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Abstract: The problem of using waste steelmaking slags as a technogenic
source of metallurgical raw materials still has no sustainable solution and
requires innovative ideas and approaches. The purpose of this paper is a
theoretical and experimental study of the possibility and expediency of
the preliminary heat treatment of steelmaking slags in a reducing medium
for greater metal recovery. The subject of research is a slag sample taken
from the slag heaps at Zlatoust Metallurgic Plant (the Russian
Federation). To perform thermodynamic simulation of the processes
running during heat treatment of a slag substance, the FactSage software
package (version 6.4) was applied. For the ease of analysis the key
calculation results are presented as a logarithmic dependence of
component weights and composition of the considered phases on

temperature. The experimental studies include heat treatment tests on slag
samples at temperatures of 1100 and 1200°C in air and in the carbon
monoxide medium with further separation of the derived product. The
composition of test samples is determined by electron microprobe
analysis and X-ray diffraction analysis. It has been reported that heat
treatment in carbon monoxide medium makes possible to significantly
increase the iron content in the derived magnetic fraction. The results of
thermodynamic simulation, composition analysis of samples and weight
data for the obtained magnetic fractions (resistant or non-resistant to the
magnetic field) suggest that the preliminary heat treatment of slag in
carbon monoxide medium is expedient.

Keywords: Thermodynamic Simulation, Experimental Study, Steelmaking
Slag, Processing, High-Temperature Processes

2015). Along with the conventional approaches the new
areas of slag disposal are growing rapidly (Gahan ez al.,
2011; Mattila ef al., 2014). However, the currently used
plans, as a rule, provide only for a partial solution to a
problem of slag heap disposal. The task of steelmaking
slag recycling presents a particular difficulty (Das et al.,
2007; Ma and Houser, 2014), first of all, due to the
chemical complexity, i.e., a large number of various
components and wide range of their concentrations.

The earlier studies showed that slag disposal may be
arranged in such a way as to result in both building
materials and metals, suitable for further refining and

Introduction

The research intended to study the composition and
properties of ferrous slags (including steelmaking slags)
and improve the technologies for their recycling and
disposal is still relevant (Geiseler, 1996; Rao, 2004;
Huiting et al., 2004; Durinck et al., 2008; Gudim et al.,
2009; Huaiwei and Xin, 2011; Yildirim and Prezzi,
2011). Last but not least, the attention to slags is related
to the environmental problems associated with their
storage and disposal (Piatak er al., 2014). The
conventional scope of application of waste steelmaking

and blast-furnace slags is to manufacture building
materials and articles made therefrom (Lun et al., 2008;
Li et al., 2009; Nadeem and Pofale, 2012; Arribas et al.,
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usage (Shen and Forssberg, 2003; Gladskikh et al., 2009;
Menad et al., 2014). Waste steelmaking slag refining to
extract metallic constituents should encompass the stage
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of high-temperature substance reduction. The most
suitable reducing agent in this process is carbon. Under
certain conditions the high-temperature liquid-phase
metal reduction from steelmaking slags with carbon may
be an essential process operation. It is apparent that the
efficiency of reduction stage depends on temperature
conditions and activity of slag components or admixtures
(Gladskikh et al., 2011; Shakurov et al., 2014).

One of the key problems faced by the developers of
slag refining technologies is the composition analysis
and sequencing the processes of slag material
preparation for high-temperature reduction. It is known
that the weight ratio of reducible and irreducible slag
components does not exceed 1/4. Therefore, if the
process of liquid-phase reduction is running with total
volume of slag, its efficiency will be lower due to the
following circumstances.

Firstly, the elevation of temperature of the slag and
reducing agent mixture to the value of 1500°C and its
maintaining during dozens of minutes requires
significant excess power input.

Secondly, overrepresentation of irreducible oxides
(calcium, aluminum, magnesium and silicon oxides) in
the system prevents the reduced metal drops from
flowing into the consolidated metallic phase. This effect
becomes the most apparent as the thickness of the
molten slag remarkably increases. This may lead to
under-recovery of the reduced metal.

Therefore, it is desirable not to subject the entire
volume of processed slag to the liquid-phase reduction,
but a part thereof rich in iron (and other reducible
metals). A part of slag poor in useful metals should be
disposed without reduction treatment.

The slag can be divided into two such parts by
magnetic separation (Alanyali ef al., 2006). However, it
is known that not all iron compounds are highly sensitive
to the magnetic action. So a material part of potentially
reducible slag components may be lost.

The earlier studies of the process of extraction of iron
and a number of alloying elements (Mn, Cr, V, Ti etc.)
from the oxide component (Dildin er al., 2007; 2011;
2012) suggest that the process of solid-phase reduction
of slag components may be essential before the liquid-
phase stage of the reduction process. The findings
indicate that the preliminary solid-phase reduction (at
temperature of 1100-1200°C) may contribute to the
greater metal extraction in the course of subsequent
procedures. In tests described in (Dildin er al., 2007;
2011; 2012), graphite powder mixed with slag was used
as a reducing agent for small-size slag. This approach is
not recommended for industrial application as its
implementation involves unnecessary graphite losses
with a part of slag which will be refined during magnetic
separation. It would be wiser to perform the preliminary
reduction with a gaseous reducing agent, i.e., a gas
mixture having predominant content of carbon
monoxide. Thus, a by-product of liquid-phase reduction
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will be used (carbon monoxide is formed in large
quantities in this process). Besides, there will be no
problem of the reducing agent loss with a part of slag
that cannot be processed by pyrometallurgical method.

However, it is known that carbon monoxide is a
weaker reducing agent than carbon. The purpose of this
paper is a theoretical and experimental study of the
possibility and expediency of the preliminary heat
treatment of steelmaking slags in a carbon monoxide
medium for greater metal extraction.

Materials and Methods

For the purpose of thermodynamic simulation of
high-temperature treatment of slag substance, the
FactSage software complex (version 6.4) manufactured
by Thermfact (Canada) and GTT Technologies
(Germany) (Bale et al., 2002; 2009) was used.

The data on slag composition used as initial data in
the process of simulation are presented in Table 1. These
data were obtained in the process of study (by the
procedure described below) of the slag substance sample
taken at Zlatoust Metallurgic Plant (Cheliabinsk Region,
the Russian Federation), which was used for the
experimental part. The results of Electron Microprobe
Analysis (EMPA) for metals, silicon and sulfur are
converted into weight ratio of oxides of these elements
which are typical components of slag. The results of
composition analysis are compared with the known data
on the slag composition obtained from the earlier in-
house slag composition analysis as well as from literary
sources. Some data on chemical and phase composition
of these slags are specified in (Dildin et al., 2007). The
presented material somewhat exceeds the specified
concentration range by Mn, Cr and Si content. We
believe that it makes no principal difference for the
purpose of this work.

Steelmaking slags inter alia contain a large quantity
of calcium and magnesium oxides (as a rule in a
combined form). Slag substance stays under conditions
favorable to the formation of calcium and magnesium
carbonates for a long time. The used slag substance
contains a noticeable quantity of carbonates that is
proved both by the EMPA findings and intentional tests
performed to determine the volume of CO,_displaced by
HCI solution, affecting the slag sample. According to the
test data the initial slag sample contains approximately
6.3 g CO,per 100 g.

Thermodynamic calculation was performed for 100 g
of initial slag. The process simulation was performed for
different composition of the gaseous phase. In the first
case it was suggested that in addition to the slag the
system should contain 20 g of oxygen under the pressure
of 20,000 Pa. Simulation of the stated conditions was
performed within the temperature range of 0-1350°C in
increments of 2°C.
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Table 1. The content of slag used for the purpose of simulation

Content of slag sample,

Slag component % wt. (excl. CO,)

Results of the earlier experimental studies.
% wt. as reported (Dildin et al., 2007)

FeO 11.10
MnO 1.39
Cr203 1.28
TiO, 0.56
SiO, 34.57
CaO 29.18
MgO 12.47
Al,O4 8.89
SO, 0.56
Total 100.00

3.72-43.88
2.1-5.0
1.6-11.3
0.23-2.75
17.7-26.6
21.9-47.4
6.2-18.5
4.1-9.8
0.14-0.70

The second calculation showed the case where in
addition to the slag the system contained 20 g of argon
under the pressure of 100,000 Pa. The calculation was
performed within the temperature range of 850-1350°C
in increments of 1°C.

In the third and fourth cases it was suggested that in
addition to the slag the system should contain 20 g of
carbon monoxide under the pressure of 10,000 Pa and
100,000 Pa, respectively. The temperature range in these
cases was 900-1300°C in increments of 1°C.

To simulate the thermodynamic data bases such as
FSstel, FToxid, FactPS, embedded in FactSage 6.4,
were used.

Variable composition phases (solid and liquid
solutions) were selected from their total quantity in the
course of preliminary simulation by excluding those
variable composition phases which do not manifest
themselves as existing ones. For clarity of results the
FToxid-GARN phase was excluded from the list of
variable composition phases.

A particular attention should be paid to the selection
of oxide melt (from available in the FToxid database)
used for simulation. For the first two calculations
FToxid-SLAGB, i.e., Al, Ca, Fe(Ill), Mg, Mn(Il), Si,
Ti(1I), Ti(IV) oxide and sulphate melts were used; for
calculations with carbon monoxide (i.e., under reduction
conditions) FToxid-SLAGA, i.e., Al, Ca, Cr(II), Cr(III),
Fe(Il), Fe(IlT), Mg, Mn(II), Mn(III), Si, Ti(II), Ti(IV)
oxide and sulfide melts were used.

For the purpose of calculation we assumed the
presence of all substances from the used databases in the
system, except for duplicate ones (in the order of
preference-FSstel, FToxid, FactPS) and those being the
components of selected solutions (they were excluded
automatically). In addition, CaTiO; was excluded from
the list of pure substances (as far as this substance is the
base material of perovskite solution and it is not
excluded from the list automatically).

The gas composition under specified conditions
included all gaseous substances contained in the FactPS
database for the given set of elements. We made
allowance for deviation of the gaseous phase behavior
from the perfect gas law.
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Experimental studies included tests on the heat
treatment of slag samples at the temperature of 1100 and
1200°C in air and in the carbon monoxide medium with
further magnetic separation of the derived substance.

The slag substance taken from slag heaps at Zlatoust
Metallurgic Plant was granulated to particle size less
than 1 mm. Upon that metallic beads (contained in the
sample composition in a very small quantity) were
removed. Thus, only the mineral part was subjected to
further processing. The resulted powder was thoroughly
mixed to average its composition. About 5 samples
weighing 200 g each were taken from the granulated
slag. The first sample was subjected to magnetic
separation using a permanent magnet made of barium
hexaferrite. Thus, two fractions were obtained: A
magnetic and non-magnetic one, with their weight
defined to a precision of 0.01 g.

The second and third samples were heated in the
resistance furnace, with the pieces of graphite placed
inside (to create the CO-containing medium), up to
the temperatures of 1100 and 1200°C, respectively
and retained under the stated temperature for 0.5 h.
Then the slag was taken from the furnace, cooled
down, further granulated (to avoid the sintering
impact on the results of magnetic separation) and
divided into the magnetic and non-magnetic fractions.
All obtained fractions were also weighted.

Finally, the fourth and fifth samples were subjected
to the same treatment as used for the second and third
samples, but without graphite pieces placed into the
furnace operating medium.

The elemental qualitative and quantitative
composition of each of 10 obtained fractions and the
initial slag powder as well was determined by Electron
Microprobe Analysis (EMPA) using the scanning
electron microscope JEOL JSM-6460LV, equipped with
the energy-dispersion spectrometer, manufactured by
Oxford Instruments.

In the preparation for the composition analysis a
small quantity of each fraction, selected by quartering,
was thoroughly ground in the agate mortar to the
consistent fine powder with a particle size of
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approximately 50 pm. The composition of derived
powders was determined by EMPA in several fields of
view with further averaging.

Along with the average composition analysis of slag
samples with the scanning electron microscope, the
qualitative and quantitative composition analysis was
performed for some typical slag particles from different
samples which were not refined.

To specify the changes in phase composition the
initial slag and waste slag samples were subjected to the
X-ray diffraction analysis. The analysis was performed
using the X-ray powder diffract meter Rigaku Ultima IV
within the angular range of 10-90°2 Theta with Cu K-
alpha radiation.

Results

For the ease of analysis the key calculation results

Melilite (FToxid-Mel )-Ca,[Mg,
Al]{Al, Fe(IIl), Si},0O,

Olivine (FToxid-OlivA)-(Ca, Fe, Mg, Mn) [Ca, Fe,
Mg, Mn] SiO,

Clinopyroxene (FToxid-cPyrA)-(Ca, Fe(ll), Mg)
[Mg, Fe(Il), Fe(I1l), Al] {Al, Fe(IIl), Si} SiO¢
Perovskite  (FToxid-PERO)-solid  solution
CazTi206-Ca2Ti205

Bixbyite (FToxid-Bixb)-a solid solution based on
Mn,O; containing small quantities of Fe,O;, Cr,0;
and A1203

Spinel (FToxid-SPINA)-a solid solution with a cubic
lattice, containing Al-Cr—Fe—-Mg—O in this case, with a
composition represented by the AB,O, formula

Oxide melt based on FToxid-SLAGB or FToxid-
SLAGA-in the first case this is the oxide-sulphate
alloy and in the second case these are oxides with

Fe(Il), Fe(IID),

of

were presented as logarithmic dependences of sulphiFle admixtures ]
component weighs and composition of considered * Sulphide mc?lt (based on FToxid-SLAGA)
phases on temperature, shown in Fig. 1-4. e FCC metallic (ir on-basc.ed) pha§e (FSstel-FCC1)
Under different conditions the following various e FeS (FSstel-FES)-a solid solution (Fe, Mn)S
composition phases are formed (names of the respective e gas and separate solid substances-MnO,, CaSO,,
phases according to the databases used for simulation are CasFe;Si301, CazAlSi;Op,  (in fact, last two
specified in brackets): substances are likely to form a solid solution)
G’actSage‘"
200 —————T——— T | ——
5 melilite
Ca,Fe,S1,0,,
Ca,ALSiO,, olivame clinopyroxene
gas
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Fig. 1. Logarithmic dependence of phase weights on temperature with 20 g of gaseous oxygen for 100 g of slag under the system

pressure of 20,000 Pa
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Fig. 2. Logarithmic dependence of phase weights on temperature with 20 g of gaseous argon for 100 g of slag under the system

pressure of 100,000 Pa
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Fig. 3. Logarithmic dependence of phase weights on temperature with 20 g of gaseous CO for 100 g of slag under the system
pressure of 10,000 Pa
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Fig. 4. Logarithmic dependence of phase weights on temperature with 20 g of gaseous CO for 100 g of slag under the system

Table 2. The magnetic separation results

pressure of 100,000 Pa

Magnetic fraction,

Non-magnetic fraction,

% wt/sample No. % wt/sample No.
Initial slag (sample 1) 48.4/No. 2 51.6/No. 3
Slag treated in air at 1100°C 76.0/No. 4 24.0/No. 5
Slag treated in air at 1200°C 71.5/No. 6 28.5/No. 7
Slag treated in the reducible medium at 1100°C 68.1/No. 8 31.9/No. 9
Slag treated in the reducible medium at 1200°C 71.9/No. 10 28.1/No. 11

Table 3. Chemical composition (excluding oxygen and carbon) of slag samples based on the EMPA data (% wt)

Sample no.  Fe Mn Cr Ti Si Ca Mg Al S

No. 1 14.43 1.82 1.45 0.56 26.07 34.80 12.55 7.85 0.47
No. 2 18.53 1.91 2.51 0.55 20.95 34.69 10.10 10.32 0.44
No. 3 9.31 1.85 1.65 0.96 18.79 41.62 12.22 12.97 0.63
No. 4 16.60 4.15 2.92 0.51 18.44 37.52 12.36 7.36 0.14
No. 5 8.32 2.02 1.23 0.59 32.07 33.43 12.21 10.13 0.00
No. 6 17.24 3.33 3.67 0.71 19.65 35.18 10.98 8.95 0.29
No. 7 12.75 2.37 2.77 0.78 24.10 36.53 10.72 9.75 0.23
No. 8 23.24 2.56 1.70 0.65 16.61 36.07 11.64 7.16 0.37
No. 9 10.73 2.16 1.27 0.76 24.64 32.19 11.93 16.00 0.32
No. 10 25.94 3.08 2.20 0.66 19.71 32.69 9.42 6.08 0.22
No. 11 12.65 2.80 1.87 0.87 25.27 34.93 13.29 8.12 0.20

Olivine and spinel form two phases of different

composition within some temperature ranges.

The findings of experimental studies are presented in
Table 2 and 3. Table 2 shows the results of magnetic
separation (weight ratio of magnetic and non-magnetic

fractions) for the initial slag and samples subject to heat

treatment at temperatures of 1100 and 1200°C in the
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carbon monoxide medium and in air.
The results of composition analysis of slag samples
processed by various methods are presented in Table 3.
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During the heat treatment carbonate content in the slag has
decreased significantly (down to the value less than 1%, as
reflected by the volume of displaced CO,), though complete
decomposition was not observed during the heat treatment
or the samples partially re-absorbed CO, from the air in the
process of cool down of heat-treated samples and during
their stay in air before the analysis. In order to avoid the
impact of processes, related to carbonate decomposition and
formation, on evaluation of the current metal reduction
processes Table 3 presents slag compositions without
reference to carbon and oxygen content of slag.

The results of the slag particle surface analysis
treated in the other way show the expected diversity of
chemical and phase composition.

Heat-treated magnetic fractions are marked by a large
quantity of iron-containing oxide phase, which contains

(based on relation of the number of atoms of oxygen and
iron) both Fe™ and Fe'? (Fig. 5).

The particles of magnetic and non-magnetic fractions
of the initial slag (Fig. 6 and 7) differ notably by a
number of areas with elevated concentration of iron on
their surface.

We observe quite small regions on the particle
surface of magnetic fractions of slag, processed in air
(Fig. 8), represented by substances containing ferric iron
(based on a number of atoms of iron and oxygen).

Some results of the X-ray diffraction analysis of slag
samples are presented in Fig. 9. However, the results of
analysis of magnetic fractions of waste slag are of
particular interest for us. Some peaks which are indicative
of iron-containing phases are marked with figures.

Fig. 5. The particle surface of the magnetic fraction of slag processed at 1200°C in the carbon monoxide medium (sample No. 10).
The average surface composition in the region outlined with a large rectangular (% at) is 41.33 Fe, 1.37 Mg, 0.72 Si, 1.04 Ca,
55.54 O. The surface composition in the region outlined with a small rectangular (% at) is 2.88 Fe, 0.27 Mn, 0.35 Cr, 7.77

Mg, 7.82 Si, 1.25 Al 13,99 Ca, 65.67 O

Fig. 6. The particle surface of the magnetic fraction of the initial slag (sample No. 2). The surface composition at the intersection of
white lines (% at) is 7.50 Fe, 0.84 Mn, 13.59 Si, 2.58 Al, 1.27 Mg 18,72 Ca, 55.49 O
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Fig. 7. The particle surface of the non-magnetic fraction of the initial slag (sample No. 3). The surface composition at intersection of
white lines (% at) is 0.25 Mn, 14.32 Si, 23,65 Ca, 61.78 O

Fig. 8. The particle size of slag magnetic fraction processed at 1100°C in air (sample No. 4). The surface composition at the intersection
of white lines (% at) is 14.05 Fe, 4.81 Mn, 1.43 Si, 0.65 Al, 20.66 Mg, 1.71 Ca, 56.69 O

16000
14000 ~
12000
10000
8000 -
6000 ~
4000 ~
2000 ~

0 T T T T

Intensity

[ - T P
"

2 Theta (°)

Fig. 9. The results of the X-ray diffraction analysis of samples 2 (red line), 4 (blue line) and 10 (black line). The peaks corresponding to
metallic iron (1) and iron-containing spinel (2 and 3) are marked with figures
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Discussion

The peculiarities of the selected method of slag
composition analysis had a specific impact on the results
of experimental studies. Nevertheless, we can distinguish
some main trends that are apparent from the given data:

e Magnetic separation for all cases, if applicable,
leads to higher concentrations of iron, manganese
and chrome in the magnetic fraction obtained

e Heat treatment of slag significantly increases the
yield of the magnetic fraction both for the
treatment in air and in carbon monoxide medium.
The yield increase is almost the same for both
mediums and it slightly depends on the treatment
temperature (1100 or 1200°C)

e Heat treatment in the carbon monoxide medium
makes possible to significantly increase the iron
content in the magnetic fraction obtained as well as
in non-magnetic one. The latter is somehow related
to the general decrease in slag weight in the process
of heat treatment primarily due to carbonate
decomposition (associated with loss of CO,) and
loss of oxygen in the process of reduction

The data presented in Fig. 1 suggest the possible
phase composition of the initial slag (low-temperature
regions) and at the same time they contribute to a better
understanding of the processes that occur to slag at high
temperature treatment in air (in particular at the
temperatures of 1100 and 1200°C).

The results presented in Table 2 demonstrate that
treatment at temperatures of 1100 and 1200°C allows
increasing the magnetic fraction proportion in the slag
significantly even without the reducing agent. This effect
could be related to consolidation of particles due to
sintering so that the magnetic components of
consolidated particles enhance the penetration of non-
magnetic substance to the magnetic fraction. However,
to avoid this, the substance was further disintegrated
after heat treatment and the resulting particle size did not
exceed in average the particle size of unprocessed slag.

At the same time the observed effect helps to explain
the thermodynamic simulation data, according to which a
significant transformation of slag phase composition takes
place during heat treatment. The predominant phase at low
temperatures, comprising only ferric iron (Ca;Fe,Si;Oy, in
pure form or in a solid solution with the substances of this
class) changes by phases containing both Fe" and Fe'
(spinel, melilite and clinopyroxene). Perhaps, these
processes result in a significant increase of the magnetic
sensitivity of iron-containing slag components.

Such processes (differing quantitatively) apparently
occur even in an inert medium (Fig. 2).

Partial reduction of multiple metals with carbon
monoxide is expectedly supported by the thermodynamic
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simulation results (Fig. 3 and 4). According to these
findings, a relatively small quantity of FCC iron-based
solid solution is formed in the system. The data of X-ray
diffraction analysis argues for this (Fig. 9). In addition to
metallic iron reduction when slag inter-reacts with CO, a
partial reduction of iron from Fe" to Fe" will occur. The
spinel formed in this process (with a substantial fraction
presented by Fe;O,) is fixed both during the EMPA (Fig.
5) and X-ray diffraction analysis (Fig. 9).

These effects must also appear at a relatively low
partial pressure of carbon monoxide, what can be seen
by comparing Fig. 3 and 4. The change in the system
pressure (that will affect primarily the partial pressure of
carbon monoxide) by 10 times, from 10,000 to 100,000
Pa, has practically no effect on the phase equilibrium
picture and on weights of the phases formed.

Conclusion

The use of carbon monoxide under simulation
conditions cannot completely reduce the iron contained
in the slag. However, if the refining process involves
magnetic separation of slag followed by liquid-phase
reduction of the magnetic fraction only, then carbon
monoxide treatment could be useful at the first reduction
stage as a solid-phase reduction at relatively low
temperatures to increase the magnetic fraction yield in
the magnetic separation process.

Consideration of sample composition analysis results,
as well as the weight data for the obtained slag fractions
(resistant and non-resistant to the magnetic field) allow
for the conclusion that the preliminary heat treatment of
slag in the carbon monoxide medium is expedient.
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