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WASTE FROM FERROUS METALLURGY AS RESOURCE
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ABSTRACT. Waste streams from extractive metallurgy often bear different metals in concentrations higher than concentrations of those metals in ores. The amount
of pig iron produced in the world in 2010 was 1.025 billion tons and the amount of steel - 1.417 billion tons. An average 12.5 % slag is formed during these processes.
The blast furnace slag may contain up to 340-420 kg/ton hot metal, the basic oxygen furnace (BOF) slag - up to 200 kg/ton. More than 20 kg of dust and sludge per
1 ton of produced metal are generated in the BOFs used in steel metallurgy, where the amount of the generated dust is 7-15 kg per ton of produced steel. The BOFs
dust contains approximately 1 — 6 % Zn and 54 — 70 % Fe. During the production of steel from scrap in an electric arc furnace (EAF) approximately 15 - 20 kg of dust
are released per ton of steel product. The zinc and lead content in the EAF dust is 15 - 25 wt %. Dust from stainless steel production is with high content of Ni, Cr, V
and other metals used as alloying components. Recycling of above mentioned materials, besides producing metals, reduces the risk for the environment pollution,
resulting from the transition of metal compounds, contained in stored waste materials, into the surface water, groundwater and soil. The paper presents data on
available quantities of slag, dust, sludge from ferrous metals metallurgy, mineralogy and chemistry of those waste materials, their metal contents and possible ways
for valuable metals extraction.
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OTNAOBLUMUTE OT METANYPIUATA HA YEPHU METAIU KATO PECYPC
Mapurena lNanaliomoea, Bnadko [MaHaliomoe
MunHo-2eonoxku yHugepcumem "Ce. Mear Puncku”, 1700 Cogbus, marichim@mgu.bg

PE3IOME. OTnagbyHuTe NOTOLM OT MeTanypriyHuTe NPEAnpUsATUS YeCTO ChAbPXaT Pas3nuyHM MeTanu B KOHLEHTPaLMN NO-BUCOKW OT KOHLEHTPALMWUTE Ha Te3n
MeTanu B pyauTe. KonnyectBoTo YyryH, npon3seneHo B ceeta npes 2010 1. e 1.025 munnappaa ToHa, a Komn4ecTBOTO Ha cTomaHata - 1.417 munuappa ToHa. CpeaHo
125 % wnaka ce chopmupaT no Bpeme Ha Tesu npouecu. Llnakata ot gomeHHuTe newy Moxe Aa cbabpxa A0 340-420 kg/t ropew metarn, wnakata ot
kucnopogHuTe koHBepTopHU nelwm (BOFs) - go 200 kg/t. Moseye o1 20 kg npax v yTtaitka Ha 1 TOH npoussegeH metan ce reHepupat B BOFs, uanonssavu B
MeTanyprusiTa, Kb4eTo KonM4ecTBOTO Ha reHepupanus npax e 7-15 kg Ha ToH npousBeaeHa cTomana. MetanypruuHusat npax ot BOFs cbabpxa npubnuautenHo 1-6
% umHK 1 54-70 % xens30. Mo Bpeme Ha NPOM3BOACTBOTO Ha CTOMaHa OT cKkpan B enekTpoabrosy nelwuy (EAFS) ce renepupat npubnuautento 15-20 kg npax Ha ToH
cTomMaHa. CbAbPXaHNeTo Ha LMHK 1 0noBo B npaxa ot EAFs e 15 - 25 TernosHn %. MpaxsbT 0T NPOM3BOACTBOTO Ha HepbXAaeMa CToMaHa € C BUCOKO CbAbpXaHie
Ha Ni, Cr, V 1 apyrv meTanu, uanonasaHi kato nervupaLyy kOMMOHeHTW. PeLyknupaHeTo Ha NOCOYEHNTE No-rope MaTepuany, 0CBEH Ye BOAW A0 NPOM3BOACTBOTO HA
MeTanu, HamansiBa pucka 3a 3aMbpcsiBaHe Ha OKonHaTa Cpefa, B Pe3ynTaT Ha npexofa Ha MeTamu, CbAbpXally Ce B CbXpaHsiBaHUTE OTNagbyHU Matepuani, B
NOBBLPXHOCTHUTE, NOA3EMHMTE BOAM M noyBaTta. CTaTusaTa NpefcTaBs AaHHN 3a HaNMYHUTE KONMYECTBa Lunaka, MeTanypruiHu NpaxoBe, yTailku OT MeTanyprusta Ha
YepHN MeTanu, MiHepanorusTa U XMMUYHUS CbCTaB Ha Te3n OTMafbyHM MaTepuanu, CbAbPXKAHWETO Ha MeTanu B TAX W Bb3MOXHUTE HauMHM 3a M3BMUYaHE Ha
LieHHW MeTanu.

KniouoBu AYMU: peuuknupaHde, otnagbk OT YepHaTa MeTanyprig, LWnaka, MetanypruiyHin npaxose

Introduction granulated slags are vitrified granules. Steel slags result from
steel production. The molten Fe from the blast furnace and

S|ag is a waste from the pyrometa||urgica| processing of scrap steel are combined with alloying metals, fluxes and coke

ores. Ferrous slags are obtained during production of Fe or (for BOF process) to produce a particular type or grade of
steel. Different types of slag result from the various furnaces steel. The primary steel slag is usually categorized based on
used (Piatak et al., 2015). Blast furnace slag (BFS = Fe slag) the type of furnace used: open hearth, basic oxygen furnace
is waste from a blast furnace for Fe production. Iron oxides are (BOF) slag, i.e. BOFS, and electric arc furnace (EAF) slag, i.e.
reduced to molten Fe in the fumace by adding flux, fuel and EAFS. In the BOF the charge (molten pig Fe and small
coke (reductant). Often trace elements in BF slag are As and amounts of scrap steel) is oxidized by oxygen at temperatures
Mn. The molten Fe slag can be solidified by different ways: reaching 2000 °C. BOF is generally speaking also known as
slow cooling under atmospheric conditions (air cooled), Linz-Donawitz (LD) process, correspondingly the solid waste
moderate cooling with the use of controlled amounts of water is LD slag (LDS). An EAF uses an electric current to heat and
(expanded or foamed), quick cooling in air (pelletized), or melt the steel scrap with lesser amounts of molten Fe from the
quenching with high-volume, high-pressure sprays of water BF. The temperature in these furnaces commonly reaches
(granulated). The rate and method of cooling determines the 1650 °C. Steel slags are usually slowly cooled under
properties of the slag. Air-cooled slags are crystalline and atmospheric conditions and form crystalline materials. In
vesicular, expanded slags are a porous crystalline and glassy addition to slag produced in the primary stage of steelmaking,
material, pelletized slags are glassy and crystalline pellets, and slags are also produced in secondary steel refining operations
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that adjust C content and remove remaining S, gases or
impurities. Molten BOF and EAF steel may be refined in a ladle
metallurgical furnace (LMF) with the possible addition of
alloying metals and fluxes to produce different grades of steel.
Thus, ladle slag (LMFS) is produced. Often trace elements in
steel slag are As, Cr and Mn.

Except of slag, the other solid waste types are dust / sludge
from the control of air pollution in blast furnaces, dust / sludge
from the control of air pollution in furnaces for steel production
and refining.

Studies of slag use are in three main directions: utilization as
a construction material, environmental remediation applications
and metals’ recovery. The hard and dense air-cooled BFS is
suitable as a construction aggregate (Piatak et al., 2015). The
cementitious properties of granulated slag are the basis for use
in concrete for strength increasing. For example, of the 25.6
million tonnes of BFS produced in Europe in 2000, 66% was
used for cement production and 23% - as aggregates for road
construction (Motz, 2002). Pelletized and expanded slag (with
low density) is used as a lightweight aggregate (Van Oss,
2013). The significant acid-neutralizing capacity, possessed by
ferrous slag, due to the presence of Ca silicates, carbonates,
and oxides, is used, for example to neutralize acid rock water.
The BFS can be used also in the preparation of materials such
as ceramic glass, silica gel, ceramic tiles, bricks, etc. (Das et
al., 2007). In 2013, the Europe steel industry slag is used for
road construction (45%), interim storage (17%), internal
recycling (14%), fertilizer (3%), hydraulic engineering (3%),
and for cement production (3%). However, the left amount was
dumped into landfills or stockpiled for long periods at steel
plants (Hocheng et al., 2014). Because of the presence of
heavy metals, the steel industry slag is considered as
hazardous waste (Langova and Matysek, 2010). Data from
tests made by the Environmental Protection Agency
(EPA,1990) of the United States show: a) The main
contaminants that can leach from the slag from blast furnaces
are Mn, Fe, Pb, As, Al, Ag, Hg, Sb; b) The main contaminants
which can leach from the slag from the furnace for steel
production (especially where older technology was applied or
in historic piles of slag) are Mn, F, As, Pb, Ag, Fe, Mo, Ba.
Taking into account only those elements that are relatively
mobile in groundwater (given the existing slag management
methods and expected pH levels of leachate), As and Hg can
be referred to as contaminants which are the main potential
threat at leaching of blast furnace slag. EPA analyzes show
that: a) The main contaminants that can leach from the dust /
sludge from the control of air pollution in blast furnaces are Mn,
Pb, As, Al, Fe, Zn, F, Se, Tl, Ag, Hg, Cu, Sb, Cd, Cr, Ba, Ni; b)
The main contaminants that can leach from the dust / sludge
from the control of air pollution in furnaces for steel production
are Zn, Mn, Cd, Fe, Mo, Pb, Se, Hg. Test data show that As, F,
Se, Hg, Cd and Cr can be referred to as contaminants which
are the main potential threat at leaching of dust / sludge from
the control of air pollution in BF. Cadmium, Mo, Se and Hg are
the greatest potential threat at leaching the dust / sludge from
the control of air pollution in furnaces for steel production. For
that reason questions are being raised on landfilling of steel
industry slag, on its treatment in order to reduce its metal
content, as well as on its recycling to extract valuable metals.
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Available quantities, chemistry and mineralogy

Based on data published by World Steel Association (WSA,
2011) 1.417 billion tons of steel was produced in the world in
2010. The amount of hot metal (pig iron) is 1.025 billion tons.
WSA estimates that an average 12.5% slag is formed during
steelmaking. According to Genet (2000) slag production from
blast furnace reaches a plateau around 260-270 kg/t of pig
iron. The calculated amount of ironmaking slag which was
produced in 2010 is around 271.63 million tons. The estimation
of total iron and steelmaking slags in 2010 is 446 million tons.
The amount of slag production will increase continuously in line
with the increasing of steel production in the world. Van Oss
(2013) estimated that 0.25-0.30 t of slag are generated per ton
of pig iron in modern blast furnaces for typical Fe ore grades
(60-66% Fe), while steel production furnaces typically
generate 0.2 tonnes of slag per ton of crude iron. This slag, up
to half of which is metal, is returned to the furnace (where
advanced technologies are applied) for further metal recovery.
After final processing, the steel slag generated is
approximately 10-15% of crude steel output. Based on Fe and
steel production data, approximately 260-330 Mt of BF Fe slag
and approximately 150-220 Mt of steel slag were produced
world-wide in 2011 (Van Oss, 2013). In 2000, 25.6 million tons
of BFS was produced in Europe (Motz, 2002). It was estimated
that 12 millions tons (Mt) and 8 Mt of BOF slag were generated
annually in Europe and United States, respectively (Proctor et
al., 2000; Motz, 2002). In Europe the total amount of steel slag
generated in 2004 was about 15 million tons (Hiltunen and
Hiltunen, 2004). Steel and steel slag annual output in 2010 in
China reached to 626.7 million tons and 90 million tons
respectively (Ren et al., 2012). The amount of deposited steel
slag (mainly BOFS) in China has been estimated to more than
300 million tons, which leads to the occupation of farm land
and pollution of groundwater and soil (Yi et al., 2012).

More than 20 kg of dust and sludge per 1 ton of produced
metal are generated in the BOFs used in steel metallurgy
(Gargul, 2015), where the amount of the generated dust is 7-
15 kg per ton of produced steel (Trung et al., 2011). This waste
contains many non-ferrous metals, such as zinc. The content
of this metal in dusts ranges from 1 to 6% (Gargul, 2015).
Slag, dust / sludge from iron and steel production should be
properly stabilized / treated in order to protect the environment
and even more - they can be beneficiated as resources.

For example, the EAF dust is rich in Zn / Pb. It is estimated
that the world-wide annual production of EAF dust is as high as
5 million tons, all of which must be treated / recycled or land
filled (Hughes et al., 2007). According to Das et al. (2007) the
slag / sludge from an average plant in India contain hot metal,
in kg/ton: 340-421 - in BFS, 28 - in BF dust / sludge, 200 - in
LDS, 15-15 - in LD sludge, 22 - in mill scale, and 12 - in mill
sludge.

The chemistry and mineralogy of slag / dust depend on the
metallurgical processes that create the material. Table 1
summarizes the major, minor, and trace element chemistry of
different slag types from over 100 samples from over 40
studies (Miklos, 2000; Windt et al., 2011; Yi et al. 2012;
Zultan, 2013; Chiang et al., 2014; Das et al., 2014, Piatak et
al., 2015) - some of them, summarized by Piatak and co-



authors (2015). When the average (av.) is given, this is the
average value, appearing in the work of Piatak and co-authors.

The chemical composition of BFS is not much different
between different blast furnaces because most BFs operate
within the same chemical constraints. The content of NiO,
Cr203 and CuO in blast furnace slag can be ignored because
the presence of these components in the blast furnace
charging material is strictly prohibited and well controlled
(Zulhan, 2013). In addition of components, presented in Table
1, the convertor slag may contain other metals, such as Ni
(1%), Cu (0.7 %), Co (0.65 %), Zn (0.15 %), Pb (0.05 %)
(Perederiya et al., 2011). The chemical composition of BF flue
dust from India plants is presented in Table 2 (Das et al.,
2007). The chemical composition of steel-making plants flue
dust from different producers is presented in Table 3 (Hughes
et al., 2008; Trung et al., 2011, Zhang, 2012; Kukurugya,

Table 1.
Major, minor, and trace elements in different slag types

2013). Dust coming from carbon steel production is with high
content of zinc (up to 40 %), mainly due to processing of
galvanized steel scrap (Kukurugya, 2013). Dust from stainless
steel production is with high content of Ni, Cr, V and other
metals used as alloying components. Dusts can be used to
recover metals (Zn, Cr and Ni), because of the: decreasing
supply of primary raw materials, increasing price of chromium,
nickel and zinc, and higher content of metals compared to
primary raw materials.

The main phases identified in steelmaking dust from carbon
steel production are: franklinite ZnFe2O4, magnetite FesOs,
zincite ZnO, quartz SiO2. The most frequently occurring phases
in dusts from stainless steel production are: chromite FeCr204,
magnetite FesOq, calcite CaCOs and calcium silicate CaSiz2Oa.

Component, % BFS BFS pre-1990 BOFS EAFS BOFS sludge! Slag fines (BOFS
(av.) and EAFS)?
Ca0 39-42 15.2 42-60 30-50 8.9-10.59 15.46-36.10
Si02 33-39 45.2 9-15 10-20 0.71-1.97 4.94-11.94
Al203 9-14.3 10.6 0.5-5 10-18 0.32-0.95 3.07-7.59
Fe20; 39 5-6 1.43-2.79
FeO 1.6 = Fewtav. 16.1= Fetot av. 7-20 8-22 76.93-79.58 17.54-52.64= Fewt av.
MgO 6-9 8.87 1-13 8-13 0.38 1.39-13.63
MnO 0.1-1.9 0.95 2-10 5-10 0.10-0.24 0.99-5.31
TiO2 0.4-3.0 0.79 0.66 (av.) 0.66 (av.)
P20s 1-4 2-5
P 0.101-0.126 0.06-0.33
S 1.2-14 0.19 <0.30 <0.25 0.01-1.25
Cr03 <2 <2 0.06-1.69
C 0.14-2.53
V 0.06-0.25
K20 0.99 (av.) 1.41 0.24 (av.) 0.24 (av.)
Na20 0.49 (av.) 0.36 0.16 (av.) 0.16 (av.)
LOI 1.86 (av.) 0.65 3.55 (av.) 3.55 (av.)
" Data from Das et. al. (2007) only; 2 Dry based, data from Ma and Houser (2014)
Table 2.
Chemical composition of BF flue dust from India plants
Consti C Fex0s | SiO2 Al03 | CaO | MgO Pb Zn MnO | K0 Na20 Feto
tuent
% 29.90- 51.10 6.31- 512- | 490- | 0.88- | 0.024- | 0.042- | 0.58- | 1.22- 0.47- 35.7-
33.62 -49.50 8.30 2.54 196 | 1.33 | 0.019 | 0.028 | 0.02 | 0.154 0.07 34.62

The most frequently occurring phases in dusts from
stainless steel production are: chromite FeCr.0s, magnetite
Fes04, calcite CaCOs and calcium silicate CaSi204. Zinc
presents as ZnO and/or zinc ferrite ZnFe2O4 (Kukurugya,
2013). Zn0O is very easily soluble even in low concentrated
acidic or an alkaline solution, but zinc ferrite — ZnFe204 is a
very stable phase which is soluble only in very strong acid
solutions at high temperature. Chromite is very stable phase.
Mixed metal oxides, such as Nio2sZno7sFe204 also can be
found.

The primary mineralogy of the pre-1900 Fe slag include
quartz, plagioclase ((Na,Ca)(Si,Al)40s) and cristobalite. Other
Ca-rich silicates and aluminosilicates identified were olivine
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((Ca,Fe)2SiOa4)-, melilite-, and pyroxene group phases, mullite
(AlgSi2013), garnet (XsY2(SiO4)3), glass, and calcite (CaCOs)
Fe and Ti oxides were also mentioned (Piatak et al., 2015).
The mineralogy of modern Ca-rich steel-making Fe slag
includes mostly pseudowollastonite and  gehlenite
(Ca2Al2SiO7). Melilites, in particular gehlenite, were the most
often reported phase in Fe slag that was cooled slowly. Other
most reported silicate phases are Ca and / or Mg silicates
(olivine  group, merwinite  (CasMg(SiOs)2),  bredigite
(Ca1sMg(SiOa)s), wollastonite (CaSiOs) and glass. Calcium
sulfide (oldhamite) and Fe metal were also identified in minor
to trace amount. Steel slag is composed mostly of di-Ca
silicate (Ca2SiO4, larnite), tri-Ca silicate (CasSiOs, rankinite),
and Ca oxide (CaO, lime) if slags are cooled slowly and



crystalline phases are formed; if the slag was quenched it
represents mainly Ca silicate glass. Aluminum, Fe, and Mg
are less abundant and are generally present in Ca silicates
that can accommodate these elements, e.g., monticellite
(CaMgSiO4), melilite, and merwinite. Al, Fe, and Mg oxide
phases including spinels and SiOz (quartz or cristobalite) are
generally found in steel slags (Piatak et al., 2015). Looking at
mineral chemistry, the most reported primary phases in
ferrous slag are olivine-group phases with the general formula
(Ca, Fe, Mg,Mn)2SiOa4. Larnite is the most common, followed
by monticellite; forsterite (Mg2SiO4), fayalite (Fe2SiO4), and
kirschsteinite—glaucochroite (CaFeSiOs~CaMnSiOs) were also
reported. The next reported phases in ferrous slags are oxides
[(Ca, Fe, Mg, Mn)O] and melilites. Glass present in only trace
amounts and it is usually dominated by the following major
elements expressed as oxides: SiOz, CaO, Al:0s, and MgoO
(Piatak et al., 2015).

Table 3.
Chemical composition of steel-making plants flue dust
Element EAF BOF EAF EAF
Carbon Stainless
Zn 21.6-25.8 2.74 17.05-33.0 0.96-8.1
Fe 23.14- 477 24-45 19.37-
295 35.88
Pb 1.3-3.45 0.18 0.2-4.05 0.29-14
Cd 0.58 0.9 0.48
As 0.12
Sb 0.01 0.31
Sn 0.23 0.200
Cu 0.1-0.2 0.100
Cr 0.010 0-0.81 9.99-18.6
Ni 0.090 0-0.1 1.4-4.1
Co 0.020
S 0.5
Ti 0.048-
0.096
Si 0.61 0.34-1.12 1.7-2.69
Mn 1.70 Mn 0.49 Mn 1.03- Mn 1.67-
411 4.55
Mg 1516 | MgO0.55 Mg 2.19-
3.28
Ca0 5.0-6.64 Ca6.80 Ca09442 | Cad71-
10.84
Al 0.37-0.53 Al 0.21-0.39
Si 1.87-2.62

Studies on metals extraction

BF flue dust usually bears some undesirable elements (Zn,
Pb and alkali metals) that can cause operational difficulties at
dust recycling in the furnace. Sometimes the dust contains
toxic elements (Cd, Cr and As), which make it hazardous
waste. A suitable beneficiation method has to be applied
before dust recycling to the BF. Acid leaching, leaching with
CaClz, NH4Cl, etc. has been suggested for dealkalification of
BF dust. BF flue dust and sludge is leached under both acid
and oxidizing conditions for recovery of Zn and Pb. After
separating the carbon and iron from the leaching solution, the
latter can be passed through an anion exchanger to remove
Zn and Pb and then recirculated to the reactor (Das et al.,
2007). Selective leaching by low concentration H2SO4 at room
temperature was reported to recover about 80% of initially
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available Zn. Zinc from Zn-bearing blast furnace wastes may
be also separated by froth flotation and wet cyclone methods.
Treated blast furnace dust, containing around 1% Zn, can be
pelletized and sent to sinter plant. Waelz kiln (rotary kiln) can
be used to reclaim Zn and Pb from BF sludge. The Institute of
Gas Technology, USA has developed a fluidized-bed process
for recovering directly reduced iron from BF flue dust. Up to
95% of the iron oxides contained in the waste stream could be
reduced to elemental iron. Studies showed that it is possible
to recover coke fines from BF flue dust with more than 80%
carbon with 30% yield by column flotation techniques. The
flotation tailings are rich in magnetite and can be recovered by
low intensity magnetic separation technique giving a product
with 62-65% Fe at a yield of 30% (Das et al., 2007).

Three ways of BOFS recycling were considered (Chen et
al.,, 2011): (1) Hot slag splashing technology, followed by slag
crushing, and magnetic separation. Most of the recycled Fe
returns to sintering process, some - to the BF smelting
process, and little - to the BOF smelting process. The method
is simple, requires low investment and is applicable in small
and medium iron and steel enterprises. (2) Water quenching is
used to treat the steel slag. Then the slag is crushed and
magnetic separation process is adopted for recycling iron. The
residue goes through a multiple crushing / magnetic process
repeatedly, before being sent to the fine powder production
workshop or sintering process as material. About 44% of the
recycled iron returns to sintering process, and about 47% of
that returns to the BF smelting process, while only about 7%
returns to the BOF smelting process. Because this treatment
is more complex and requires higher investment, it is suitable
for large to medium iron and steel enterprises. (3) Both water
quenching and wind quenching are used to treat the slags
from different BOF smelting sections. Steel slag can be
divided into five types, e. g. converter slag, desiliconization
slag, desulfurization slag, dephosphorization slag, and refining
slag. Water quenching technology is only suitable to treat
desiliconization slag, while wind quenching is adopted to treat
others. The slag from water quenching is dealt with processes
introduced in (2). The iron in crushed slag from wind
quenching is with fine particles. Most of the Fe recycled could
be returned to the BOF smelting process directly. All of the
residual sulfurization slag returns to sintering. All of the
residual converter slag and refining slag returns to BOF or in
BF. Some of the residual dephosphorization slag returns to
sintering and the other as well as residual desiliconization slag
are sent to the fine powder production workshop as material.

Hydrometallurgical processing of BOF sludge in the H2SOa
solutions under atmospheric pressure and temperatures up to
100 °C, carried out at laboratory scale, at optimum conditions,
resulted to 70% extraction of available zinc. Iron was removed
from the solution by pH adjustment (Trung et al., 2011).

The non-magnetic Fe2Os part in the converter slag (steel
slag) could be efficiently reduced to magnetic iron by pure Hz,
and CO at a temperature below 1000 °C. The slag after
precise reduction had high degree of dispersion and did not
get sintered. The reduced material was enriched by magnetic
separation. By using magnetic sorting, precise reduction and
magnetic separation 33 kg iron particles, 150 kg iron-rich
material and 700 kg cement could be obtained from each ton
slag (Gao et al., 2011). To recover Fe from a slag, rich in



fayalite, it was rapidly reduced (before fayalite melted) with
carbon added pellets. Then Fe was recovered by nugget iron
reduction process. Addition of CaO and Al:Os; spurred the
reduction of fayalite. The metallization rate was 88. 43% under
the optimized conditions (Cheng et al, 2013).

High pressure oxidative acid leaching (HPOXAL) was used
to treat slow-cooled converter slags from Vale’s operations in
Sudbury (Ontario, Canada). Extractions of Ni, Co and Cu
exceeded 95-97% after 45 min at 250 °C, 70 g/L initial H2SO4
and 90 psi Oz overpressure (Perederiya et al., 2011). Co-
leaching of pyrrhotite tailings (with 0.6% Ni content) - as a
source of sulphuric acid - with converter slags at the same
temperature, oxygen partial pressure and equivalent
stoichiometric H2SO4 amount had a similar kinetics to that of
leaching with sulphuric acid. Fayalite and magnetite from the
slag are dissolved by sulphuric acid, releasing ferrous and
ferric iron into the solution. Ferrous iron is then oxidized and
ferric iron is hydrolyzed, thus regenerating acid. The following
reactions take place:

Fe2Si0s +4H* = 2Fe?* +H:SiOs(aq) (1)
FesOs +8H" = Fe2 +2Fe3 +4H,0 2)
Fe2* +1/40; +H+ = Fe3* +1/2H;0 (3)
2Fe* +3H,0 = Fes03 +6H* (4)

Compared to atmospheric leaching, HPOXAL requires
significantly less H2SO4 due to acid regeneration. It was found
that an acid addition of only 20 wt% of slag weight is needed,
while a minimum of 175 wt% would be required stoichiomet
rically according to reactions 1 and 2 at atmospheric leaching
(without acid regeneration).

An alkaline roasting — acid leaching was proposed for
extracting vanadium from LD slag. The maximum V recovery
of ca. 95% was achieved at 70 °C, S/L = 1/15, 3 M H2SO4 and
leaching time of 150 min. It was found that the maximum
extraction was achieved at the particle size < 0.850 mm
(Aarabi-Karasgani et al., 2010). Valuable metals (V and Cr)
can be recovered (at 98% metalization of slag) from LD slag
by smelting reduction technique using a Tamman furnace.
The slag can also be reduced in an electric furnace to
separate the slag and metal (Das et al., 2007).

Magnetic portions of the steelmaking slags (BOFS, EAFS
and LMFS) are often screened into three products: “A” scrap -
with particles above 75 (or 50) mm, “B” scrap - with particles
between 75 (or 50) mm and 12.5 (or 9.5) mm and “C” scrap -
with particles below 12.5 (or 9.5) mm. “A” scrap is often
recycled back into the steelmaking process. “B” scrap is
usually recycled in the BF ironmaking process. Both “A” scrap
and “B” scrap, in general, do not pose any problem in
recycling. However, due to the low iron grades, high impurity
concentrations, and small particle sizes, “C” slag fines cannot
be economically or environmentally friendly recycled back into
ironmaking and steelmaking processes in significant amounts
without further treatment. A recycling technology of weak
magnetic separation (below 1000 G, and especially between
200 and 800 G) coupled with selective particle size screening
has been developed at Arcelor Mittal Global R&D - East
Chicago Laboratories for recycling of steelmaking slag fines
(“C” scrap). Clean iron-rich products are obtained, with
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sufficiently high iron contents and low levels of impurities, to
be reused (Ma and Houser, 2014).

Bioleaching of 76-78% Zn and Al from EAF sludge was
demonstrated by Solisio et al. (2002) using At. ferrooxidans in
presence of a sulfur containing substrate. Bioleaching was
studied for recovering metals from EAF slag. Different cultures
were tested. The slag pH was reduced initially from 11.2 to 8.3
by water-washing. At thiooxidans culture supernatant
containing 0.016 M H2SOs was found most effective for
bioleaching of metals. Repeated bioleaching cycles lead to
metal recoveries of 75%, 60% and 27%, for Mg, Zn and Cu
respectively (Hocheng et al. 2014).

Most of dusts from steel making are recycled through sinter
making in more advanced countries. There are two types of
processing methods: pyrometallurgical and hydrometallurgical
or their combination. One of the major problems related to
steelmaking dust processing is its chemical and mineralogical
heterogeneity. That's why it is difficult to design “versatile”
technology for processing steelmaking dusts. The technology
must be adjusted to chemical and mineralogical composition
of concrete steelmaking dust. Pyrometallurgical processes
generally are expensive and energy consuming, compared to
hydrometallurgical ones. Problems related to hydrometallur-
gical processes are the necessity of eliminating Fe, Cd, Ni, Co
etc. from the leachate and the large consumption of acid for
iron oxides digestion.

In order to use BOF dusts as iron-bearing material in ferrous
metallurgy, the Zn content has to be < 1%. Ammonia leaching
(using NH4Cl, (NH4)2COs and NHsOH) was proposed to
transfer Zn from BOF waste into the liquid phase with minimal
loss of iron in this process (Gargul, 2015).

A technology for recovering of Zn from EAF dust by leaching
in NaOH solution with lead carbonate as additive and
facilitated by mechanical activation was proposed. Around
45% Zn in EAF dusts can be extracted, compared to 25% Zn
extracted by chemical leaching of non-activated samples
(Zhanga et al., 2012).

Direct smelting of EAF dust by applying Ausmelt Top
Submerged Lancing Technology (TSLT) can be carried out
by two process routes: (1) smelting and reduction in a two
stage batch process producing ZnO fume and a discardable
slag (with 1% Zn), and (2) continuous smelting by producing
Zn0 fume with periodic slag tapping producing a slag with 1%
Zn. Zinc recoveries, are summarized in Table 4. The TSL
technology at Korea Zinc treats EAF dust and produces
benign slag for construction and (after alkali washing of the
TSL reactor product) cake entering the Zn plant (Hughes et
al., 2008).

Table 4.
Results at applying TSLT direct smelting to EAF dust
Stage Zn Pb Fe SiO2 Ca0
Input | 21.6+25.8 | 1.3+1.9 | 205242 | 4+56 | 7+93
Output
Fume | 56.7+59.7 | 5.3+5.9 0.3+1 15+24 | 01
Slag 0.1+0.7 | 0.05+0.1




Conclusions

Slags, dusts and sludges from the control of air pollution
resulting from iron and steel production have to be regarded
as sources of iron and of non-ferrous metals.

To extract valuable metals pyrometallurgical and
hydrometallurgical technologies, facilitated by mineral
beneficiation technologies (magnetic separation, flotation) can
be applied, depending on the waste type, chemistry and
mineralogy.
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