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Introduction

Cr(VI)-containing wastes are associated with
the metallurgical, refractory, chemical, electro-
plating, leather tanning, pigment, welding and
glass industries1. The presence of Cr(VI) in
these wastes causes great concern due to the
fact that Cr(VI) is a carcinogen (specifically to
the lungs and in some cases to the sinonasal
cavity2), is highly soluble in water, and has a
high mobility in soil. Cr(VI)-containing wastes
can, consequently, not simply be stockpiled or
land filled, but must first be treated. In the
pyrometallurgical industry Cr(VI)-containing
wastes in the form of dust and sludge are
produced in ferrochrome and stainless steel
plants. The dust generated by ferrochrome
plants typically consists of coarse dust, which
is collected by the cyclone separators, and fine
dust that is captured by the bag house filters.
Dust that forms during the production of
stainless steel is collected by a bag house filter
system, while a sludge or filter cake is
produced in the pickling acid treatment facility
of the stainless steel plant. These dusts, as
well as the waste pickling acid, have respec-
tively been classified as hazardous wastes
K061, K091 and K062 by the US
Environmental Protection Agency (EPA).

In South Africa, the treatment policy of
these wastes is guided by the minimum
requirements for the handling, classification
and disposal of hazardous waste that was
published by the Department of Water Affairs
and Forestry (DWAF) in 19983. Of all the
leachable heavy metals, Cr (VI) has the
strictest limits with an acceptable environ-
mental risk concentration of 0.02 ppm3. The
limits that were set by different countries on Cr
(VI) species for different water sources are
shown in Table I 4–6. It shows that the limits
for Cr (VI) range between 0.005 and 0.1 mg/l
for different kinds of water, while the total
chromium limits vary from 0.0031 to 2 mg/l. 

Various techniques are used in the
management of Cr(VI)-containing wastes.
These include the minimization of waste
through source reduction (i.e. waste
prevention), recycling (onsite and offsite),
recovery and stabilization/solidification
processes whereby the wastes are transformed
into non-toxic materials, which can either be
disposed or reused.

In order to understand the properties of
these wastes, minimize waste formation and
develop a process to treat it, numerous authors
have investigated the characteristics and
formation mechanisms of these wastes7–21.
This paper subsequently reviews the character-
istics and formation mechanisms of Cr(VI)-
containing electric furnace dust and filter cake,
as well as their present treatment processes.
The stabilization/solidification processes of the
wastes are highlighted.
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The characteristics of electric furnace dusts and
filter cake

The treatment policy of waste is closely associated with the
characteristics of the wastes. It is therefore important to
know the physical and chemical properties of the wastes
before a treatment method is developed or chosen. 

Electric furnace dust

Macrostructure 

Stainless steel dust is typically chocolate-brown in colour,
and emits foul gases (presumably acetylene)22,23. It consists
of very fine and agglomerated metal and oxide particles in
the form of hollow and solid spheres, as well as metal and
oxide particles that are coated with a slag layer22–27.

The ferrochrome fine dust is grey, while the coarse dust
appears black in colour. The fine dust mostly consists of
agglomerated particles that are constituted of oxide, metallic
and carbon-based phases, while the coarse dust mainly
consists of oxide and carbon-based particles that are
irregular in shape22,26.

Chemical and phase chemical compositions

The typical compositional ranges and crystalline phases that
are present in the stainless steel plant dust, ferrochrome
coarse dust and ferrochrome fine dust are shown in Tables II
and III.

The chemical compositions of, and crystalline phases
present in the dusts vary considerably, depending on the
steel grade produced, raw materials used, operational
parameters, furnace type and heats. Compared to carbon steel
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Table I

The regulation limits of Cr species for different water sources specified by different countries4–6

Country Type of water Concentration, mg/l

Cr (VI) Cr (Tot)

France General water 0.1 0.5

Germany Drinking water - 0.05
Metal/chemical industry 0.1 0.5

Japan Drinking water 0.05 -
Public water systems 0.5 2

Kazakhstan Drinking water - 0.0031
Liquid effluent emissions 0.005–0.03 -

South Africa Effluent discharge - 0.5
Drinking water 0.055) 0.1

USA Drinking water 0.16) 0.1

UK Drinking water - 0.05

Table II

Typical elemental compositions in the stainless steel plant dust and FeCr dusts (wt.%)5,22–49

Element Stainless steel plant dust FeCr coarse dust FeCr fine dust

Cr 0.28~16.5 (69) 13.14~17.11 (0.4)* 1.92~7.4 (21)
Si 0.09~4.51 9.15~13.86 16.45~34.2 (298.5)
Al 0.16~0.81 5.61~6.64 1.06~5.62
Ca 0.83~14.78 (716) 0.71~1.72 0.14~0.57 (65.6)
Zn 0.04~12.76 (311) 0.59~0.64 (0.1) 1.37~12.13 (65.3~1109)
Fe 14.77~53.50 (0.3) 5.37~10.58 0.61~3.01 (1.0)
Mn 0.30~7.65 0.11~0.18 (0.2) 0.23~0.58(12~17)
Mg 0.042~10.2 (452) 4.14~7.16 1.01~13.92 (434)
Mo 0.18~1.30 (8) - 0.008 (12)
Pb 0.03~1.9 (0.06) 0.007~0.009 (0.3) 0.06~0.123 (0.01~0.03)
Ni 0.045~5.42 0.062~0.079 0.0053~0.1
S 0.19~1.65 0.28~0.76 0.96~3.4
Cl 0.5~5.20 0.89 0.95~3.32
Na <0.07~4.91 (320) 1.32~1.89 1.71~5.94 (2848~22400)
K 0.08~2.99 (650) 0.84~0.91 1.0~7.58 (632~1919)
Ti 0.03~0.21 0.31~0.4 0.03~0.12
P 0.02~0.82 0.013~0.044 0.013~0.044
C 0.0~1.3 9.97~15.5 1.1~1.58
Cu 0.11~0.65 0.024 0.008~0.018
F 0.012~0.016 0.01 0.04~0.9
Ga - 0.015 0.026~0.39

- : Value not reported

*: Values in brackets are the elemental concentrations in ppm in the TCLP leachate



plant dust, stainless steel plant dust has a low zinc concen-
tration, but is enriched in metallic components since high
alloy scrap is used in the production of stainless steel24,25.
Stainless steel dust consists mainly of oxide phases that are
rich in Fe, Cr, Ca, Zn, Mg, Mn and Ni, with minor amounts of
phases that contain alkaline metals (K, Na), halogens (Cl, F),
Si, Mo, Pb and S22–42. Chromium and iron oxides (CrO and
Fe2O3) as well as spinel phases (such as FeCr2O4,
(Mg,Fe,Mn,Cr)3O4, Fe3O4, MnFe2O4 and ZnFe2O4), and some
raw materials (CaO, CaF2 and CaCO3) are the major
crystalline phases present in the stainless steel plant dusts.
Minor phases include pure metallic particles (iron, zinc and
nickel), oxide phases (NiO, MgO, PbO, SiO2 and ZnO),
halogens (PbCl2, ZnCl2, KCl and NaCl), SiC, fayalite
(Fe2SiO4), sulphates and hydrates (ZnCl2·4Zn(OH)2,
Ca(OH)2) (Table III)22–27,29–42.

The ferrochrome coarse dust is also oxide based and
contains high levels of Cr, Si, Fe, Al, Mg and C, while the
oxide-based ferrochrome fine dust is enriched in Si, Zn, Na,
K, Mg, S and Cl, with lower concentrations of Cr, Fe and C
than in the coarse dust5,9,22,43–49. The coarse dust mostly
consists of chromite ore, carbon, silica and anorthite
((Ca,Na)(Si,Al)4O8), while the fine dust is mainly associated
with vaporized substances such as silica, NaCl, ZnO and
Mg2SiO422,26. Small amounts of hydrates are also found in
ferrochrome fine dust, i.e., NaZn4(SO4)Cl(OH)6·6H2O and
Zn4SO4(OH)6·5H2O22.

The leachable Cr (VI) concentrations in both the stainless
steel and ferrochrome fine dusts are reported to exceed the

regulation limits of 0.05ppm for Cr(VI) in drinking water in
South Africa. It is reported that between 6 and 13 ppm Cr(VI)
leaches from the stainless steel dust28,42, and between 75
and 175 ppm5,28 from ferrochrome bag house dust.

Physical properties

The particle size distribution of the dust particles ranges from
sub-micron to more than 200 µm9,22,47,50. The d50 values
range from 0.7 to 21.5 µm for the stainless steel dust,
between 0.7 and 13.2 µm for the ferrochrome fine dust, and
are approximately 80 µm for the ferrochrome coarse dust
(Table IV). The electric furnace dusts are therefore very fine,
and can easily be airborne.

The bulk densities of the electric furnace dusts range
from 0.49 to 2.53 g/cm3, while the true densities of the
stainless steel dust range from 3.01 to 5.22 g/cm3 22,51. The
specific surface areas of the dust are high (4.09–13.2
m2/g)22,51. This implies that many voids exist inside the
dusts, and that they would require big storage and
transportation volumes. 

The electric furnace dusts have low moisture contents
(0.19–1.06 wt%) and generate basic solutions (pH: 8–12.4)
when leached in water22, 51. The soluble fraction, due to the
presence of salts in the dusts, is 6.7 wt% for the stainless
steel dust and between 3.34 and 11.86 wt% for the
ferrochrome dusts22,51. This means that stockpiling or land
filling of the dusts without prior treatment can induce the
basification of soil and groundwater.
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Table III

Typical crystalline phases present in the stainless steel plant dust and FeCr dusts5,22–49

Element* Stainless steel dust FeCr coarse dust FeCr fine dust

Cr FeCr2O4, chromium oxide (CrO), (Mg, Chromite (Fe,Mg)(Al,Fe,Cr)2O4 Chromite and FeCr metal

Fe,Mn,Cr)3O4 and MgCr2O4

Cr (VI) - - CrO3, (K,Na)2Cr2O7 or (K,Na)2CrO4

Si Quartz (SiO2), indialite (Mg2Al4Si5O18), mullite (3Al2O3·2SiO2), Quartz and anorthite (Ca,Na)(Si,Al)O8 Quartz, forsterite (Mg2SiO4) 

SiC and fayalite (Fe2SiO4) Fe,Mn,Cr)3O4 and MgCr2O4 aluminium 

silicate (Mg3Al2Si3O12 and Al2SiO5)

Al Alumina (Al2O3), indialite, mullite or substitute for spinel Chromite and anorthite Chromite

Ca Lime (CaO), fluorite (CaF2) and CaCO3, Ca(OH)2 Dolomite (Ca,Mg)(CO3)2 and anorthite -

Zn Zincite (ZnO), zinc ferrite (ZnFe2O4), zinc metal, - ZnO, NaZn4(SO4)Cl(OH)66H2O and 

ZnCl2 and ZnCl2·4Zn(OH)2 Zn4SO4(OH)6·5H2O

Mn Jacobite (MnFe2O4) and (Mg,Fe,Mn,Cr)3O4 - -

Fe Magnetite (Fe3O4), zinc ferrite, jacobite, fayalite, chromite, Chromite and hematite Chromite and FeCr metal

hematite (Fe2O3), (Mg,Fe,Mn,Cr)3O4 and iron

Mg Indialite, MgCr2O4, (Mg,Fe,Mn,Cr)3O4 and MgO Dolomite and chromite Chromite, forsterite, MgO and aluminium 

silicate (Mg3Al2Si3O12)

Pb PbO, PbCl2 and PbSO4 - -

Ni Bunsenite (NiO) and Ni metal - -
S Sulphates - NaZn4(SO4)Cl(OH)66H2O and 

Zn4SO4(OH)6·5H2O

Cl KCl, NaCl, ZnCl2 and ZnCl2·4Zn(OH)2 - Halite and NaZn4(SO4)Cl(OH)66H2O

Na NaCl - Halite and NaZn4(SO4)Cl(OH)66H2O

K KCl - -
C Graphite, SiC and CaCO3 Coal, coke and charcoal Coal, coke and charcoal

F Fluorite - -

* The elements such as Cr, Si, Al, Ca, Fe, Mn, Mg, Na, K and Ti can also exist in the glassy slag phase that is present in the dusts



Filter cake from the waste acid treatment plant

The filter cake from the waste pickling acid treatment plant
consists of very fine particles with 90% of particles smaller
than 12 µm, and a d50 of approximately 3.7 µm51–53. It
mainly contains calcium, fluorine and iron, which amount to
approximately 49–64 wt% of the filter cake, while nickel,
chromium and sulphur are present in lower concen-
trations22,52. When the filter cake is heated to 1000°C, a
mass loss of between 10 to 15 wt% is obtained due to the
dehydration of the metal hydroxides22,52,53.

High proportions of amorphous phases that are rich in Cr,
Fe and Ni are found22,52, while calcium fluoride (CaF2),
calcium sulphate (CaSO4), Cr2O3 and FeCr2O4 are present as
crystalline phases22,52–56. It is reported that between 15 and
43 ppm Cr(VI) leaches from the filter cake28.

Formation mechanisms

Reducing the formation of Cr(VI)-containing waste and
deciding on either a recycling procedure or stabilization
method requires an understanding of the formation
mechanisms of the wastes. 

Stainless steel plant dust
The formation of stainless steel plant dust proceeds
through7–21:

➤ The vaporization of elements or compounds from the
high temperature zones, i.e. arc zone, oxygen blowing
zone and the reaction zone during decarburization.
Zinc, lead and cadmium as well as alkaline metals and
oxides can vaporize from these areas in the furnace.
Metal oxides such as ZnO subsequently form through
the oxidation of these vaporized species in the off-gas
duct13

➤ The ejection of slag and metal by CO gas bubbles that
burst during decarburization and the force of the arc.
CO gas bubbles that form in the decarburization
reaction enter the slag layer with a thin steel film. Dust
particles can form through fragmentation of this bubble
film cap, whereby small film droplets form. The
remaining crater could close up and form jet droplets.
Huber et al. concluded that the formation of film
droplets is the major dust formation mechanism, while
the jet droplets are in general larger in size and
therefore mostly drop down to the bath7.

➤ The direct capturing of charged fines of quartz, lime,
fluorite, calcite, nickel metal and graphite in the off-gas
during the course of charging. Ca(OH)2 forms in the
off-gas duct due to the hydration of lime.

Different authors reported that the respective formation
mechanisms contribute to different extents to dust formation:
Huber et al. reported that approximately 60 wt% of the total
dust consists of ejected metal and slag droplets, while
volatiles in the dust contribute about 27 wt%7. Dalhaes et al.
however, showed that about 3 wt% of the total dust formed
through vaporization in the AOD converter, while the ejection
of metal and slag by the bursting of gas bubbles is the main
dust forming mechanism (about 91 wt% of the total dust)8.
Ohno et al. found that dust formation is mostly due to the
bursting of gas bubbles9. There is therefore general
agreement, however, that the ejection of slag and metal by
the bursting of gas bubbles is the major mechanism of dust
formation in the steelmaking plant.

Ferrochrome plant

Dust formation mechanisms in semi-closed submerged arc
furnaces (SAFs) can be divided into four categories28:

➤ Vaporization of elements or compounds from high
temperature zones in the SAF, e.g. halite (NaCl), cristo-
balite (SiO2), periclase (MgO) and ZnO are the
oxidation products of oxide species that are fumed
through reduction reactions with carbon or carbon
monoxide

➤ Ejection of slag and metal through the holes of the
electrodes

➤ Charge materials such as fine carbon-bearing particles,
quartz and chromite particles that are captured in the
off-gas

➤ Phases and reaction products that form in the off-gas
duct from species in the off-gas. These include
anorthite ((Ca,Na)(Si,Al)O8), aluminium silicates
(Mg3Al2Si3O12 and Al2SiO5), forsterite (Mg2SiO4),
NaZn4(SO4)Cl(OH)6·6H2O and Zn4SO4(OH)6·5H2O28.

The formation of Cr (VI) in electric furnace dust

XPS analysis of ferrochrome dust indicated that chromium in
oxidation states 3+ and 6+ are present on the surface of the
dust22,44. Since conditions in the SAF are reducing, with a
typical oxygen partial pressure of less than 10-8 atm26, it can
be assumed that Cr (VI) is generated from Cr (III) when the
dust is removed from the furnace to the cyclone separators
and the baghouse filters, as the oxygen partial pressure
increases. Beukes reported that chromium (III)-containing
particulate substances can be oxidized into Cr (VI) by flare in
the off-gas duct57. Thermodynamic calculations confirm that
dry Cr(III) precipitates can be converted into Cr(VI) when
heated in the presence of oxygen58. It is also reported that
increased lime contents are conducive to the formation of Cr
(VI) species51,57,59, and that Cr (VI) formation is interrelated
with the alkali metal oxides in the charge5. It can therefore be
assumed that Cr(VI) in the dust forms either by oxidization
or through both oxidation and reaction with CaO or alkali
oxides according to the following reactions:

2 3 4
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Table IV

Physical properties of electric furnace dusts5,22–41

Stainless steel FeCr fine dust 
dust (coarse dust)

Particle size, d50, (µm) 0.7~21.52 0.71~13.23 (79.76)
Moisture (wt%) 0.19~0.62 0.93~1.06 (0.48)
Specific surface area (m2/g) 4.09~5.73 5.31~13.2
Bulk density (g/cm3) 0.90~2.53 0.49~0.93
Density (g/cm3) 3.01~5.22 -
Water soluble fraction (wt%) 6.7 3.34~11.86
pH 11.96~12.4 8.08~8.48 (11.18)



The formation of filter cake in the waste acid
treatment plant

The scale of hot rolled or annealed stainless steel strip
predominantly contains FexO (x=0.67, 0.75 and 1), Cr2O3,
NiO, SiO2, NiCr2O4 and FeCr2O456. The surface quality of
stainless steel is improved through either acid pickling, fused
salt bath conditioning followed by acid pickling, or acid
pickling following electrolytic neutral pickling60. The acid
pickling following electrolytic neutral pickling process is
displacing the two former conventional processes due to the
good condition of the pickled strip surface, the lower
operation and maintenance cost, and the simplicity of the
process60. The typical electrolytic neutral pickling solution is
sodium sulphate, while the pickling acids are nitric,
hydrofluoric, sulphuric and hydrochloric acids60,61. After the
pickling process waste acid which is highly acidic with a
typical pH of 1, and which contains high concentrations of
fluorine, iron, nickel and chromium, remain46. The Cr(VI)
concentration in solution is influenced by the potential of the
solution, pH and reductants in the solution62–64.

The standard treatment process for this waste pickling
acid includes three steps, namely the neutralization of the
waste acid through the addition of lime, the reduction
process of Cr (VI) with ferrous sulphate and the precipitation
of metallic species with lime. The last step of the process
involves the collection of the precipitate, whereby filter cake
is produced and a leachate which has a pH of approximately
1022,46. The formation of the filter cake can therefore be
summarized by the following reactions28:

Neutralization step: H+ + OH- → H2O and
CaO + H2O → Ca(OH)2
Ca2+ + 2F- → CaF2 and 
Ca2+ + SO42- → CaSO4

Reduction step:       3Fe2+ + Cr6+ → 3Fe3+ + Cr3+

and Ca2+ + SO42- → CaSO4
Precipitation step:   CaO + H2O → Ca(OH)2 and

Mn+ + nOH- → M(OH)n ↓
(M represents metal cations such as Cr3+, Fe3+ and Ni2+).

Treatment processes of electric furnace dust and
filter cake

Increasing costs of waste disposal and stricter environmental
regulations imply that attention should first be given to the
minimization of dust, then to the possibility of recycling or
partial recycling after segregation, and only then should
metal recovery or stabilization of the remaining waste
materials be considered. 

A number of issues influence the choice of treatment
method of the Cr(VI)-containing electric furnace dust and
filter cake: (a) The composition of the dust varies consid-
erably due to changes in heats, raw materials, grade and
operational parameters which require all-purpose
technologies; (b) Volatile substances in the dusts can affect
the normal operation of the furnace if they are simply
charged back to the furnace; (c) Leachates from the electric

furnace dusts are highly basic, and therefore require large
volumes of acid in order to adjust the pH65; (d) The filter
cake cannot be recycled back to the steelmaking plant due to
its high fluorite and sulphate contents.

Because the coarse ferrochrome dust contains low
concentrations of volatile substances (Zn, S and alkali
metals), but also usable carbon, quartz and chromite particles
(which amount to approximately 48–71wt%), it can be
recycled back to the SAF. 

Zinc is the valuable element that can potentially be
recycled from the ferrochrome fine dust. The concentration of
the zinc is, however, too low to be economically recycled.
Pyrometallurgical recovery methods will, however, be
hampered by the high concentrations of Na, K, S, F and Cl-
containing compounds, which will vaporize together with the
zinc (Table II)5,28,45–47. Hydrometallurgical recovery methods
would conversely generate a secondary waste that contains
Cr (VI) and soluble salts. The amount of fine dust that forms
during the production of ferrochrome can therefore be
controlled by controlling the quality of the raw materials,
especially the volatile components in the coal, coke and
charcoal.

Minimization of dust formation

In order to minimize dust formation, it is suggested that
violent carbon boils should be limited15, the size of the
bursting bubbles be reduced by controlling the decarbur-
ization reaction (and therefore controlling the ratio of
chemical to electrical energy in the EAF)7,11, the position of
the oxygen lance, blowing time20 and intensity of blowing
should be optimized19, a slag layer that covers the metal bath
should be formed early on in the heat8 (a foamy slag practice
would therefore be beneficial as well as slags of higher
viscosities15), slopping should be limited, and friable
additives and fluxes should be bottom injected7–11.

Recycling

Methods can be developed to recycle dust back to the melting
furnace by minerals processing methods (gravity separation
and magnetic separation) due to the different densities and
magnetic properties of the particles. However, toxic
substances such as Cr (VI) can leach out during the minerals
processing and hydrometallurgical operations, which implies
that the wastewater of these processes would require further
treatment.

Direct recycling of electric furnace dust back to the blast
furnace and electric furnace typically use agglomeration or
pneumatic injection technologies66–70. In the pneumatic
injection technologies the dust is either injected on its own,
or together with coal or coke in order to foam the slag66–70.
In the process the zinc content of the resultant electric
furnace dust is increased by up to more than 30 wt%, and
then needs to be recovered67. The disadvantage of recycling
the dust back to the blast furnace is that if the dust contains
high concentrations of vaporized species such as zinc,
cadmium, lead and alkaline metals (Na and K), these species
would circulate in the blast furnace and induce blockages. In
the case of EAF operation it might increase the energy
consumption and affect the refractory materials. However, it
has been proven that recycling of EAF dust through direct
injection of briquettes or micro-pellets, is economically viable
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in Armco melt shops. In a trial at one of the local ferrochrome
plants, pelletized ferrochrome bag house dust was charged
back to the SAF46. However, it induced blockages and led to
an enrichment of chemicals in the off-gas as well as
corrosion of the off-gas duct due to the high temperatures
employed. It is therefore clear that dust that contains
significant concentrations of volatile components is not
suitable to be recycled directly back to the SAF. The volatile
content should first be reduced (e.g. by washing with water),
before the remaining dust is charged back to the furnace.

Recovery

Recovery processes include both hydrometallurgical44,65,71–86

and pyrometallurgical methods87–109. In the hydrometal-
lurgical recovery processes leach solutions such as caustic
soda, sulphuric acid, mononitrilotriacetate anion (NTA3-) and
hexahydrated ferric chloride (FeCl3·6H2O), hydrochloride,
acetic acid as well as NH3-(NH4)2CO3 solutions are used,
depending on the variation of the chemical compositions and
crystalline phases present in the electric furnace
dust43,44,71–86. Microwave and ultrasound wave technology
can be used to improve the reaction rates in these
processes65,73. The major product of these recovery processes
is zinc metal. However, the main problem associated with
these processes is the detoxification of the leach residues84.

In the pyrometallurgical treatment processes, electric
furnace dust is refined or reduced by either a gaseous
(methane, hydrogen) or solid (coke, coal, waste carbon
products, iron powder) reductant to produce a crude Zn, Cd,
Pb, Cr and Ni bearing ferroalloy at high temperatures87–109.
Power is supplied by either plasma arc, electricity, solar or
microwave energy. The disadvantages of these pyrometal-
lurgical methods are the high energy consumptions and
investment costs, as well as the molten slag and off-gas that
are generated as secondary waste, which need to be treated
further.

Stabilization/solidification processes

Treatment methods for the stabilization of Cr(VI) have been
and are developed for wastes that are currently been
generated, but also for the remediation of polluted sites. In
stabilization/solidification processes the hazardous wastes
can either be chemically transformed into a non-toxic form or
additives can bond with the waste, whereby the mobility of
the heavy metals are reduced and value added to the
waste110,123. Typical stabilization/solidification treatment
processes include cementation and vitrification or glassifi-
cation processes110–122. Cementation is commonly used in
waste treatment as it is inexpensive, and can incorporate wet
wastes124. Vitrification, on the other hand, is an attractive
option as it is associated with large volume reductions125.

Clay, lime, Ordinary Portland Cement (OPC) and other
generated wastes (such as coal fly ash, blast furnace slag and
ferrochrome slag) have been reported to stabilize and solidify
heavy metals in the electric furnace dust and filter cake, with
different degrees of success110–120. The resultant waste
mixture is a non-toxic material, which has structural integrity
and can be land-filled, or can be used as a raw material for
other industries (e.g. fertilizer, glass and pigment industries). 

The stabilization/solidification processes are, from an
environmental and economic viewpoint, the most promising
methods to treat electric furnace dusts and filter cake. 

Cementation processes

Cements are intrinsically porous, with associated pore water.
The porosity and permeability of the stabilized/solidified
waste therefore play major roles in its performance in the
environment.

Bethlehem Steel Corporation developed the Super Detox
process, which was marketed by EnviroSource and has been
commercialized since 1989111–112. In this process, the electric
furnace dust, lime, aluminasilicates and other additives are
well mixed into a concrete-like material. The heavy metals in
the dusts are either precipitated or oxidized/reduced into
their least soluble components and thereafter immobilized in
the aluminasilicate matrix. The process therefore relies on
complex pozzolanic chemistry to change the metal
components into their least soluble form. Both wet and dry
electric furnace dusts can be treated, and the stabilized dust
can then be disposed of as a non-hazardous waste.

Another commercial solidification process successfully
treats carbon steel and alloy steel electric furnace dust as well
as waste pickling acid at Atlas Steel113–114. It uses spent
pickling acid, slag and lime to treat electric furnace dust. The
treatment process includes (a) the acidification of waste with
iron and silicon containing materials (slag) and (b) the
addition of lime to adjust the pH in order to solidify the metal
silicates. Laboratory, pilot and industrial scale tests show
that the leachable concentrations of lead, cadmium and
chromium (VI) from this precipitate are below the limits of
the Ontario drinking water standard and the US EPA. It is an
economical and safe way to treat electric furnace dust and
spent pickling acid. 

The advantages of these processes are the minimization
of transportation costs since the stabilization/solidification is
done on-site, secondary emissions to the environment are
minimal, and capital costs are low. 

Stabilization/solidification of chromium(VI), using OPC,
ground granulated blast furnace slag, ferrochrome slag and
fly ash has also been investigated, but with different degrees
of success. Giesekke et al. have studied the production of
cement blocks from ferrochrome dust and electric arc furnace
slag with different ratios of OPC49. The results showed that
approximately 95% of the Cr (VI) and 30–55% of the salts
(Na, K, SO4 and Cl) were stabilized. The addition of FeCl2 and
electric arc furnace slag to the mixture improved the
stabilization ratio of Cr (VI), although the Cr (VI) concen-
tration in the leachate was still higher than the regulation
limits of 0.05 mg/l set for drinking water in South Africa5.
Cohen and Petrie also examined the possibility of stabilizing
ferrochromium dust with OPC47,126. They found that for
effective setting of the cement-waste product, the dust need
to be washed first, whereby soluble chromium, Zn, Mg, K
and Na were removed. Improved retention was achieved
through longer curing times and increased cement contents.
Cr(III) precipitated in the alkaline pore solution as the
insoluble hydroxide or was incorporated into the hydration
products of the cement. Approximately 1% of the total
chromium remained soluble as Cr(VI) in the pore solution.
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Vitrification or glassification processes 

The Inorganic Recycling Corporation (IRC) developed a
process that can completely transform EAF dusts into
commercial products115,116. This process includes three parts,
i.e., mixing, vitrification and off-gas treatment. The electric
furnace dusts are first mixed with I/R chemicals and silicates
such as silica sand, clay and cullet. The mixture is then
melted in the vitrification furnace at 816–1371°C, poured into
a mould or quenched into particulate materials. Particulate
material in the off-gas is fed back to the mixer. The products,
which are environmentally friendly, can be used in
architectural applications or as abrasives. The waste water is
also recycled back to the mixing step, thereby creating a
zero-waste process. The cost of the process was reported to
be between $110 and $135/ton of dust in 1993116.

The glassification process that was developed by
Glassification International use pyrometallurgical wastes
such as electric furnace dust, slag, spent refractory and mill
scale, to produce a non-hazardous product117. In this process
the waste and glass-forming materials are blended and
melted at approximately 1371°C. Vaporized species are
condensed and charged back to the furnace in order to
prevent air pollution. The glassy product can be either
quenched into granules or cast into different kinds of
products such as tiles and sheets for architectural purposes.
The cost to glassify was reported in 1993 to be approximately
US$80 per ton of glass produced from 12 000 tons of
dust117. The unit cost of the process depends on the
production capacity and the type of the final product
produced. 

Stabilization/solidification using clay and other 
by-products

The stabilization of Cr (VI) in stainless steel plant dust by
clay has also been investigated51,118. Bricks were prepared by
mixing different ratios of dust to clay, followed by drying at
110°C and sintering between 1000 and 1200°C for different
time periods. Cr (VI) in the stainless steel dust was effectively
stabilized when a 5:5 ratio of clay to stainless steel dust was
used at a sintering temperature of 1200°C. The amount of Cr
(VI) that leached from the sintered brick decreased with an
increase in sintering time and sintering temperature, while it
increased with decreasing clay:dust ratio.

Peng et al. also used clay as additive to vitrify stainless
steel flue dust in order to stabilize the heavy metals31. The
softening temperature of the mixture decreased to 1200°C
when a 1:1 mass ratio of clay to dust was used. TCLP tests
on the vitrification product indicated that the concentration of
heavy metals in the leachate is lower than the US EPA limits.
TG/DTA and FT-IR analysis showed that the vitrification
product is very stable, with only a 0.3% weight loss when
heated to 1000°C. 

Gericke reported that heavy metals in ferrochrome dust
can be immobilized through mixing 20% of ferrochrome dust
with 80% of clay or 50% clay with 30% ferrochrome dust and
20% ferrochrome slag48. TCLP tests indicated that Cr (VI)
concentrations in the leachate are less than 0.03 ppm.

Maine et al. also used 50% of clay and 50% ferrochrome
baghouse filter dust, and sintered it at 1200°C to stabilize the

Cr (VI) and salts in the ferrochrome dusts5. The results
showed that more than 99% of Cr (VI) and 90% of salt in the
ferrochrome dusts were stabilized. The Cr (VI) concentration
in the leachate was also decreased with an increase in sinter
temperature.

Long-term stability of the stabilized Cr (VI)

A prescribed test method for the evaluation of the leacha-
bility of Cr(VI) from stabilized waste does not exist. Three
main types of leaching tests are used to evaluate
stabilized/solidified wastes namely batch or agitated
extraction tests, diffusion or flow-around tests and column
leach or flow-through tests127. Of all the available leaching
tests, the TCLP (toxicity characteristic leaching procedure)
test, which is a batch test, is the most commonly used to test
stabilization/solidification products. The TCLP test has,
however, come under criticism as it is considered to create a
‘worst case scenario’ for leaching, where the test material is
subjected to consistent acid attack126. Other criticisms include
that the acetic acid used contributes to breakdown of the test
sample126 and that certain cement-based stabilization
products have high acid neutralizing capacity to neutralize
the acidity of the leachant128,129. Neutralization of the acidity
of the leachant implies that the leaching of heavy metals will
be low, and the assessment of the leaching potential of the
waste unrealistic. The TCLP test also does not address the
leachability of toxic elements over time, nor their leaching
kinetics. 

Other batch tests that have been used to evaluate
stabilized ferrochrome dust, stainless steel dust and pickling
filter cake include the German DIN 38414 (1984)
procedure49, the acid rain test49, the ASTM D 3987-85
test28,51, static distilled water and nitric acid tests28,51, EE
(equilibrium extraction) test126, the SCE (sequential chemical
extraction) test126, pore polution expressions126 and a semi-
dynamic leach test in which the leachant is replaced period-
ically after intervals of static leaching51 (Table V). It was
reported that errors associated with the SCE and pore
solution expressions are too high to draw any quantitative
conclusions about the stabilization of cement-stabilized
ferrochrome dust126.

The main criticism of batch tests is their inability to
predict the behaviour of the stabilized waste under field
conditions in the long term127,130. Variables such as pH,
redox potential, buffering capacity, complexation capacity,
ionic strength, dielectric constant, reaction kinetics, particle
size, temperature and surface area influence leachate
generation131. According to Van der Sloot, leaching trends
are established through laboratory tests, but factors such as
life-time, temperature, pH, redox potential, geometry, water
to solid contact frequency and surface reactions need to be
taken into account when translating laboratory test data to
field conditions130. Site-specific conditions should therefore
be taken into account when selecting the appropriate 
leaching test.

Conclusions

Very little has been published on Cr(VI) in stainless steel and
ferrochrome dust, as well as the filter cake that forms during
the treatment of waste pickling acid. What is known
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however, is that these waste materials contain high levels of
Cr(VI), which are both toxic and carcinogenic. Since
unacceptable high levels of Cr(VI) can leach from these
wastes into the groundwater, they first need to be treated
before being stockpiled or land filled.

The electric furnace dusts and filter cake are very fine
particles that contain valuable elements such as Fe, Cr and
Ni. The stainless steel dust is formed by the vaporization of
elements or compounds at the high temperature zones, by
the direct capturing of charge fines by the off-gas and by
ejection of slag and metal through the bursting of gas
bubbles. Vaporization, ejection of slag and metal droplets via
the electrode holes, direct capturing of charge materials and
reaction products in the off-gas duct are the dust forming
mechanisms in ferrochrome production. Filter cake is formed
through the precipitation of metal hydroxides and super-
saturated salts, and also contains remnants of stainless steel
scale.

These wastes can either be minimized at source by
optimizing the operational parameters or be detoxified by the
proper treatment methods. Solidification/stabilization
processes are effective ways to treat these pyrometallurgical
wastes. The electric furnace dusts can be cemented, glassified
and sintered into value-added products with other pyrometal-
lurgical wastes. The advantages of the solidification/
stabilization process include low investment costs,
operational simplicity and the minimization of secondary
waste residues.

Acknowledgements

The Technology and Human Resourses for Industry
Programme (THRIP) is gratefully acknowledged for financial
support.

References

1. KIMBROUGH, D.E., COHEN, Y.,  WINER, A.M., CREELMAN, L., and MABUNI, C. A

critical Assessment of Chromium in the Environment. Critical Reviews in
Environmental Science and Technology, vol. 29, no.1, 1999. pp. 1–46.

2. DE FLORA, S. Threshold mechanisms and site specificity in chromium(VI)

carcinogenesis. Carcinogenesis, vol. 21, no. 4, 2000, pp. 533–541.

3. DEPARTMENT OF WATER AFFAIRS AND FORESTRY (DWAF) (2nd edition).

Minimum requirements for the handling, classification and disposal of
hazardous waste, South Africa. 1998. 

4. ICDA. Health safety and environment guidelines for chromium, Paris,

France, 2001. pp. 23-27.

5. MAINE, C.F., SMIT, J.P., and GIESEKKE, E.W. Report to the Water Research

Commission on the project ‘Solid stabilization of soluble waste in the

ferro-alloy industry’, 2000.

6. FINLEY, B.L., KERGER, B.D., KATONA, M.W., GARGAS, M.L., CORBETT, G.C., and

PAUSTENBACH, D.J. Human ingestion of chromium (VI) in drinking water:

Pharmacokinetics following repeated exposure. Toxicology and Applied
Pharmacology, vol. 142, 1997. pp. 151–159.

7. HUBER, J.C., ROCABOIS, P., FARAL, M., BIRAT, J.P., PATISSON, F., and ABLITZER,

D. The formation of EAF dust. Electric Furnace Conference Proceedings,

ISS, Orlando, 2000. pp. 171–181.

▲

760 NOVEMBER  2006       VOLUME 106       REFEREED PAPER The Journal of The Southern African Institute of Mining and Metallurgy

Table V

Summary of the leaching tests that have been used to evaluate stabilized stainless steel dust, ferrochrome dust
and pickling filter cake 

Name of test Leachant Liquid: solid ratio Method of mixing Duration Other

TCLP28,51,126 Buffered acetic acid (solution 1: 1:20 Rotated head-over- 20 hours
pH=4.93; solution 2: pH=2.88) heels at 30rpm

DIN 3841449 De-ionized water. 1:10 Shaken 24 and 48 hours
Acid rain test49 Water, carbonated to a pH=3.95 1:20 Rotated head-over- 24 hours

heels at 30 rpm
ASTM D 3987-8528,51 Distilled water 1:20 Agitated 18 hours at 23°C
Static distilled water/ Distilled water / nitric acid, 1:20 Static 2 hours at 25±1°C
nitric acid tests28,51

EE126 Distilled water 1:4 Agitated 7 days Sample crushed 
to -149 µm

SCE126 Five consecutive extraction steps: Agitated

(a)  0.25M CsCl2 + 0.75M
LiCl in 60% CH3OH

(b) 1M CH3COONa adjusted to 
pH5 with CH3COOH
(c) 1M NH2OH.HCl in 

25% CH3COOH
(d) 0.02M HNO3 in 30% H2O2; 1.2M 

CH3COONH4 in 20% HNO3

(e) acid digest
Pore solution 100g crushed sample is placed in a 
extraction126 confined chamber and pressure 

exerted until liquid is extruded from
the stabilized product

Semi-dynamic Distilled water Ratio of surface Static Distilled water, replaced 
leach test51,132 area of cylindrical at designated

specimen to volume intervals according
of leachate to tn = n2t1 (n = leaching

period, t1=end of the first 
leaching period, 

1:10 cm-1 tn=end of the nth 
leaching period)



8. DELHAES, C., HAUCK, A., and NEUSCHUTZ, D. Mechanisms of dust generation
in a stainless steelmaking converter. Steel Research, vol. 64, no. 1, 1993.
pp. 22–27.

9. OHNO, T., ONO, S., and OKAJIMA, M. Experimental results on dust formation
by small melting furnace. Transactions ISIJ, vol. 26, 1986. pp. B-312.

10. NEDAR, L. Dust formation in a BOF converter. Steel Research, vol. 67, 
no. 8. 1996. pp. 320–327.

11. SCHMITT, R.J., KUSIK, C.L., O’NEIL, R., COWX, P.M., and SCHADE, C.T.
Minimizing electric arc furnace dust generation. Electric Furnace
Conference proceedings, ISS, Chicago, 1997. pp. 567–580.

12. LI, C.L. and TSAI, M.S. Mechanism of spinel ferrite dust formation in
electric arc furnace steelmaking. ISIJ International, vol. 33, no. 2, 1993. 
pp. 284–290.

13. HUBER, J.C., PATISSON, F., ROCABOIS, P., BIRAT, J.P., and ABLITZER, D. Some
means to reduce emissions and improve the recovery of electric arc
furnace dust by controlling the formation mechanisms. Proceedings of the
“REWAS”99 Global Symposium on Recycling, Waste Treatment and Clean
Technology, San Sebastian, Spain, 1999. pp. 1483–1492.

14. BADGER, S.R. and KNELLER W.A. The characterization and formation of
electric arc furnace (EAF) dusts. Electric Furnace Conference Proceedings,
ISS, Chicago, 1997. pp. 95–98.

15. STUBBLES, J.R. The formation and suppression of EAF dust. Electric
Furnace Conference Proceedings, ISS, Nashville, 1994. pp. 179–185.

16. MULLER, K.T., HOLAPPA, L., and NEUSCHUTZ, D. Control of ejections caused
by bubble bursting in steelmaking processes. Steel Research, vol. 74, 
no. 2, 2003. pp. 61–69.

17. NEDAR, L., LINDBLOM, B., and BJORKMAN, B. Mechanisms of dust formation
in LD-converter. Steelmaking. Conf. Proc., ISS, Warrendale, 1996. 
pp. 755–762.

18. TSUJINO, R., HIRAI, M., OHNO, T., ISHIWATA, N., and INOSHITA, T. Mechanisms
of dust generation in a converter with minimum slag. ISIJ International,
vol. 29, no. 4, 1989. pp. 291–299.

19. CHIGWEDU, C., KEMPKEN, J., PLOCH, A., and PLUSCHKELL, W. Numerical
simulation model for exhaust gas transportation of dust in the BOF. Steel
Research, vol. 66, no. 8, 1995. pp. 341–348.

20. GRITZEN, A. and NEUSCHUTZ, D. Rates and mechanisms of dust generation
in oxygen steelmaking. Steel Research, vol. 72, no. 9, 2001. pp. 324–330.

21. SUMI, I., KAWABATA, R., KIKUCHI, Y., KOHIRA, S. and ISAWA, T. Technique of
controlling dust generation during oxygen top blowing in BOF. Steel
Research, vol. 74, no.1, 2003. pp. 14-18.

22. MA, G. and GARBERS-CRAIG, A.M. Cr (VI)-containing electric furnace dusts
and filter cake from a stainless steel waste treatment plant, Part I: charac-
teristics and microstructure. Ironmaking and Steelmaking, vol. 33, no. 3,
2006. pp.229-237.

23. PETERSEN, J. Assessment and modelling of chromium release in minerals
processing waste deposits. PhD thesis, University of Cape Town. 1998.

24. NOLASCO-SOBRINHO, P.J., ESPINOSA, D.C.R., and TENORIO, J.A.S.
Characterisation of dusts and sludges generated during stainless steel
production in Brazilian industries. Ironmaking and Steelmaking, vol. 30,
no. 1, 2003. pp. 11–17.

25. MCDONNELL, C.E., TRIGER, D.R. and ARGENT, B.B. Characteristics of
steelworks dusts. Ironmaking and Steelmaking, vol. 16, no. 6, 1989. 
pp. 435–445.

26. EKSTEEN, J.J., FRANK, S.J., and REUTER, M.A. Dynamic structures in variance
based data reconciliation adjustments for a chromite smelting furnace.
Minerals Engineering, vol. 15, 2002. pp. 931-943.

27. VINALS, J., BALART, M.J., and ROCA, A. Inertization of pyrite cinders and co-
inertization with electric arc furnace flue dusts by pyroconsolidation at
solid state. Waste Management, vol. 22, no. 7, 2002. pp. 773–782.

28. MA, G. and GARBERS-CRAIG, A.M. Cr (VI)-Containing Electric Furnace Dusts
and Filter Cake from a Stainless Steel Waste Treatment Plant, Part II:
Formation Mechanisms and Leachability. Ironmaking and Steelmaking,
vol. 33, no. 3, 2006. pp. 238–244.

29. PELINO, M., KARAMANOV, A., PISCIELLA, P. CRISUCCI, S., and ZONETTI, D.

Vitrification of electric arc furnace dusts. Waste Management, vol. 22,

2002. pp. 945–949.

30. CHENG, T.W. Combined glassification of EAF dust and incinerator fly ash.

Chemosphere, vol. 50, 2003. pp. 47–51.

31. PENG, B., ZHANG, C., and PENG, J. Treatment of steelmaking dust in electric

arc furnace by vitrification. J. Cent. South Univ. Technol., vol. 31, no. 2,

2000. pp. 124–126.

32. PENG, B., LOBEL, J., KOZINSKI, J.A., and BOURASSA, M. Non-isothermal

reduction kinetics of EAF dust-based pellets. CIM Bulletin, vol. 94, no. 4,

2001. pp. 64–70.

33. LOBEL, J., PENG, B., KOZINSKI, J.A., and BOURASSA, M. Pilot-scale direct

recycling of flue dust generated in electric stainless steelmaking. Iron and

Steelmaker, no. 1, 2000. pp. 41–45.

34. GELDENHUIS, J.M.A. Recovery of valuables from flue dust fines. Minerals

Engineering, vol. 15, 2002. pp. 95–98.

35. MATWAY, R.J., DEFERRARI, N.L. and DESZO, R.L. On-site recycling of flue

dust and other waste streams by briquetting. Electric furnace conference

proceedings, ISS, Orlando, 1989. pp. 661–668. 

36. MCCREA, J. and PICKLES, C.A. Agglomeration and recycling of electric arc

furnace dust. Electric furnace conference proceedings, ISS, Orlando, 1995.

pp. 159–170.

37. LI, C.L. and TSAI, M. A crystal phase study of zinc hydroxide chloride in

electric-arc-furnace dust. Journal of Materials Science, vol. 28, 1993. 

pp. 4562–4570.

38. KARAMANOV, A., PISCIELLA, P., CANTALINI, C., and PELINO, M. Influence of

Fe3+/Fe2+ ratio on the crystallization of iron-rich glasses made with

industrial wastes. J. Am. Ceram. Soc., vol. 83, no. 12, 2000. 

pp. 3153–3157.

39. COWX, P.M. and RODDIS, B. The recovery of alloy elements from EAF/AOD

fume in the Tetronics plasma system. Steelmaking Conference

Proceedings, Washington DC, April 6–9, 1986. pp. 443–450.

40. SCHOUKENS, A.F.S., SHAW, F., and CHEMALY, E.C. The Enviroplas process for

the treatment of steel-plant dusts. J. S. Afr. Inst. Min. Metall., vol. 93, 

no. 1, 1993. pp. 1–7.

41. STEGEMANN, J. A., ROY, A. CALDWELL, R.J., SCHILLING, P.J. and TITTSWORTH, R.

Understanding environmental leachability of electric arc furnace dust.

Journal of Environmental Engineering, no. 2, 2000. pp. 112–120.

42. GOFF, T.J. and DENTO, G.M. Direct smelting of stainless steel plant dust.

Tenth International Ferroalloys Congress, SAIMM, Cape Town, South

Africa, 2004. pp. 687–692.

43. STROBOS, J.C. and FRIEND, J.F.C. Zinc recovery from bughouse dust

generated at ferrochrome foundries. Hydrometallurgy, vol. 74, 2004. 

pp. 165–171.

44. COX, X.B. and LINTON, R.W. Determination of chromium speciation in

environmental particles. Multitechnique study of ferrochrome smelter

dust. Environ. Sci. Technol., vol. 19, 1985. pp. 345–352.

45. KORNELIUS, G. Dust from air pollution control operations in the ferro-alloy

industry: Problems and opportunities. SA Journal of Chemical

Engineering, vol. 7, no. 1, 1995. pp. 28–38.

46. Private Communication with plant personnel.

47. COHEN, B. and PETRIE, J.G. Containment of chromium and zinc in

ferrochromium flue dusts by cement-based solidification. Canadian

Metallurgical Quarterly, vol. 36, no.4, 1997. pp. 251–260.

48. GERICKE, W.A. Environmental solutions to waste products from

ferrochrome production. The proceedings of INFACON 8, Beijing, China,

1998. pp. 51–58.

49. GIESEKKE, E.W., SMIT, J.P., VILJOEN, E.A., KRUGER, A.W., KRUGER, S.J., and

MAINE, C.F. Evaluation of solid-stabilized products made from Cr (VI)-

containing ferrochrome bag-filter dust. Waste materials in construction

conference, Harrogate, England, United Kingdom, 31 May to 2 June, 2000.

A review of the characteristics, formation mechanisms and treatment processes of Cr

The Journal of The Southern African Institute of Mining and Metallurgy VOLUME 106       REFEREED PAPER NOVEMBER   2006

T
r
a
n
s
a
c
t
i
o
n

P
a
p
e
r

761 ▲



A review of the characteristics, formation mechanisms and treatment processes of Cr

50. PUMURE, I., SITHOLE, S.D., and KAHWAI, S.G.T. Characterisation of particulate

matter emissions from the Zimbabwe Mining and Smelting Company

(ZIMASCO) Kwekwe Division (Zimbabwe): A ferrochrome smelter.

Environmental Monitoring and Assessment, vol. 87, 2003. 

pp. 111–121.

51. MA, G. Cr(VI)-containing electric furnace dust and filter cake:

Characteristics, formation, leachability and stabilization. PhD thesis,

University of Pretoria, 2005. pp.117–118.

52. LINDBLOM, B. and MA, P. Characterisation and reduction studies of the

waste pickling sludge of stainless steel. REWAS’99 Global symposium on

recycling, waste treatment and clean technology, Sebastian, Spain, 5–9

September, 1999. pp. 1493–1501.

53. MA, P, LINDBLOM, B., and BJÖRKMAN. Experimental studies on solid-state

reduction of pickling sludge generated in the stainless steel production.

Scandinavian Journal of Metallurgy, vol. 34, 2005, pp. 31–40.

54. REISENHOFER, K. and LOSCH, H. Erfahrungen bei der behandlung von

chromhaltigen spulwassern und altsauren im durchlaufverfahren. Stahl

und Eisen, vol. 111, no. 3, 1991. pp. 67–70.

55. ITO, M., YOSHIOKA, M., SEINO, Y., SUZUKI, M., SAKUTA, M., MAKI, Y., and

KAWABATA, Y. Development of recycling system for sludge from the

stainless steel nitric-hydrofluoric acid pickling process. ISIJ International,

vol. 37, no. 4, 1997. pp. 391–398.

56. PECKNER, D. and BERNSTEIN, I.M. (eds.): Handbook of stainless steel,

McGraw-Hill, USA, pp. 35–1–35–16.

57. BEUKES, P. Cr6+ and the pyrometallurgical industry. Pyrometallurgy:

Current issues and future trends, Mintek, Randburg, South Africa. 2001.

58. APTE, A.D., VERMA, S., TARE, V., and BOSE, P. Oxidation of Cr(III) in

tannery sludge to Cr(VI): Field observations and theoretical assessment.

Journal of Hazardous Materials, vol. 1 21, no. 1–3, 2005. pp. 215–222.

59. PILLAY, K., VON BLOTTNITZ, H., and PETERSEN, J. Oxidative ageing of

chromium(III)-bearing slag. Chemosphere, vol. 52, 2003. pp.1771–1779.

60. BRAUN, E. How to improve pickling of stainless steel strip. Iron Steel Eng.,

April 1980. pp. 79–81.

61. BROWN, C.J. Productivity improvements through recovery of pickling

liquors with the APU processes. Iron and Steel Engineer, no. 1, 1990. 

pp. 55–60.

62. JAMES, B.R., PETURA, J.C., VITALE, R.J., and MUSSOLINE, G.R. Hexavalent

chromium extraction from soils: A comparison of five methods, Environ.

Sci. Technol., vol. 29, 1995, pp. 2377–2381.

63. VITALE, R.J., MUSSOLINE, G.R., RINEHIMER, K.A., PETURA, J.C., and JAMES, B.R.

Extraction of sparingly soluble chromate from soils: Evaluation of

methods and Eh-pH effects, Environ. Sci. Technol., vol. 31, 1997, 

pp. 390–394.

64. PETTINE, M. and CAPRI, S. Digestion treatments and risks of Cr(III)-Cr(VI)

interconversions during Cr (VI) determination in soils and sediments—a

review, Analytica Chimica Acta, vol. 540, 2005, pp. 231–238.

65. BARRERA-GODINEZ, J.A., O’KEEFE, T. J., and WATSON, J.L. Effect of ultrasound

on acidified brine leaching of double-kiln treated EAF dust. Minerals

Engineering, vol. 5, no. 10-12, 1992. pp. 1365–1373.

66. WU, K., YANG, T., and GUDENAU, H.W. Treatment of recycling fine dust

formed in ironmaking and steelmaking processes with injecting method.

Iron and Steel, Vol. 34, no. 12, 1999. pp. 60–66.

67. JENSEN, J.T. and WOLF, K. Reduction of EAF dust emissions by injecting it

into the furnace. MPT International, no. 3, 1997. pp. 58–62.

68. EVANS, L.G. and HOGAN, J.C. Recycling of EAF dust by direct injection.

Electric Furnace conference Proceedings, ISS, Dallas, 1985. pp. 367–372.

69. GUDENAU, H.W., STOESSER, K., DENECKE, H. and SCHEMANN, V. Environmental

aspects and recycling of filter dusts by direct injection or use of agglom-

erates in shaft furnaces. ISIJ International, vol. 40, no.3, 2000. 

pp. 218–223.

70. WANG, M. and CHENG, W. EAF dust recycling into the furnace for slag

foaming. Journal of University of Science and Technology Beijing, vol. 23,

no. 1, 2001. pp. 15–17.

71. ZHAO, Y. and STANFORTH, R. Extraction of zinc from zinc ferrites by fusion

with caustic soda. Minerals Engineering, vol. 13, no. 13, 2000. 

pp. 1417–1421.

72. XIA, D. K. and PICKLES, C. A. Caustic roasting and leaching of electric arc

furnace dust. Canadian Metallurgical Quarterly, no. 3, 1999. pp. 175–186.

73. XIA, D.K. and PICKLES, C.A. Microwave caustic leaching of electric arc

furnace dust. Minerals Engineering, no. 1, 2000. pp. 79–94.

74. FRENAY, J., FERLAY, S., and HISSEL, J. Zinc and lead recovery from EAF dusts

by caustic soda process. Electric furnace conference proceedings, ISS,

Dallas, 1986. pp. 417–421.

75. JARUPISITTHORN, C., PIMTONG, T., and LOTHONGKUM, G. Investigation of

kinetics of zinc leaching from electric arc furnace dust by sodium

hydroxide. Materials Chemistry and Physics, vol. 77, 2002. pp. 531–535.

76. ZHAO, Y. and STANFORTH, R. Integrated hydrometallurgical process for

production of zinc from electric arc furnace dust in alkaline medium.

Journal of Hazardous Materials, vol. 80B, 2000. pp. 223–240.

77. LECLERC, N., MEUX, E., and LECUIRE, J.M. Hydrometallurgical recovery of

zinc and lead from electric arc furnace dust using mononitrilotriacetate

anion and hexahydrated ferric chloride. Journal of Hazardous Materials,

vol. 91B, 2002. pp. 257–270.

78. CORSINI, T. Treatment of EAF dust by a leachant process. Steel Times,

no.10. 1994. p. 400.

79. BAIK, D.S. and FRAY, D.J. Recovery of zinc from electric-arc furnace dust by

leaching with aqueous hydrochloric acid, plating of zinc and regeneration

of electrolyte. Trans. Instn. Min. Metall., vol. 109, no. 9–12, 2000. 

pp. C121–127.

80. ANTREKOWITSCH, J. and ANTREKOWITSCH, H. Hydrometallurgically recovering

zinc from electric arc furnace dusts. JOM, no.12, 2001. pp. 26–28.

81. HILBER, T., MARR, R., SIEBENHOFER, M., and ZAPFEL, W. Solid/liquid

extraction of zinc from EAF-dust. Separation Science and Technology, vol.

36, no. 5–6, 2001. pp. 1323–1333.

82. LECLERC, N., MEUX, E., and LECUIRE, J.M. Hydrometallurgical extraction of

zinc from zinc ferrites. Hydrometallurgy, vol. 70, 2003. pp. 175–183.

83. CRUELLS, M., ROCA, A., and NUNEZ, C. Electric Arc Furnace flue dusts:

characterization and leaching with sulphuric acid. Hydrometallurgy, 

vol. 31. 1992. pp. 213–231.

84. DREISINGER, D.B., PETERS, E., and MORGAN, G. The hydrometallurgical

treatment of carbon steel electric arc furnace dusts by the UBC-Chaparral

process. Hydrometallurgy, vol. 25, 1990. pp. 137–152.

85. GHORESHY, M. and PICKLES, C.A. Microwave processing of electric arc

furnace dust. Electric furnace conference proceedings, ISS, Nashville,

1994. pp. 187–196.

86. PALENCIA, I., ROMERO, R., IGLESIAS, N., and CARRANZA, F. Recycling EAF dust

leaching residue to the furnace: a simulation study. JOM, no. 8, 1999. 

pp. 28–32.

87. UNGER, T.W. Waelz kiln recovery process for electric arc furnace dust.

Electr. Furn. Conf. Proc., ISS, Dallas, 1986. pp. 413–415.

88. THOMAS, S.S. and CLIFTON, E.D. Economic evaluation of the HTR process for

treatment EAF dust. Electr. Furn. Conf. Proc., ISS, Chicago, 1987. 

pp.413–419.

89. MACZEK, H. and KOLA, R. Recovery of zinc and lead from electric-furnace

steelmaking dust at Berzelius. JOM, January 1980. pp. 53–58.

90. PARGETER, J.K. and LEHMKUEHLER, H.J. Recycling of waste and flue dust

from the steel industry into hot metal using the INMETCO process.

Steelmaking Conference Proceedings, 1986. pp. 403–408.

91. CHAPMAN, C.D. AND COWX, P.M. Treatment of EAF dust by the Tetronics

plasma process. Steel Times, no. 6, 1991. pp. 301–304.

▲

762 NOVEMBER  2006       VOLUME 106       REFEREED PAPER The Journal of The Southern African Institute of Mining and Metallurgy



92. SCHOUKENS, A.F.S., ABDELATIF, M.A., FREEMAN, M.J., and BARCZA, N.A. The

Environplas process for the recovery of Zinc, Chromium and Nickel from

steel-plant dust. Electric Furnace Conference Proceedings, Dallas, ISS,

1996. pp. 341–351.

93. ERIKSSON. S., HERLITZ, H.G., and SANTEN, S.O. Operation experience with the

plasmadust process. Electric Furnace conference Proceedings, ISS, Dallas,

1986. pp. 425–429.

94. GUORGI, G.A., LIGHTFOOT, B.W., and SHORT, W.E. Processing EAF dust with

Ausmelt technology. Steel Times, no. 12, 1993. pp. 520–521.

95. PUSATERI, J.F., CHEW, R., and STANZE, A.E. On-site treatment of EAF dust

via the ST. Joe flame reactor. Electr. Furn. Conf. Proc., ISS, Dallas, 1986. 

pp. 397–401.

96. HANEWALD, R.H. and DOMBROWSKI, D.E. Recovery of metals from steel

wastes and production of DRI by the INMETCO process. Iron and Steel

Engineer, no. 3, 1985. pp. 62–67.

97. HARA, Y., ISHIWATA, N., ITAYA, H., and MATSUMOTO, T. Smelting reduction

process with a coke packed bed for steelmaking dust recycling. ISIJ

International, vol. 40, no.3, 2000. pp. 231–237.

98. YAMADA, S., ITAYA, H., and HARA, Y. Simultaneous recovery of zinc and

iron from electric arc furnace dust with a coke-packed bed smelting-

reduction process. Iron and Steel Engineer, no. 8, 1998. pp. 64–67.

99. MANTOVANI, M.C., TAKANO, C., and BUCHLER, P.M. Electric arc furnace dust-

coal composite pellet: effects of pellet size, dust composition, and

additives on swelling and zinc removal. Ironmaking and Steelmaking, vol.

29, no.4, 2002. pp. 257–265.

100. WANG, J.C., HEPWORTH, M.T., and REID, K.J. Recovering Zn, Pb, Cd and Fe

from electric furnace dust. JOM, no. 4, 1990. pp. 42–45.

101. LEE, J.J., LIN, C.I., and CHEN, H.K. Carbothermal reduction of zinc ferrite.

Metallurgical and Materials Transactions B, vol. 32, no. 12, 2001. 

pp. 1033–1040.

102. LOPEZ, F.A., MEDINA, F., MEDINA, J. and PALACIOS, M.A. process for recovery

of non-ferrous metals from steel mill dusts involving pelletising and

carbothermic reduction. Ironmaking and Steelmaking, vol. 18, no. 4,

1991. pp. 292–295.

103. MANTOVANI, M.C. and TAKANO, C. The strength and the high temperature

behaviour of self-reducing pellets containing EAF dust. ISIJ International,

vol. 40, no. 3, 2000. pp. 224–230.

104. DONALD, J.R. and PICKLES, C.A. Reduction of electric arc furnace dust with

solid iron powder. Canadian Metallurgical Quarterly, vol. 35, no. 3, 1996.

pp. 255–267.

105. GUDENAU, H.W., LUKAT, B., and STOESSER, K. Recycling of agglomerated

dusts of the iron and steel industry with embedded carbon. Steel

Research, vol. 69, nos. 10 and 11, 1998. pp. 391–397.

106. WU, L. and THEMELIS, N.J. The flash reduction of electric arc furnace dusts.

JOM, no. 1, 1992. pp. 35–39.

107. MATSUOKA, T., HUROZU, S., and KOYABU, Y. New technology for treating

electric arc furnace dust. Iron and Steel Engineer, no. 2, 1991. pp. 37–40.

108. NISHIOKA, K., MAEDA, T., and SHIMIZU, M. Dezincing behaviour from iron

and steelmaking dusts by microwave heating. ISIJ Int., vol. 42,

Supplement, 2002. pp. S19–S22.

109. SCHAFFNER, B., HOFFELNER, W., SUN, H., and STEINFELD, A. Recycling of

hazardous solid waste material using high-temperature solar process

heat. 1. Thermodynamic analysis. Environ. Sci. Technol., vol. 34, 2000.

pp. 4177–4184.

110. FREEMAN, H.M.(ed.), Standard handbook of hazardous waste treatment

and disposal (2nd edn.). McGraw-Hill, New York, USA. 1997.

111. ZUNKEL, A.D. Electric arc furnace dust management: A review of

technologies. Iron and Steel Engineer, no. 3, 1997. pp. 33–38.

112. ZUNKEL, A.D. AND SCHMITT, R.J. Review of electric arc furnace dust

treatment processes and environmental regulations. Electric Furnace

Conference Proceedings, Orlando, ISS, 1995. pp. 147–158.

113. STONE, J.N. Treatment of electric furnace dust in combination with other

wastes. Electric Furnace Conference Proceedings, ISS, Dallas, 1986. 

pp. 409–412.

114. STONE, J.N. and MARASCO, G.F. Integrated treatment of wastes at Atlas

Steels. Iron Steel Eng., April 1986. pp. 43–47.

115. JONES, R.D., O’DONNELL, F.J., and BUDDEMEYER, J. Transformation of EAF

dust into commercial products. Electric Furnace Conference Proceedings,

1997. ISS, Chicago, pp. 583–588.

116. GRESS, L. Recycling vitrification process for electric arc furnace dust. Iron

and Steel Engineer, no. 8, 1993. pp. 38–40.

117. EK, R.B. and SCHLOBOHM, J.E. Glassification of electric arc furnace dust.

Iron and Steel Engineer, no.4, 1993. pp. 82–84.

118. GELDENHUIS, J.M.A. and HORNE, A.W. Recovery of valuables and stabili-

sation of chromium (VI) in stainless steel flue dust fines. Steelmaking

Conference Proceedings, Nashville, USA, ISS, 2002. pp. 661–668.

119. SKVARA, F., KASTANEK, F., PAVELKOVA, I., SCOLCOVA, O., MALETEROVA, Y., and

SCHNEIDER, P. Solidification of waste steel foundry dust with Portland

cement. Journal of Hazardous Materials, vol. 89 B, 2002. pp. 67–81.

120. PEREIRA, C.F., RODRIGUEZ-PINERO, M., and VALE, J. Solidification/stabilisation

of electric arc furnace dust using coal fly ash: Analysis of the stabilisation

process. Journal of Hazardous Materials, vol. 82 B, 2001. pp. 183–195.

121. IONESCU, D., MEADOWCROFT, T.R., and BARR, P.V. Glassification of EAF dust:

The limits for Fe2O3 and ZnO content and an assessment of leach

performance. Canadian Metallurgical quarterly, vol. 36, no. 4, 1997. 

pp. 269–281.

122. LOPEZ, F.A., SAINZ, E., LOPEZ-DELGADO, A., PASCUAL, L. and FERNANDEZ

NAVARRO, J.M. The use of blast furnace slag and derived materials in the

vitrification of electric arc furnace dust. Metallurgical and Materials

Transaction B, vol. 27, no.6, 1996. pp. 379–384.

123. LEE, W.E., OJOVAN, M.I., STENNETT, M.C., and HYATT, N.C. Immobilisation of

radioactive waste in glasses, glass composite materials and ceramics.

Advances in Applied Ceramics, vol. 105, no. 1, pp. 3–12.

124. GLASSER, F.P. Fundamental aspects of cement solidification and stabili-

sation. Journal of Hazardous Materials, vol. 52, 1997, pp. 151–170.

125. MARRA, J.C. and JANTZEN, C.M. Glass—An environmental protector. Am.

Ceram. Soc. Bulletin, vol. 83, no. 11, 2004, pp. 12–17.

126. COHEN, B and PETRIE, J.G. The application of batch extraction tests for the

charaterisation of solidified ferro alloy waste products. Journal of

Environmental Management, vol. 76, no. 3, 2005. pp. 221–229.

127. Review of scientific literature on the use of stabilisation/solidification for

the treatment of contaminated soil, solid waste and sludges. Science

Report SC980003/SR2. Environment Agency, Bristol. 2004. pp. 212–213,

217.

128. POON, C.S. and LIO, K.W. The limitation of the toxicity characteristic

leaching procedure for evaluating cement-based stabilised/solidified waste

forms. Waste Management, vol. 17, no. 1, 1997. pp.15–23.

129. HALIM, C.E., AMAL, R., BEYDOUN, D., SCOTT, J.A., and LOW, G. Evaluating the

applicability of the modified toxicity characteristic leaching procedure

(TCLP) for the classification of cementitious wastes containing lead and

cadmium. Journal of Hazardous Materials, vol. 103, nos. 1–2, 2003.

pp.125–140.

130. VAN DER SLOOT, H.A. Quick techniques for evaluating the leaching

properties of waste materials: their relation to decisions on utilization and

disposal. Trends in Analytical Chemistry, vol. 17, no. 5, 1998. 

pp. 298–310.

131. VAN DER SLOOT, H.A. Developments in evaluating environmental impact

from utilization of bulk inert wastes using laboratory leaching tests and

field verification. Waste Management, vol. 16, nos. 1–3, 1996, pp. 65–81.

132. COTE, P.L. and CONSTABLE, T.W. An evaluation of cement-based waste

forms using the results of approximately two years of dynamic leaching.

Nuclear and Chemical Waste Management, vol. 7, 1987, pp. 129–139. ◆

A review of the characteristics, formation mechanisms and treatment processes of Cr

The Journal of The Southern African Institute of Mining and Metallurgy VOLUME 106       REFEREED PAPER NOVEMBER   2006

T
r
a
n
s
a
c
t
i
o
n

P
a
p
e
r

763 ▲


