2.10 2. 95 0.07 5. 42 0.02 0.16 2. 55 0.12 1.06 

Avg. 0.41 6.13 10.60 39.12 0.15 5.96 8.36 0.17 3. 92 0.02 0.12 2.64 0.14 0.59 

Table 2 Main phases of EAF dust w~ 

SiOz AI2 03 CaO CrO Fe2 03 MnO2 NiO PbO ZnO MgO 

5.45 O. 66 9.14 13.51 58. O0 4.67 6. 70 O. 16 O. 93 3.48 
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Fig. 1 

Table 3 

SEM observation of the pellet 

Composition of dolomite w~ 
SiOz TiOz A12 03 Fez Oa MnO MgO CaO Na20 

4.27 0. 32 2. 64 6.99 0. 52 36.57 33.46 0.26 

2.2 Experimental approach 
The experimental smelting was conduc- 

ted in a 23 kg capacity induction furnace. 
Heating process was started by melting 2.3 
to 13.6 kg of pure iron. Alumina crucibles 
were used to hold the liquid metal. This iron 
bath was used to simulate the metal bath of 
the EAF . Once the iron melted at about 

1 580 *(2, pellets were fed to the furnace in 
batches of approximately 0.5 kg each. After 
having added all the pellets, a period of time 
was allowed for reactions in the bath to reach 
completion. When visual observation 
indicated that no more reactions occurred 
within the steel bath, aluminum or calcium- 
silicon was added at 1 550 *(2 to further re- 
duce the metal oxides in the slag. Through- 
out the experiment, the slag and steel were 
stirred using an iron rod. Temperature was 
measured periodically using an R-type ther- 
mocouple. The process lasted between 1.0 h 
and 1. 5 h. The experimental parameters, 
mass ratios of pellets to start iron (ml/mE) 
and metal reducing agent to pellets (m3/m,), 
were controlled as shown in Table 5. The 
furnace was then turned off and the steel and 
slag were allowed to freeze in the crucible. 
Once it cooled down to room temperature, 
the crucible was broken to recover and weigh 
the ingot and slag. The compositions of the in- 
got and slag were analyzed using Optic Emission 
Spectroscopy (OF.S) and X-ray Fluorescence. 
The analysis results are given in Table 6. 

Table 4 Chemical composition and properties of lignosulphonate w/% 
Lignosol Reducing sugar S Ca Na N pH Ash Moisture Gravity/( kg • m -3)  

80.0 7.0 6.6 5.0 0.2 0.1 4.5 20.0 5.0 16 

Table 5 Experimental smelting parameters of direct recycling 
No. 1 2 3 4 5 6 7 8 

ml/mz 2.01 1.96 2.78 0.31 0. 20 0.20 0.20 0.06 

m3/ml 0 0. 10 0.04 0. 32 0.07 0. 10 0. 10 0.09 

In slag 

SiO2 

Cr2Oa 

MgO 

FeO 

Table 6 Composition of ingot and slag w/~ 
17.50 12.65 16.11 20.97 9.29 20.98 11.87 11.96 

19.06 4.57 18.95 6.25 2.42 1.93 0.77 2.71 

12.49 10.24 12.37 4.99 10.92 8.50 5.04 3.47 

6.87 1.35 3.17 3.91 1.84 4.32 0.97 6.22 

Cr 3. 80 6.09 3.92 I. 14 I. 22 I. 29 I. 25 0.31 
In steel 

Fe 90.84 86.64 90.69 87.93 97.54 96.99 97.09 99. II 

3 THERMODYNAMIC CALCULATION 

3.1 Basic species of slag 
There are two types of slag theories to 

ascertain the basic species of melted slag at 

high temperature, one is Ionic Theory and 

the other is Molecular Theory. Molecular 

Theory indicates that all substances in slag 

exist in the form of molecules and Ionic The- 

ory points out that the substances in slag 

exist in ionic form. But the fact is that 

substances in slag could exist in two forms 
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according to Coexistence Theory  El°l. In this 
considerat ion,  there  are MgSiO3, MgzSiO4 
and Fez SiO4 in the slag according to MgO- 
SiOz and FeO-SiO2 phase diagrams and HSC 
Chemis t ry  Ell1. FeCrz 04 is formed in the slag 

based on XRD and FeO-FezO3-SiOz-CrzO3 
phase diagram (see Fig. 2).  The  basic spe- 
cies of the slag of direct recycling of stain- 
less s teelmaking dust  is Fe z+ , Cr 3+ , Mg z+ , 
O z- simple ions and SiOz, FezSiO4, 
FeCr204,  MgSiO3, MgzSiO4 molecules.  

3.2 Calculation model 
Let bl = ~ x ( F e d  ) , bz = 

x ( C r z O 3 )  ,b3 = ~ x ( M g O )  ,b4 = 

x ( S i O z ) ,  x l  = x ( F e d ) ,  x2 = x ( C h  03 ) ,  

x3 = x ( M g O ) ,  x4 = x ( S i O 2 ) ,  xs = 
x (FeCrzO4) ,  x~ = x ( MgSiOa ) ,  x7 = 
x (FezSiO4) ,  x8 = x ( Mg2SiO4 ) ,  C1 = 
C ( F e O ) ,  Cz = C ( C h  O3 ) ,  C3 = C ( M g O ) ,  Q = 
C ( S i O z ) ,  Cs = C ( F e C r z O 4 ) ,  C6 = 

C(MgSiO3) ,  G = C ( F e 2 S i O 4 ) ,  C8 = 

C(MgzSiO4) ,  where  "ff]x stands for sum- 

mation of molar  fraction,  x for molar  frac- 
tion and C for active concentration. The  
thermodynamic  calculation was under taken 
at 1 550 °C as follows. 
3 .2.  1 Chemical equilibrium 

2 (Fe  2+ + 0 2 .  ) + (SiOz) = ( 2 F e d  • a i d 2  ) 

At 1 550 "C, A G ° = 2 6  940 J / too l ,  kl = 

0. 169 1, 
k, =Cr/C~C4 or C7 =klC~C4 (1) 

(2Cr 3+ + 3 0 2 -  ) + ( F e d )  = ( FeCr2 O4 ) 

At 1 550 "C, A G ° = - - I  025 J / m o l ,  k z =  

1 .07 ,  
k z  =C5/C2C1 or C5 = k 2 C 2 C 1  (2) 

( M g  2+ + 02-  ) + ( SiO2 ) = 

( MgO • SiO3) 
At 1 550 *(2, AG ° = - 2 9  736 J / m o l ,  k3 

= 7 . 1 1 ,  
k3 =C6/C3C4 or C6=kaC3C4 (3) 

2 ( M g  z+ + 02-  ) + ( S i O z )  = 



24 Joornal CSUT Vol. 10 No. 1 2003 

( 2 M g O .  SiO2) 
At 1 550 *C, AG o = - - 6 0  565 J /mol ,  k4 

= 5 4 . 3 7 ,  
_ _  2 k4 =C8/C~C4 o r  C8--k4C3C4 ( 4 )  

3.2 .2  Mass measurement 
C1 -{- Cz -[-C3 -[-C4 nt- k z Cz C1 --[-k3C3C4 + 

klCZC4 --[-k4C~C4 = 1  ( 5 )  

bl =Xl  +2x7 = ~ ,  x(O. 5C1 -~-2k1C~C4) 
(6) 

~ x  = bl/(O. 5C1 -F2klC~C4) (7) 

b2 = Xz "~- Xs = ~ x ( O .  5Cz -at- k zCzC1)  

(8) 
b3 = x 3 + x 6 + 2 x 8  = 

~ x ( O .  5C3 -Fk3C3C4 --k 2k4C~C4) (9) 

b4 = x4 + xs + x7 + xs = ~____dx( C4 .A[-- 

k3C3C4 +klC2C4 + k4CZ3C4) (10) 
3 .2 .3  Calculation model 

Make Equation (7) into ( 8 ) ,  (9) and 

(10) ,  then we get 

b, (0.5 q-k2C1 )C2 =bz (0.5 +2kl  CI C4 )C1 

(11) 

ba (0.5-~-k3 C4 -3L2k4C3C4 ) C 3  : 

b3(O. 5+2klC, C4)C1 (12) 

f , z  _1_ 1. C z ) C4 - -  bl( l-~-kaC3Ackl , .~l  --,~4 3 --  

b4 (0. 5-F 2kl C1C4 )C1 (13) 

Active concentrations of substances in 

FeO-CrzOz-MgO-SiOz slag can be obtained 

from the resolution of simultaneous Equa- 

tions ( 5 ) ,  ( 1 1 ) ,  ( 12 )  and ( 1 3 ) .  The 

chromium distribution between slag and 

is dependent on the following reac- steel 

tions. 
2[Cr-]-/- 3 (Fe 2+ + O  2- ) ---- 
3r-Fe] -+- ( 2Cr +3 qu30 z- ) 

k(Cr)=C3(Fe)Cz/C(Cr)2C~ (14) 
The distribution coefficient of chromi- 

um between slag and steel can be expressed 

a s  

L (Cr) = w(Crz 03 ) / w ( C r )  = 

152 ~-]x (0 .5+kzC1)Cz /w(Cr )  (15) 

3 .2 .4  Calculation results 
The thermodynamic calculation was un- 

dertaken according to model above and a 

computer program was developed for the 

calculation. The calculation results are given 

in Table 7. 

Table 7 Thermodynamics calculation results of direct recycling slag 

No. C(FeO) C(Cr203) C(MgO) C(SiO2) C(2FeO. SiO2) C(FeCr204) C(MgO.  SiOz)C(2MgO" SiOz) k(Cr) L(Cr) 

1 0. 186 9 0. 373 4 0. 152 8 0. 063 1 0. 000 3 0. 074 7 0. 068 6 0. 080 1 3. 959 1 0. 030 6 

2 0. 088 2 0. 254 1 0. 157 8 0. 136 8 0. 000 2 0. 024 0 0. 153 6 0. 185 3 9. 990 0 0. 006 0 

3 0. 109 0 0. 454 1 0. 152 3 0. 069 2 0. 000 1 0, 052 9 0. 075 0 0. 087 3 22.84 5 0. 017 7 

4 0.1722 0.2101 0.0410 0.3874 0.0019 0.0387 0.1131 0.0355 31.625 0.0840 

5 0. 252 6 0. 223 6 0, 225 3 O. 317 5 0. 003 4 0. 060 4 0. 000 0 0. 876 6 9. 325 0 0. 048 2 

6 0.2407 0.0807 0.1159 0.844 7 0.0083 0.0208 0.000 0 0.6171 3.4766 0.0737 

7 0.1167 0.0798 0.1161 1.0001 0.0023 0.0010 0.0000 0.7329 32. 1390 0.0317 

8 0.4257 0.1132 0.1095 0.5743 0.0176 0.0516 0.0000 0.3744 15. 2680 0.7167 

4 DISCUSSION 

The main composition of EAF dust is 
iron and chromium oxides. Aluminum or cal- 
cium-silicon is used to reduce the metal ox- 
ides from slag in the experiment. The 
thermodynamic calculation model for FeO- 
Crz Os-MgO-SiOz slag in this study is suitable 
for practical condition based on the thermo- 

chemistry theory. But it is found that the re- 
action constant k (Cr)  in Equation (14) and 
distribution coefficient L (Cr )  of chromium 
between slag and steel are fluctuant (see 
Table 7) ,  showing that the experimental 
conditions of direct recycling smelting affect 
the reaction equilibrium. The important 
parameters of smelting are the mass ratios of 
pellets to start iron and metal reducing agent 
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to pellets according to the results of the ex- 
periments and calculations. The effects of the 
mass ratios on the reaction equilibrium are 
given in Fig. 3 and Fig. 4. 
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Figure 3 shows the effect of the mass ra- 
tio of pellets to start iron on the characteris- 
tics of chromium in the reduction smelting. It 
can be seen from Fig. 3 that L (Cr)  drops 
down with the increase of the mass ratio of 
pellets to start iron. In order to achieve high 
chromium recovery, it is necessary to control 
the ratio below 0.20. And it can also be seen 
from Fig. 3 that the active concentrations of 
chromium in the steel and slag increase with 
the increase of pellets added. The chromium 
distribution between slag and steel decreases 
with the increase of the ratio. These maybe 
result from the fact that chromium first ex- 
ists in the slag and only when its concentra- 
tion in the slag gets high enough could it be- 
gin to be reduced and get into steel under the 
experimental condition. 

Figure 4 gives regression results of the 
calculation of experimental data about the 

effect of amount of metal reducing agent on 
the chromium reducing properties. It shows 
that the chromium concentration in the slag 
decreases remarkably with the increase of the 
amount of metal reducing agent. This tend- 
ency slows down after the mass ratio of metal 
reducing agent to pellets reaches 0.18. In or- 
der to achieve high chromium recovery, it is 
necessary to control the ratio over 0.18. But 
on the other hand, the effects of the increase 
of metal reducing agent on the concentration 
of chromium in the steel and the concentra- 
tion of FeCrzO in the slag are small. The re- 
duction process is complex because chromium 
oxides are reduced by carbon and metal re- 
ducing agent one after another. The reduc- 
tion goes step by step and there may be Cr z+ 
existing in the slag E12'131 and the reduction 
process of chromium is controlled by kinetic 
conditions and very difficult to fully com- 
plete D4,153" 

5 CONCLUSIONS 

1) The active concentrations of sub- 
stances in FeO-CrzOz-MgO-SiOz slag of di- 
rect recycling of stainless steelmaking dust 
are calculated according to the thermo- 
dynamic model and the chromium apparent 
equilibrium constant and distribution between 
slag and steel are fluctuant, which shows 
that they are affected by the smelting param- 
eters. 

2) The mass ratio of pellets to the steel 
in the EAF for the direct recycling practice 
should be controlled below 0. 20 in order to 
get satisfactory chromium recovery. 

3) The mass ratio of metal reducing a- 
gent to pellets in the terminal period of EAF 
steelmaking for the recycling of the dust 
should be over 0.18 to ensure enough chro- 
mium recovery. 
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