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Tiivistelmä

Työn tavoitteena oli verrata eri menetelmiä terästeollisuuden jätevirtojen sinkkiferriitin hajottamiseen SSAB
Raahen masuunin ja konvertterin savukaasupesureiden lietteille sekä Outokumpu Oyj Tornio Worksin
EAF1, EAF3, AOD ja CRK letkusuodatin pölyille. Lietteet ja pölyt sisältävät merkittäviä määriä sinkkiä
sinkkioksidin ja sinkkiferriitin muodossa. Sinkkiferriitti on erittäin stabiili yhdiste, mikä tekee sinkin ja
raudan erottamisen toisistaan vaikeaksi. Sinkki voidaan kerätä talteen ja kierrättää. Rautaa runsaasti
sisältävä materiaali voitaisiin mahdollisesti kierrättää takaisin prosessiin, jos sinkki poistettaisiin lietteiden
ja pölyjen seasta.
Uutena menetelmänä sinkkiferriitin hajotukseen testattiin pulsed corona discharge – menetelmää, jossa
vahvasti hapettavat hydroksyyliradikaalit ja otsoni hajottavat vedessä olevia epäpuhtauksia. Pulsed corona
discharge – laitteisto ei sopinut kiintoaineita sisältävien jätevesien käsittelyyn, joten menetelmän
toimivuudesta ei saatu tuloksia. Toisena menetelmänä testattiin kemiallista liuotusta rikkihapolla ja
natriumhydroksidilla. Masuunilietteelle paras saanto saatiin 5 mol/L NaOH-liuotuksella lämpötilassa 70 °C
120 minuutin kontaktiajalla. Konvertterilietteelle paras saanto saatiin 2 mol/L H2SO4-liuotuksella
lämpötilassa 50 °C 360 minuutin kontaktiajalla. Outokummun pölyille parhaat olosuhteet olivat 5 mol/L
NaOH-liuotuksella lämpötilassa 70 °C 180 - 300 minuutin kontaktiajalla. Lisätutkimuksia optimaalisten
olosuhteiden saavuttamiseksi tarvitaan vielä.
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Abstract

The goal of this study was to compare different methods to decompose the zinc ferrite from the waste
streams of steel making. The samples were acquired from SSAB Raahe blast furnace and converter flue
gas scrubbers and Outokumpu Tornio Works bag filters EAF1, EAF3, AOD and CRK. Sludges and dusts
contain significant amounts of zinc in form of zinc oxide and zinc ferrite. Zinc ferrite is highly stable
compound which makes recovery of the zinc difficult. The zinc could be recovered and recycled as a
valuable material and the iron rich material could be fed back to process.
New method was experimented to decompose the zinc ferrite. The pulsed corona discharge method
creates highly oxidizing hydroxyl radicals and ozone which decompose impurities in water. The
experiments with PCD equipment were not successful because the design of the equipment was not
suitable for waters with particles. As another method, chemical leaching experiments were made with
sulphuric acid and sodium hydroxide. The most promising method for the zinc was the chemical leaching
with the 5 mol/L NaOH at starting temperature of 70 °C for 120 minutes in case of the blast furnace sludge
and leaching with 2 mol/L H2SO4 at 50 °C for 360 minutes for converter sludge from SSAB Ruukki. For the
Outokumpu dusts (EAF1, EAF2, AOD and CRK) the 5 mol/L NaOH at 70 °C for 180 to 300 minutes
leaching produced good results. Further studies are needed to optimise the conditions for the chemical
leaching.

Additional Information

PREFACE

This Master’s Thesis was written during the year 2015 for OWA Ltd. During this
project I have been given chance to participate also other projects at OWA and
with so much to do, the time has really flown so quickly.
From the University of Oulu my advisor has been Tiina Leiviskä, who has given
me advises regarding to written work and I am truly grateful for that. Supervisor
has been Professor Juha Tanskanen. Thank you both for supporting me.
To the personnel at OWA during 2015: Jaakko Pellinen, Olli Pyykkönen, Arja
Sarpola and Sara Kotimäki. Your advices and introduction to this the project have
been much needed and appriciated. I have learned really much from all of you.
The financial support from Maa- ja vesitekniikan tuki ry. is thankfully
acknowledged.
For my family, thank you for your the patience and support. You mean the world
to me.

Oulu, 16.11.2015

Miia Tauriainen

TABLE OF CONTENTS
1 Introduction ...................................................................................................... 9
2 Steel manufacturing ....................................................................................... 10
2.1 Steel making process .............................................................................. 10
2.1.1 Process description ......................................................................... 10
2.1.2 Stainless steel manufacturing .......................................................... 11
2.2 Dusts ....................................................................................................... 13
2.3 Steel scrap and dust recycling ................................................................. 16
2.4 Zinc oxide and zinc ferrite........................................................................ 18
3 Oxidation of zinc ferrite .................................................................................. 21
3.1 Advanced oxidation processes ................................................................ 21
3.2 Oxidation potentials ................................................................................. 23
3.3 Thermal treatments ................................................................................. 24
3.4 Chemical leaching ................................................................................... 25
3.4.1 Acid leaching ................................................................................... 26
3.4.2 Alkaline leaching.............................................................................. 29
3.4.3 Ammoniacal leaching ...................................................................... 30
3.5 Bioleaching .............................................................................................. 31
3.6 Other treatments ..................................................................................... 34
3.6.1 Microwave treatment and leaching .................................................. 34
3.7 Pulsed corona discharge ......................................................................... 35
3.7.1 Basic principle ................................................................................. 35
3.7.2 Pulsed corona discharge ................................................................. 35
3.7.3 Oxidants .......................................................................................... 36
3.7.4 Applications ..................................................................................... 36
3.7.5 Process optimisation ....................................................................... 37
4 Zinc separation via Electrolysis ...................................................................... 38
4.1 Electrolysis as a chemical reaction .......................................................... 38
4.2 Zinc recovery by electrolysis ................................................................... 39
4.3 Zinc production by electrolytic process .................................................... 39
5 Summary of the methods used for the decomposition of zinc ferrite .............. 41
6 Experimental part ........................................................................................... 42
6.1 Samples .................................................................................................. 42
6.2 Methods................................................................................................... 45

6.2.1 Zinc analyses of the solid samples .................................................. 45
6.2.2 Zinc analysis from the liquid samples .............................................. 45
6.2.3 Particle size analysis ....................................................................... 47
6.2.4 Fractionation .................................................................................... 47
6.2.5 Chemical leaching ........................................................................... 48
6.2.6 Pulsed corona discharge ................................................................. 50
6.3 Results .................................................................................................... 52
6.3.1 XRF analyses for blast furnace and converter sludges ................... 52
6.3.2 Elementary analysis for the Outokumpu dusts ................................ 52
6.3.3 Particle size analysis for converter sludge ....................................... 53
6.3.4 Fractionation for converter sludge ................................................... 54
6.3.5 Chemical leaching ........................................................................... 55
6.3.6 PCD ................................................................................................. 65
6.4 Conclusions ............................................................................................. 66
References........................................................................................................ 68

ABBREVIATIONS:
BF

Blast furnace

BOF

Basic oxygen furnace

CRK

Ferrochrome convertor

AOD

Argon oxygen decarburisation converter

EAF

Electric arc furnace

1 INTRODUCTION
In steelmaking sludges and dusts are generated remarkable amounts and they
contain valuable elements that should be recycled instead of landfilling. The
sludges and dusts contain zinc that hinders the recycling back to steelmaking
processes. The extraction of zinc is currently done by thermal treatments and
they are costly and inefficient so new treatments options are needed.
The objective of this study is to experiment methods to decompose the zinc ferrite
and recapture the zinc to utilization. The new innovation of this study is the pulsed
corona discharge method which in theory could be promising method to
decompose the zinc ferrite. This study includes also literature review about
chemical leaching with sulphuric acid (H2SO4) and sodium hydroxide (NaOH)
experiments. Chemical leaching experiments were made in laboratory and
methods and results produced are presented in experimental part of this study.
Samples for experiments were achieved from SSAB Ruukki where the blast
furnace sludge is meant to be utilized in the steel making process if the zinc can
be removed. The reason for chemical leaching tests for the blast furnace material
mainly with sodium hydroxide is because of the assumption that the sulphur is
not desired element for the process. If the sulphuric acid is used, the
desulphurization has to be performed. Later was revealed that this may not be
the case. The waste stream of converter sludge is smaller and it could either be
disposed or recycled after zinc removal. The dust samples from Outokumpu Oyj
Tornio Works were leached only with sodium hydroxide because of the
preliminary process plans were designed with exploitation of the sodium
hydroxide stream from another process. In this study the focus is with zinc
recovery from these waste streams.
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2 STEEL MANUFACTURING
2.1 Steel making process
2.1.1 Process description
Steel is made in SSAB Europe Raahe (previously Rautaruukki Oyj) by smelting
iron ore pellets in blast furnace (BF). (Ruukki 2014) Blast furnace is continuous
furnace where the charge is fed from above. Hot, oxygen rich flues gases are fed
also to the blast furnace to enhance the reduction of the iron oxides. Carbon
monoxide, hydrogen and carbon act as a reducing agents in the blast furnace.
The oxygen from the iron oxide is bound to the agent and is carried out with the
gases. Carbon monoxide and hydrogen originate from the coke and oil, which are
fed to the blast furnace. Temperature in the heart of the blast furnace is 1 700 °C
and near the oxygen flues it can be about 2 300 °C. Molten slag forms on top of
the molten iron. Among the slag are oxides and sulphur. The molten steel, also
known as a pig iron, is drained out 6 to 12 times a day and is delivered to
converter for processing. The basic structure of blast furnace is presented in
figure 1. (Härkönen 2009)

Figure 1. Blast furnace. (Härkönen 2009)
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Basic oxygen converter (BOF) is the next process step for the pig iron from the
blast furnace. The pig iron must be decarburized because pig iron has 4 to 5 %
carbon and in the steel the amount of the carbon should be less than 1 %, in
some case even under 0.2 %. The carbon is reduced by oxygen which is fed to
the converter via top lance and/or bottom lances as in figure 2. (Härkönen 2009)
In the BOF-converter the feed consists in addition of the molten iron also the lime
for the production of the slag. In the BOF-converter the temperature of the molten
steel can be 1 600 to 1 700 °C. Liquid steel can then be ladle processed and
casted. (Härkönen 2009)

Figure 2. BOF-converter. (Härkönen 2009)
2.1.2 Stainless steel manufacturing
In ferrochrome converter (CRK) the feed is refined chromite from mines and also
coke and quartzite. In the converter silicon and fraction of carbon are removed.
Carbon from the coke reduces the chromite to ferrochrome. Quartzite is used to
adjust the melting point of the slag generated in the process. Also steel scrap for
lowering the temperature and lime for slag is fed to ferrochrome converter.
Oxygen and compressed air blow in ferrochrome converter enhances the carbon
combustion. (Härkönen 2009)
In figure 3 is shown electric arc furnace (EAF) where steel scrap is melt. Electric
arc is formed between large electrodes and charged material and the current
heats the material. In the EAF the temperature is between 4 000 to 6 000 °C.
(Härkönen 2009)
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Figure 3. Electric arc furnace. (Härkönen 2009)

Molten ferrochrome and molten steel scrap from EAF is then mixed in argon
oxygen decarburisation (AOD) converter (figure 4), where also the carbon content
is reduced to under 0,015 %. In AOD converter the decarburization is performed
with mixture of oxygen and inert gas. Typically used gas in AOD is argon and
nitrogen. The inert gas reduces the partial pressure of CO generated during
decarburisation which enchases the combustion of the carbon similarly than in
ferrochrome converter. The gas is inert so the argon and nitrogen don’t react
chemically with molten steel. After AOD converter molten steel is ladle processed
and casted. (Härkönen 2009)

Figure 4. AOD-converter. (Härkönen 2009)
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2.2 Dusts
The EAF produces about 15 – 25 kg of dust per ton of steel. The dusts are
developed with the volatilization and bubble bursting. Majority, the 60 %, of the
EAF dust is formed with CO gas bubbling. Gas bubble emerges near the surface
of the liquid and after the surface is broken by the bubble, the fine droplets called
film drops are formed. When the bubble cap (figure 5a) disruptures and closes,
the jet drops are formed. Film drops (figure 5b) are small and they travel with the
exhaust gases and form dust. Jet drops (figure 5c) are much heavier and fall back
to the EAF liquid. (Guézennec et al. 2005)

Figure 5. Schematic representation of bubble bursting in liquid surface.
(Guézennec et al. 2005)

The blast furnace gases are cleaned from dusts so the gas can be used as a fuel
to produce electricity and heat. The first stage cleaning is made with cyclones
and gas scrubbers. In the cyclones the heavy particles cascade when the gas
flow becomes slower. In the gas scrubbers the gas flows through the water
shower and water droplets capture the dust particles and carry them down.
Typical cyclonic spray scrubber is illustrated in figure 6 and typical wet scrubber
is illustrated in figure 7. Also electrostatic filters are used to clean the gases.
Electrostatic filter operates when ionized gas stream flows through layer of
conductive fibres that retain the charged particles thus purifying the gas.
(Härkönen 2009; Burbach et al. 1971)
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Figure 6. Cyclonic spray scrubber. (Mussatti & Hemmer 2002)

Figure 7. Basic wet scrubber. (Mussatti & Hemmer 2002)
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Electric arc furnace, AOD- and CRK –converters are enclosed and equipped with
primary and secondary suctions so no escape of the gases happens. At
Outokumpu Tornio Works all the gases from the electric arc furnace, AOD- and
CRK –converters are processed through venturi scrubbers (certain type of wet
scrubbers) or bag filters (in Finnish: letkusuodatin). Separation efficiency of bag
filters is 99 %. Remaining flue gas includes particles less than 5 mg/m3. After
venturi scrubber amount of particles should be less than 10 mg/m3. (AVI 2012)
Compositions of the dusts are monitored. In table 1, there is presented
compositions of the bag filter dusts from Outokumpu Tornio Works at 2010.
Samples were taken from EAF1, EAF2, CRK, AOD1 and AOD2 dusts. Majority
of all the dusts (24 – 55 %) is iron, but also calcium and chromium are present in
significant amounts. The amount of zinc varies from 5 to almost 20 % as can be
seen in table 1. (AVI 2012)
Table 1. Compositions of the bag filter dusts EAF1, EAF2, CRK, AOD1, AOD2
from Outokumpu Tornio Works 2010 (AVI 2012)
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2.3 Steel scrap and dust recycling
Steel can be 100 % recycled if it is recovered at the end of the product’s life. Life
cycle of steel is presented in figure 8. Recycling conserves resources such as
iron ore and reduces the amount of waste. Magnetic properties of steel are
exploited when steel recovering from vehicles etc. so recycling is technologically
simple solution. (World Steel Association 2012)

Figure 8. Life cycle of steel. (World Steel Association 2012)

Energy requirement for re-melting scrap is 74 % lower than energy required to
steel production from virgin iron ore. In addition to significant energy savings also
raw materials are conserved when using recycled materials. One ton of steel is
equivalent to 1130 kg iron ore, 635 kg of coal and 55 kg of limestone. (Javaid &
Essadiqi 2003)
World Steel Association presents raw material demands specified by the
manufacturing route: For 1000 kg of crude steel electric arc furnace uses 880 kg
of recycled steel, 16 kg of coal and 64 kg of limestone. For 1000 kg of crude steel
blast furnace – basic oxygen furnace uses 1 400 kg of iron ore, 800 kg of coal,
16

300 kg of limestone and 120 kg of recycled steel. The amount of raw materials
used depends not only the route used but also from route modifications such as
variations and combinations. (World Steel Association 2012)
In electric arc furnaces it is possible to use 100 % steel scrap as raw material.
The use of scrap can affect to quality and contamination of other metals in
produced steel. In SSAB Europe Raahe steel factory 15 – 25 % of the feed is
scrap steel from factory or bought from elsewhere. Scrap is needed for cooling
the molted steel in converter. (Stefanova & Aromaa 2012; Loukola-Ruskeeniemi
& Heikkinen 2015)
Basic oxygen furnace dust can be recycled if it is sintered and then fed to blast
furnace. For sintering the amount of the zinc should be sufficiently low. Sintering
has however become uneconomic solution because of the use of pellets. At
SSAB Europe Raahe sintering of dusts was performed from 1964 till 2011. After
closing the sinter plant emissions were significantly reduced: carbon dioxide
emissions decreased 10 %, dust emissions 85 % and sulphur emissions nearly
70 %, energy consumptions decreased 11 %. Only iron pellets are now used as
blast furnace feed. (Stefanova & Aromaa 2012; Ruukki 2014)
Direct recycling is usually hindered by high zinc contents. Via direct recycling it
could be possible to concentrate the amount of the zinc in dust to 25 % but then
the quality of the steel suffers and impurities accumulate to the steel. Another
disadvantage with direct recycling is that it increases operating costs. Surplus
zinc can affect negatively to blast furnace refractories. Damages in refractories
shorten the life time of a blast furnace. Suitable zinc content to direct recycling is
below 0.4 wt-%. (Stefanova & Aromaa 2012)
Elements such as zinc, cadmium and lead in scrap metal evaporate in furnaces
and accumulate in dusts and sludges. Only minor amounts of these elements
remain in steel and slag. The vapour pressure of zinc is higher than iron vapour
pressure in high temperatures used in the steel production. Zinc also has low
solubility to the molten steel and slag. Dusts and sludges are potential resources
particularity to zinc if economically efficient process to separate zinc is found.
(Stefanova & Aromaa 2012)
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Most of the zinc is from galvanized steel scrap used in steel production. Zinc
exists in the form of zinc oxide, zincite (ZnO) and zinc ferrite, franklinite
(ZnFe2O4). High temperatures and oxidizing environment promotes formation of
the zinc ferrite from zincite and iron. In dusts 20 – 50 % of the zinc is in the form
of zinc ferrite and remaining 50 – 80 % is in form of the zincite. The amount of
zinc ferrite is substantial and it is reasonable to convert it in form that is possible
to separate and reclaim both iron and zinc. (Stefanova & Aromaa 2012)
Despite relatively high zinc contents it has not yet been found economically
profitable and efficient method to extract zinc from steel production waste
streams. In 2010 more than 38 000 tonnes of dusts and other metal containing
waste was transported to Sweden for metal recovery from Outokumpu Oyj Tornio
Works. (AVI 2012)

2.4 Zinc oxide and zinc ferrite
Zinc oxide, (ZnO) also known as a zincite and zinc ferrite (ZnFe2O4) are results
of zinc containing steel scrap and oxidizing conditions in a basic oxygen furnace
or electric arc furnace. (Stefanova & Aromaa 2012)
Zinc ferrite can be synthetized also by ceramic method, sol-gel, co-precipitation,
ball-milling technique, hydrothermal synthesis and thermal decomposition. Zinc
ferrite has an ability to absorb visible light and it is also photochemically stabile
compound. Zinc ferrites in general can be used in various technical applications
such as magnetic materials, gas sensors, gas absorbent materials for hot-gas
desulphurisation and as a semiconductor photocatalyst. Advantages of zinc
ferrite are high efficiency and low cost. (Deraz & Alarifi 2012)
Zinc ferrite, also called as a franklinite, has a very stable spinel structure (figure
9). (Stefanova & Aromaa 2012) ZnFe2O4 is one of the normal spinels, which has
A cations occupying the octahedral sites and B cations at the tetrahedral
interstices as shown in the figure 9. (Melo et al. 2015)
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Figure 9. Spinel structure. (UC Davis Chemwiki 2015b)

The reaction mechanism behind zinc ferrite is solid state reactions between
zincite (ZnO) and Fe2O3. (Deraz & Alarifi 2012)
At Fe2O3 interface:
3𝐹𝑒2 𝑂2 + 2𝑍𝑛2+ → 2𝑍𝑛𝐹𝑒2 𝑂4 + 2𝐹𝑒 2+ + 5𝑂2

(1)

At ZnO interface:
2𝐹𝑒 2+ + 3𝑍𝑛𝑂 → 𝑍𝑛𝐹𝑒2 𝑂4 + 2𝑍𝑛2+

(2)

Physical, electrical and magnetic properties depend on the size of the compounds
because of the grain boundary effect and distortion of the pores. The preparation
method has a great influence to the properties of the ferrites. (Melo et al. 2015)
In the figure 10 is shown magnetization of different ferrites synthesised by
microwave-hydrothermal method. The first three ferrites from a to c are
19

ferromagnetic and the d (Zn1.1Fe1.9O4) is paramagnetic. Paramagnetic properties
of zinc ferrite are due to its normal spinel arrangement. The A and B cations do
not have interaction at room temperature. (Melo et al. 2015) Usually the zinc
ferrite is paramagnetic but Huang et al. (2014) have experimentally synthesised
zinc ferrite nanofibers with ferromagnetic properties.

Figure 10. Variation of magnetization at 27 °C for a) Co1.0Fe1.9O4, b) Ni0.9Fe2.1O4,
c) Cu1.1Fe1.9O4 and d) Zn1.1Fe1.9O4. (Melo et al. 2015) Axis labels: M = (Mass)
Magnetisation, H = Magnetic field strength. Units in Magnetism: emu =
electromagnetic unit, Oe = Oersted.

In ferromagnetic material, all the spins have parallel alignment and material has
magnetic properties without external magnetic field. In paramagnetic material the
spins are not in order but they realign in the influence of magnetic field and the
properties of the material change to magnetic. When the field is removed, all the
magnetic properties disappear. (NDT 2015)
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3 OXIDATION OF ZINC FERRITE
3.1 Advanced oxidation processes
Advanced oxidation processes are based on the reactions of hydroxyl radical with
the pollutants in water. The AOP can be carried out at relatively low temperature
and atmospheric pressure. (Andreozzi et al. 1999)
Eh-pH diagram has voltage potential Eh at the vertical axis and the pH at the
horizontal axis. The phase lines represent changes of the phases of elements
and its dependence on the voltage potential and pH changes. If there are solid
phases they are typed in bolded letters. The area between dashed lines in the
diagram indicates stability field of water at 25 °C and 105 Pa. (Takeno 2005)
From the figure 11 can be seen that the phase changes with zinc are dependent
on pH. When pH is under 8.3 zinc dissolves as in Zn2+-form. Phase equilibrium
of the iron is partly dependent on both voltage potential and pH (figure 12). In
case of iron, the dissolved iron species are formed at low pH and therefore very
acidic conditions should be avoided in order to recover Zn selectively.
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Figure 11. Eh-pH diagram of the system Zn-O-H. Total amount of
Zn = 10-10 mol/kg, temperature of 25 °C and pressure of 105 Pa. (Takeno 2005)

Figure 12. Eh-pH diagram of the system Fe-O-H. Total amount of
Fe = 10-10 mol/kg, temperature of 25 °C and pressure of 105 Pa. (Takeno 2005)
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3.2 Oxidation potentials
Oxidation doesn't occur alone, it is a part of redox reactions, which means that
electron lost must be transferred to another atom, ion or molecule etc. Redox
reactions consist of reduction and oxidation. In oxidation electrons are lost and in
reduction they are gained. High standard reduction potential E o (redox potential)
expresses the tendency of the reduction to occur. Negative E o promotes
oxidation. (UC Chemwiki 2015a)
Hydroxyl radical (OH•) and ozone (O3) are strong oxidants when compared to
commonly used chemical oxidants as can be seen in table 2 so they are potential
alternatives to be used to oxidize the polluted waters.
Table 2. Standard potentials at 298.15 K (25 °C) at a pressure of 101.325 kPa (1
atm) in acidic conditions.
Oxidant

Reaction

Eo

Source

Ozone

𝑂3 + 2 𝐻 + + 2 𝑒 − ↔ 𝑂2 + 𝐻2 𝑂

2.076

CRC 2015

Hydroxyl
radical

𝑂𝐻 + 𝑒 − ↔ 𝑂𝐻 −

2.02

CRC 2015

Hydrogen
peroxide

𝐻2 𝑂2 + 2 𝐻 + + 2 𝑒 − ↔ 2 𝐻2 𝑂

1.776

CRC 2015

0.934

CRC 2015

0.957

CRC 2015

1.232

CRC 2015

2.20

CRC 2015

1.679

CRC 2015

1.507

CRC 2015

Nitrate
Nitrate
Dichromate
Ferrate
Permanganate
Permanganate

𝑁𝑂3− + 3 𝐻 + + 2 𝑒 −
↔ 𝐻𝑁𝑂2 + 𝐻2 𝑂
𝑁𝑂3− + 4 𝐻 + + 3 𝑒 −
↔ 𝑁𝑂 + 2 𝐻2 𝑂
𝐶𝑟2 𝑂72− + 14 𝐻 + + 6 𝑒 −
↔ 𝐶𝑟 3+ + 7 𝐻2 𝑂
𝐹𝑒𝑂42− + 8 𝐻 + + 3 𝑒 −
↔ 𝐹𝑒 3+ + 4 𝐻2 𝑂
𝑀𝑛𝑂4− + 4 𝐻 + + 3 𝑒 −
↔ 𝑀𝑛𝑂4 + 2 𝐻2 𝑂
𝑀𝑛𝑂4− + 8 𝐻 + + 5 𝑒 −
↔ 𝑀𝑛2+ + 4 𝐻2 𝑂

23

3.3 Thermal treatments
The Waelz kiln process is the most used technology for utilizing the EAF dusts.
(Aromaa et al. 2013a) There exists also a lot of other thermal treatments such as
Calcining kiln process, Inclined Rotary Reduction Process (IRRP) and HTMRplasma processes for the treatments of EAF dusts. (Xia 1997)
The purpose of thermal treatment is to decompose the structure of the zinc ferrite
and then with hydrometallurgical treatments zinc is recovered from the dust.
Temperature used in thermal pyrometallurgical processes can be up to 450 °C
for 30 to 60 minutes. After thermal treatment, the second step is the addition of
chemicals such as NaOH or Na2CO3, which are required in hydrometallurgical
treatment stage. (Aromaa et al. 2013)
The recovery of the zinc from EAF dust can be enhanced if the dust is first
hydrolysed with water, then fused with sodium hydroxide (NaOH) and lastly
leached with alkaline chemical such as NaOH. In hydrolysis the dust and water
are mixed at least for 4 hours in ratio 1:1. Youcai and Stanforth (2000) performed
the fusion with maximum results at 350 °C for one hour with NaOH. The addition
of NaF before fusion step increased the zinc yield. The final step, leaching with
NaOH, was made with a contact time of 42 hours. The zinc yield was 97 %.
(Youcai & Stanforth 2000)
Aromaa et al. (2013) experimented thermal treatments for synthetic zinc ferrite
with sodium hydroxide, sodium carbonate, sulphur, potassium hydroxide and
carbon. The purpose of different chemicals was to study if any of these would
react with zinc ferrite and decompose it. Best results were achieved by leaching
samples with 1.5 M H2SO4 at 65 °C for 3 hours after thermal treatment (500 °C
for one hour with KOH). Experiments resulted in zinc yield of 91 %.
Yu et al. (2014) have experimented thermal treatments of zinc ferrite and found
optimal reduction conditions to be at the temperature of 700 – 750 °C. The
roasting residues was then acid leached and the gain of the extracted zinc was
70 %. Extraction of iron was less than 19 %.
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The Fe-Zn-O system phase equilibrium is shown in figure 13. The zinc ferrite
reduces from left to right as the horizontal line shows. The dotted line in the figure
describes the oxygen loss. The reduction of zinc ferrite can be divided in different
stages: 1) magnetite and zinc oxide, 2) magnetite is reduced to ferrous oxide, 3)
metal iron (BCC_A2) generation and 4) metal iron (BCC_A2) and zinc. (Yu et al.
2014)

Figure 13. Phase equilibrium for Fe-Zn-O. BCC_A2 = metal iron. (Yu et al. 2014)

3.4 Chemical leaching
In chemical leaching procedure the temperature is elevated to about 100 °C to
enhance the chemical reactions but the temperatures are clearly lower than in
thermal treatments. In the table 3 there are some of the chemical leaching results
and conditions presented in the literature. The experiments are not completely
comparable because they were each conducted differently.
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Table 3 Chemical leaching of different dust and sludge samples in order to
recover zinc. L/S ratio = liguid/solid ratio.
Raw
material

Zinc
gain

Leaching
chemical

Molarit
y
[mol/L]

Temperature
[°C]

L/S
ratio

EAF dust

87 %

H2SO4

1

80

50

BOF
sludge

70 %

H2SO4

1

80

EAF dust

70 %

H2SO4

1,5

90

EAF dust

70 %

H2SO4

1,5

AOD dust

95 %

H2SO4

AOD dust

95 %

AOD1 dust

Time

Sources
Kukurugya et al.
2015

15

Trung et al. 2011

10

120

Kekki et al. 2011

60

20

120

Kekki et al. 2011

1,5

60 - 90

10

120

Kekki et al. 2011

H2SO4

0,5

90

20

120

Kekki et al. 2011

80 %

NaOH

8

95

30

120

AOD1 dust

75 %

NaOH

8

95

5

120

AOD2 dust

50 %

NaOH

8

95

30

120

AOD2 dust

45 %

NaOH

8

95

5

120

EAF1 dust

60 %

NaOH

8

95

30

120

EAF1 dust

58 %

NaOH

8

95

5

120

EAF2 dust

30 %

NaOH

8

95

30

120

EAF2 dust

30 %

NaOH

8

95

5

120

EAF dust

70,5 %

C2H4O2

EAF dust

98 %

HCl

EAF dust

99 %

H2O2

Stefanova et al.
2012
Stefanova et al.
2012
Stefanova et al.
2012
Stefanova et al.
2012
Stefanova et al.
2012
Stefanova et al.
2012
Stefanova et al.
2012
Stefanova et al.
2012
Stefanova &
Aromaa 2012
Stefanova &
Aromaa 2012
Stefanova &
Aromaa 2012

3.4.1 Acid leaching
Acid leaching of the EAF dusts have been experimented with sulphuric acid,
acetic acid and hydrochloric acid. Both atmospheric and elevated pressures have
been investigated. In some experiments the hydrogen peroxide has been used
as an accessory agent and zinc recoveries have been about 99 %. The acid
leaching has low process costs and less concentrated solutions can be used than
in alkaline leaching. The poor selectivity of the acid leaching is the major problem.
The zinc can be easily leached but also the iron dissolves. The objective is to
retain the iron in the dust. (Stefanova & Aromaa 2012)
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Trung et al. (2011) did acid leaching experiments to basic oxygen furnace (BOF)
sludge. The used sulphuric acid concentrations were from 0.2 mol/L to 1 mol/L
with contact time up to 60 minutes. The maximum temperature was 80 °C. The
best results (70 % gain for zinc) were achieved with a concentration of 1 mol/L
and at a temperature of 80 °C the contact time being 15 minutes. The problem
encountered by the research team was that also iron dissolved, but it was
suggested that by adjusting the pH value the removal of iron is possible from the
leachate.
Kukurugya et al. (2015) did research on EAF dust and sulphuric acid leaching.
The extraction of zinc, iron and calcium was main focus of the experiment. The
best results regarding with zinc extraction (87 %) were reached with 1 mol/L
H2SO4 at the temperature of 80 °C with an L/S ratio of 50. When the iron
extraction was accounted to minimum and the selectivity towards zinc was at
maximum, the optimal conditions were 0.1 mol/L H2SO4 with L/S ratio of 50 and
0.25 mol/L H2SO4 with L/S ratio of 10 - 20. The gain of the zinc was then 50 %.
In the research conducted by Kukurugua et al. (2015), it was noticed that the
temperature had not strong effect to the leaching of zinc than with iron. The small
changes in temperature do have influence on iron dissolving. This was
considered to be result of different mechanisms behind the leaching of zinc and
iron. The calculations of activation energy Ea was performed to determine the
leaching mechanisms. The figure 14 shows kinetic curves of leaching zinc, iron
and calcium. The zinc leaching happens in two different stages, in stage I almost
all the zinc pass to the solution. The limiting factor in stage I is diffusion. The
second stage the amount of zinc is smaller and the rate limiting step is the rate
of chemical reaction. The assumption derived by Kukurugya et al. (2015) from
the kinetic curve is that the stage I corresponds the zinc leaching from zinc oxide
and stage II from zinc ferrite. The iron leaching kinetic curve suggests that the
iron leaching has similar mechanism than in zinc leaching stage II. (Kukurugya et
al. 2015)
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Figure 14. The kinetic curves of leaching zinc (a), iron (b) and calcium (c).
(Kukurugya et al. 2015)

Kukurugya et al. (2015) also present schematic process chart to the EAF dust.
The first step of the scheme is the water leaching and dechlorination of the EAF
dust. After that the liquid should be removed with press filtration. The solid residue
would then be leached with H2SO4 and again press filtered. The sludge would be
directed to second stage H2SO4 leaching and the slurry from that to be again
filtered. The sludge after second leaching would go to the blast furnace and leach
liquor to Fe precipitation. Lime milk would be the precipitation agent. Slurry from
the precipitation would be filtered and Fe acquired would go to further processing.
The iron free Zn solution and leach liquor from first H 2SO4 leaching would go to
cementation and filtration. After that the purified Zn solution could go to
crystallization of ZnSO4·7H2O or to electrolytic zinc recovery.
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Figure 15. EAF dust processing scheme. (retell Kukurugya et al. 2015)
3.4.2 Alkaline leaching
Zinc removal from the steel making dusts is difficult due to stable form of zinc
ferrite (ZnFe2O4). Alkaline leaching has proved to be one of the best
hydrometallurgical methods due to its selectivity. Stefanova et al. (2011) have
experimented with AOD converter dust from Outokumpu Tornio Works to find
optimal leaching conditions with sodium hydroxide (NaOH) solutions. The
leaching conditions studied included leaching time, NaOH concentration,
temperature, stirring rate, L/S ratio and redox potential. All of these, expect redox
potential, had positive influence on the results: if the temperature increased, the
gain increased etc. The redox potential was adjusted with bubbling of the either
nitrogen or oxygen gas. Better results were received with nitrogen gas bubbling.
(Stefanova et al. 2011) The Eh-pH diagrams (figure 11 and figure 12) suggest
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that higher redox potential would favour the selectivity of the zinc. It seems that
the Eh-pH diagrams and the research by Stefanova do not correlate. The reason
could be due the circumstances, the Eh-pH diagrams are calculated and
constructed at temperature of 25 °C.
Alkaline leaching is suitable for AOD dusts because it does not dissolve iron like
acid leaching, so alkaline zinc-rich solution stays iron-free. Also because of the
high alkalinity of the dusts, a lot of the acid is consumed while decreasing the pH
in acid leaching, thus in case of alkaline leaching the chemical consumption is
smaller. (Stefanova et al. 2011)
Alkaline leaching has been tried to commercialise but with no success. The
Cebeau process and Cardiff process pilot plants worked some while but were
closed. In the Cebeau process leaching temperature was 95 °C and NaOH
molarity was 6 to 12 M. The pilot plant was built in France 1986 but problems
arose with filtration at liquid-solid separation phase and plant was discontinued.
(Jha et al. 2001)
The Cardiff process plant in UK had two stages of leaching with roasting between
the leaching steps. In the filtration high intensity magnetic field was used to
enhance the settling of the leaching slurry before filtration. Recovery of the zinc
was 90 %. (Jha et al. 2001)
3.4.3 Ammoniacal leaching
Experiments to leach zinc from basic oxygen furnace dusts and sludges by
compounds containing ammonium were conducted by Gargul and Boryczko at
2015. The amount of the zinc prior the leaching was 3 %. The compounds used
were NH4Cl, (NH4)2CO3 and NH4OH and concentrations up to 5 mol/L were
tested. Temperatures were 25 °C, 70 °C and 90 °C. Also the effect of L/S ratio
was investigated. Best leaching results were obtained with NH4Cl. After leaching
the zinc content was 1.15 % in dusts and sludges. It was suggested that with
greater L/S ratio results should be less than 1.0 %. (Gargul & Boryczko 2015)
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3.5 Bioleaching
Bioleaching is a cost-efficient method for utilising poor ores, which have low
concentrations of valuable metals. In bioleaching bacteria oxidize ferrous iron
(Fe2+) to ferric iron (Fe3+) and reduces sulphur oxidize to sulphuric acid (H2SO4).
These reactions enable valuable metals to change to more soluble form. (Aromaa
et al. 2013b)
Bacteria of the genus Acidithiobacillus are usually used in bioleaching. These
bacteria are acidophilic Gram-negative rods and they have at least one flagella.
They can be mesophiles and favour normal temperature. Acidithiobacillus caldus
is the exception, being moderate thermophile. Optimum pH is 2 to 4.
(Rzhepishevska 2008)

Figure 16. Acidiothiobacillus ferrooxidans (W.W. Norton 2014)

The members of the genus Acidithiobacillus can use inorganic compounds as an
energy source. List of the members is presented in table 4. Acidithiobacillus
ferrooxidans is the only species of Acidithiobacillus that can oxidize Fe2+. Natural
habitats are metal sulphide deposits and fresh waters near metal sulphide
deposits and seawater. (Rzhepishevska 2008)
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Table 4. The members of the genus Acidithiobacillus (Rzhepishevska 2008;
LPSN bacterio.net 2015)
The members of the genus Acidithiobacillus
Acidithiobacillus albertensis ferrooxidans
Acidithiobacillus caldus
Acidithiobacillus ferridurans
Acidithiobacillus ferrivorans
Acidithiobacillus ferrooxidans
Acidithiobacillus thiooxidans

The members of the genus Acidithiobacillus have outer membrane and
periplasmic space because of their acidophilic nature. Genetic manipulation
techniques normally used are difficult due to finding the efficient DNA import
method for bacteria in this structure. Some success have been achieved in
experiments with plasmid transfer with E. coli and electrosporation. Other
typically used bacteria in bioleaching are Sulfobacillus monseratensis,
Thiomonas intermedia, Leptospirillum spp and Acidiphilium spp. (Rzhepishevska
2008)
Acidithiobacillus ferrooxidans –bacteria achieved a recovery rate of 95 % for zinc
from the mineral iron concentrate within the 15 days. The raw material was iron
ore after flotation process. The optimum pH was 2.0 and the optimum amount of
FeSO4 was 40 mg/L. The bacteria directly oxidize the metal sulphides to soluble
metal sulphates. The bacteria use also indirect method which means producing
ferric ions (Fe3+) from the ferrous ions (Fe2+) by oxidation and then reaction of the
ferric ions with the metal sulphides producing ferrous ions. (Núñez-Ramírez et al.
2011)
Experiments made by Aromaa et al. (2013b) suggest that metal recoveries (Cu,
Zn, Ni, Fe, Mg, Mn) from Pyhäsalmi mine tailings by bioleaching were promising.
Recovery of zinc after 20 days was reported to be over 100 %. Method is
attractive due to its better selectivity and low-costs compared to chemical
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leaching. Problem in bioleaching is similar than in chemical leaching, the metal
recovery from solution is challenging due to the high concentration of iron and
magnesium. (Aromaa et al. 2013b)
Cheikh et al. (2010) have compared bioleaching with mineral acids, organic acids,
EDTA (ethylenediaminetetra-acetic acid) solution, electrodialysis and ultrasonic
extraction. Also different combinations of these methods were experimented. The
aim of the extraction was to recover zinc and lead from the black sludge originated
from blast furnace. The EDTA solution worked well for lead extraction, but the
zinc remained in the sludge. The ultrasonic treatment had no effect, even when
combined to the EDTA solution. The most efficient method was concluded to be
the combination of the EDTA solution treatment and bioleaching. The EDTA
treatment should be performed for lead extraction at pH 6.0 and then bioleaching
at pH 2.5 with Acidithiobacillus ferrooxidans –bacteria for four days to remove all
of the zinc. (Cheikh et al. 2010)
Hocheng et al. (2014) investigated different species of Acidithiobacillus –genus
in bioleaching with two process steps and noticed that to be more efficient than
earlier bioleaching methods. Species compared were:
thiooxidans,

Acidithiobacillus

ferrooxidans

and

Acidithiobacillus

Acidithiobacillus

niger.

Supernatants of cultures of each bacteria were used for the bioleaching of the
EAF slag sample. Slag samples were washed three times with water to decrease
the alkalinity from 11.2 to 8.3 and thus enhancing the bioleaching. The most
efficient strain was Acidithiobacillus thiooxidans, within six days the zinc
extraction was 14 %. After the fourth cycle (24 days), the extraction of the zinc
was 60 %. Also comparable study between bioleaching and growing medium
was made and results suggested that bioleaching with Acidithiobacillus
ferrooxidans is mainly result of low pH rather than Fe3+ ions. (Hocheng et al.
2014)
Nguyen and Lee (2015) used a mixed culture of Acidithiobacillus thiooxidans and
Acidithiobacillus ferrooxidans in their research on bioleaching the heavy metals
from mine tailings. Bioleaching was compared to chemical leaching with sulphuric
acid (H2SO4) and hydrogen peroxide (H2O2). In these experiments the results of
bioleaching and chemical leaching were at the same level with only minor
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differences. After 300 h of bioleaching 67 % of the zinc was recovered. (Nguyen
& Lee 2015)

3.6 Other treatments
3.6.1 Microwave treatment and leaching
Al-Harahsheh et al. (2014) made microwave treatment experiments with EAF
dust and PVC (polyvinyl chloride) with highly successful results, 97 % of zinc
recovery after microwave treatment and hot water leaching with EAF dust - PVC
ratio of 1:2. The PVC contains chlorine which releases in the form of HCl
(hydrogen chloride). HCl reacts with metal oxides breaking the bonds of zinc
ferrite. (Al-Harahsheh et al. 2014)
The experiments were made with microwave generator operating at 2.45 GHz
frequency with power in the range of 0.1 - 2 kWh. Samples with EAF dust and
the PVC were mixed and compressed to small blocks the sample size being 5 g.
Samples were exposed to microwaves. Internal temperature of the samples
exceeded 350 °C. After microwave treatment the samples were crushed and
leached with boiling water. The filtered leaching solution was analysed. This
method was observed to serve well for the recovery of zinc, lead and cadmium.
(Al-Harahsheh et al. 2014)
The disposal of the PVC has become problem because it is so heavily produced
and commonly used plastic. In 2012 globally 500 million tonnes of PVC was
produced. In waste treatment facilities direct incineration of the PVC is
problematic because of the volatilization of the hazardous chlorinated
compounds and dioxins at high temperatures which can cause catalyst poisoning
and corrosion of equipment. The common method for the dechlorination of the
PVC before the incineration has been biaxial extrusion or rotary kiln treatment
with accessory agent. The treatment with EAF dust as an accessory agent would
combine two waste streams and produce metals for reuse. (Al-Harahsheh et al.
2014)
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3.7 Pulsed corona discharge
3.7.1 Basic principle
Pulsed corona discharge creates non-equilibrium (also called non-thermal)
plasma in gas-phase at atmospheric pressure. Oxidants, hydroxyl radicals and
atomic oxygen form on the surface of water and they react with pollutants in
water. Unit consists of the PCD treatment unit, powered by pulse generator,
reservoir tank and water circulation system as schematically presented in figure
17. (Panorel et al. 2011; Wapulec Oy 2015)
Water feed is dispersed through a perforated plate to jets, droplets and films. It
flows through electric pulsed corona discharge treatment unit where plasma zone
forms and most of the reactions occur. Water can be circulated several times
through PCD unit depending exposure time requirements. Gas feed to reactor
can be air, oxygen or combination of oxygen and nitrogen. (Panorel et al. 2011;
Wapulec Oy 2015)

Figure 17. Layout of PCD treatment unit. (Wapulec Oy 2015)
3.7.2 Pulsed corona discharge
Corona discharge is created by high-voltage pulse generator powered electrode
wires that are horizontally placed between vertical grounded plate electrodes.
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Electric fields surround the wires and creates plasma zone. (Panorel et al. 2011)
The discharge time is only nanoseconds so the arcs (also known as sparks) don’t
have time to generate and cause damages in process. (Veldhuizen & Rutgers
2001)
3.7.3 Oxidants
Discharge creates ions that are strong oxidants such as ozone, OH-radicals and
atomic oxygen. After pulse ozone concentration rises and stays constant
approximately 1 ms. Ozone decays by diffusion approximately in 100-200 ms
after pulse. (Ono & Oda 2003) Decay product of ozone is oxygen so it is
environmentally safe. (Eliasson & Kogelschatz 1991)
Kinetics of formation and the reactions of the oxidants can only be speculated.
Oxygen feed was considered to be important not only to oxidation of phenols but
also to formation of OH-radicals from water by Preis et al. (2013) Oxygen may
interfere radicals not to combine back together.
3.7.4 Applications
Pulsed corona discharge treatment can be used to oxidize several compounds in
water such as phenol, lignin, humic substances and several pharmaceuticals. In
the table 5 is listed the best achieved results of drug degradation when pH,
energy doses, reaction time and dilution of samples were optimised to each
compound. The degradation rates for each compound listed were 75 to 100 %.
The pulsed corona discharge treatment is relatively new method so it has not yet
been tested to all the compounds.
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Table 5. Best achieved results of drug degradation when pH, energy doses,
reaction time and dilution of samples were optimised to each compound. (Panorel
2013a; Panorel et al. 2013b)
Pharmaceutical

Degradation rate [%]

β-Estradiol

75

Paracetamol

100

Indometacin

100

Ibuprofen

80

Salicylic acid pharmaceutical

100

3.7.5 Process optimisation
The pulse frequency and intervals between pulses inflect to the oxidation rate.
Radicals are short-living and they react with pollutants only in discharge zone.
Ozone can be moved with droplets to reservoir tank. Experimental results from
Panorel et al. (2011) advocate that for fast reacting compounds reduced pulse
repetition frequency time is optimal, this way contact time with ozone increases.
For slow reacting compounds increased frequency is more favourable and in
these cases radicals are mostly responsible for oxidative reactions. (Panorel et
al. 2011)
Gas feed affects oxidant formation. Oxygen feed promotes higher ozone
concentrations in plasma. Benefits of increasing vary depending on the pollutants
and ratio of oxidants affecting to oxidation. (Panorel. 2013a)
Panorel et al. (2013b) experimented process efficiency with different energy
doses, from 0.5 kWhm-3 to maximum of 3.125 kWhm-3. Bigger energy dose had
positive effect on degradation time needed for oxidation. (Panorel. 2013b)
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4 ZINC SEPARATION VIA ELECTROLYSIS
4.1 Electrolysis as a chemical reaction
In electrolysis electricity is converted to chemical energy by running direct electric
current through an electrolytic cell. The reaction is based on redox-reactions that
are non-spontaneous. The electricity induces reaction to happen. The electrolytic
cell has two electrodes, cathode and anode. The cathode is connected to
negative terminal and reduction reaction takes place in there; the cathode
donates electrons to positively charged particles called cations. The reducing
agent forms a coating to the surface of the cathode. At the anode happens the
oxidation reaction; anions, the negatively charged ions, lose their electrons to the
anode. (Antila et al. 2002)

Figure 18. Electrolytic cell (GCSE Bitesize 2014)
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4.2 Zinc recovery by electrolysis
Before electrolysis of the zinc, other dissolved heavy metals should be purified
from the liquid. Lead, cadmium and copper can be removed with crystallisation,
cementation, solvent extraction or ion exchange. (Stefanova et al. 2012)
Electrolysis can be made for the acidic or alkaline solution. Alkaline solution has
produced more stable zinc products. (Stefanova et al. 2012) In the table 6 there
are listed typical conditions for production of the zinc by electrolysis from lead
free leach solution. The voltage used is between 2.4 – 2.7 V and the energy
consumption is 2.5 – 2.6 kWh/kg Zn. (Youcai & Stanforth 2000)
Table 6. Typical electrolysis conditions for lead free leach solution. (Youcai &
Stanforth 2000)

4.3 Zinc production by electrolytic process
More than 90 % of the zinc in the world is produced by electrolytic process. The
zinc containing ore is first mined. North and South America, Australia, Japan and
China have major deposits of sulphide ores which are the main source of mineral
zinc. There are also smaller deposits all over world. The ore is crushed and ballmilled and concentrated with froth flotation. After concentration the zinc is roasted
in fluidised bed furnace at 1000 °C with air flow from the bottom. Chemical
reaction in this process is the conversion of zinc sulphide to zinc oxide (equations
3 to 5):
2𝑍𝑛𝑆(𝑠) + 3𝑂2 (𝑔) → 2𝑍𝑛𝑂(𝑠) + 2𝑆𝑂2 (𝑔)

(3)

If there is iron sulphide present it reacts with zinc oxide forming zinc ferrite.
𝐹𝑒2 𝑂3 + 𝑍𝑛𝑂 → 𝑍𝑛𝑂. 𝐹𝑒2 𝑂3

(4)
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The zinc oxide is leached with sulphuric acid to zinc sulphate.
𝑍𝑛𝑂(𝑠) + 𝐻2 𝑆𝑂4 (𝑎𝑞) → 𝑍𝑛𝑆𝑂4 (𝑎𝑞) + 𝐻2 𝑂(𝑙)

(5)

The zinc sulphate is then processed with electrolysis to obtain pure zinc. The
purity of the zinc is 99.96 % or more. The zinc liberates to the cathodes which
have to be stripped every 24 to 72 hours. The oxygen evolves to the anodes.
(CIEC 2013)
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5 SUMMARY OF THE METHODS USED FOR THE
DECOMPOSITION OF ZINC FERRITE
The most promising methods mentioned in this study to decompose the zinc
ferrite are listed in the table 7 with their advantages and disadvantages
summarised.
Table 7. Comparison of the methods for the decomposition of zinc ferrite.
Method

Advantages

Disadvantages

Thermal processes

Well known, used for a
long time

Not energy-efficient, high
temperatures are needed

Acid leaching

Cost-efficient due to
low temperature.
Less concentrated
solutions than alkaline.

Not selective,
iron dissolves also,
sulphur may be a problem
if returned back to process,

Alkaline leaching

Selective towards zinc,
low temperature,
low chemical
consumption

Filtration problems in pilot
scale
plants

Bioleaching

Cost-efficient

Still at experimental level,
time consuming

Microwave
treatment and
leaching

Energy-efficient

Still at experimental level

Cost-efficient

Still at theoretical level
for samples discussed
in this study

Pulsed corona
discharge
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6 EXPERIMENTAL PART
6.1 Samples
Samples and their origins are presented in table 8. Figure 19 - figure 21 show
photos of the each sample. OWA Ltd. acquired the samples in December of 2014
and part of the sludge samples 1 and 2 were dried at 105 °C for 24 h. Most of the
tests were made to the dried samples. The zinc content of the samples was
analysed by ICP-OES. Also X-ray fluorescence (XRF) analysis was made to
some of the samples to determine the amount of zinc. The results of ICP-OES
and XRF differed some from each other but the magnitude of the results remains
approximately the same, so the results of the analyses were assumed to roughly
be correct.
Samples 1 and 2 are from SSAB Ruukki factory. Sample 1 is a blast furnace
combustion flue gas scrubber sludge, to which NaOH and H2SO4 leaching
experiments were made. Sample 2 is a converter combustion flue gas scrubber
sludge. The particle size analysis, fractionation and leaching experiments with
NaOH and H2SO4 were made to sample 2. The rest of the samples (samples 3
to 6) are dusts from Outokumpu Oyj Tornio Works. Leaching tests with NaOH
were made to all Outokumpu dusts. Pulsed corona discharge experiment was
made only to EAF 1 (sample 3).
As can be seen in table 8, the amounts of the Fe and Zn were close to each other
in the EAF1 sample (165 000 mg/kg and 187 000 mg/kg). The EAF3 differed quite
a lot from EAF1, the majority of EAF3 was Zn (208 000 mg/kg) and relatively
small amount was Fe (60 500 mg/kg). Most of the AOD was consisted of Fe
(316 000 mg/kg), although in this case, also amount of zinc was quite high
(144 000 mg/kg). CRK had 98 000 mg/kg Fe and 146 000 mg/kg Zn.
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Table 8. Samples, their origins and properties and experiments performed during this study.
Sample

Origin

Zinc content [mg/kg]
ICP-OES
XRF

BF

Wet sludge,
Dried
sludge

SSAB Ruukki
Blast furnace combustion
gas scrubber

2

Conv

Wet sludge,
Dried
sludge

SSAB Ruukki
Converter combustion gas
scrubber

15 200

3

EAF1

Dust

Outokumpu
Electric arc furnace bag
filter

187 000

208 000

1

1 660

Fe content
[mg/kg]

Experiments

3 181

NaOH leaching,
H2SO4 leaching

22 599

Particle size analysis,
Fractionation, NaOH
leaching, H2SO4 leaching
165 000

NaOH leaching, PCD

60 500

NaOH leaching

4

EAF3

Dust

Outokumpu
Electric arc furnace bag
filter

5

AOD

Dust

Outokumpu
Argon oxygen
decarburisation bag filter

144 000

316 000

NaOH leaching

6

CRK

Dust

Outokumpu
Ferrochrome converter bag
filter

146 000

98 800

NaOH leaching

312 407
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Figure 19. Blast furnace sludge (left) and dried blast furnace sludge (right) from
SSAB Ruukki.

Figure 20. Converter sludge (left) and dried converter sludge (right) from SSAB
Ruukki.

Figure 21. Dusts from Outokumpu Tornio Works. From the left to right: EAF1,
EAF3, AOD and CRK.
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6.2 Methods
6.2.1 Zinc analyses of the solid samples
XRF-analysis (X-ray fluorescence) was ordered from University of Oulu. XRF
analysis gave the amounts of different oxides in the untreated samples 1 and 2
and thus the zinc amount in the original samples. XRF analysis equipment sends
X-rays to the sample and then measures the intensity of the X-rays emitted by
the sample. (PANalytical 2015)
The elementary analysis was ordered from Suomen Ympäristöpalvelu to samples
3-6. The elementary analysis was made with microwave assisted acid digestion.
The sample is heated in laboratory microwave unit with nitric acid or with
combination of nitric acid and hydrochloric acid. After heating and cooling down
the sample is centrifuged or filtered and analysed. (US EPA 2007)
6.2.2 Zinc analysis from the liquid samples
Zinc analyses at the laboratory of OWA were made with Hach DR 3900 Benchtop
Spectrophotometer using ZincoVer® 5 zincon method. In this method
cyclohexanone addition releases zinc. After that 2-carboxy-2’-hydroxy-5’sulfoformazyl benzene (zincon) reacts with zinc and forms colour, which intensity
can be measured and correlates with the amount of zinc. Formed colour can be
orange, blue or brown depending on the amount of the zinc. In figure 22 the blank
sample for zinc analysis is on the left side and the prepared sample on the right
side. The measurement uses wavelength of 620 nm. Detection range of this
method is 0.01 to 3.00 mg/L Zn. (Hach 2014)
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Figure 22. Zinc analysis samples for ZincoVer® 5 zincon method. Blank sample
is on the left side and prepared sample on the right side.

Analyses with spectrophotometer were used to scope optimal parameters. Two
different but similar spectrophotometers were used at OWA. Final zinc analyses
were ordered from Suomen Ympäristöpalvelu / Ahma Group, where zinc
analyses were made with IPC-OES method. The results of the analyses differed,
the spectrophotometer 2 gave lower results than analysis made by Suomen
Ympäristöpalvelu for the same sample. In the tables 9-13 there are presented a
column reliability, in which the reliabilities of the zinc analyses are evaluated with
asterisks by following: * spectrophotometer 1, *** spectrophotometer 2, ***** ICPOES, 5 asterisks being the most trustworthy.
IPC-OES stands for inductively coupled plasma optical emission spectrometry.
Method has ISO 11885:2009 standard. It can be used to determine the amount
of certain elements in wastewaters. In the method emission of lights is measured
by an optical spectroscopic technique. Samples are converted to aerosol form
and fed to plasma torch. Inductively coupled plasma produces characteristic
emission spectra which can be processed via detectors to computer system for
interpretation. (SFS 2009)
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The gains were calculated by comparing the zinc recovery to the total amount of
zinc measured by ICP (equation 6):
𝑇ℎ𝑒 𝑔𝑎𝑖𝑛𝐼𝐶𝑃 =

𝑧𝑖𝑛𝑐 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑟𝑒𝑠𝑢𝑙𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒∗𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑧𝑖𝑛𝑐 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑟𝑒𝑠𝑢𝑙𝑡 𝑓𝑟𝑜𝑚 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝐼𝐶𝑃

∗ 100

(6)

And similarly to XRF results (equation 7):
𝑇ℎ𝑒 𝑔𝑎𝑖𝑛𝑋𝑅𝐹 =

𝑧𝑖𝑛𝑐 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑟𝑒𝑠𝑢𝑙𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒∗𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑧𝑖𝑛𝑐 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑟𝑒𝑠𝑢𝑙𝑡 𝑓𝑟𝑜𝑚 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑋𝑅𝐹

∗ 100

(7)

6.2.3 Particle size analysis
Particle size analysis was made with Beckman Coulter LS 13 320 Laser
Diffraction Particle Size Analyzer at University of Oulu to converter sludge
(sample 2). The analysis was made to wet sample. Analysis can be made to
particles sized 0.04 – 2 000 µm.
6.2.4 Fractionation
Fractionation was performed for diluted sample of the sludge with pressure pump
using Whatman Glass microfiber filters (grade CF/C) with pore size 1.2 µm. The
equipment for fractionation is presented in figure 23. Dilution was made with 20
ml ultrapure water to 20 g converter sludge. Zinc analysis was made to filtered
liquid by Hach DR 3 900 Benchtop Spectrophotometer. For comparison zinc
analysis was made also for separated liquid from the settled sludge. The liquid
sample was taken from the bucket, where the sludge was settled and there was
small layer of the liquid on the top. Liquid sample was centrifuged (Thermo
Scientific Heraeus Megafuge 40, 3 000 rpm for 10 min) and finally analysed with
Hach DR 3 900 Benchtop Spectrophotometer.
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Figure 23. The equipment for filtering the sample 2 for fractionation.
6.2.5 Chemical leaching
Chemical leaching experiments were made first with magnetic stirrer with a
heating plate. Later Kemira Flocculator 2 000 JAR-stirrers (figure 24) and hot
water bath was used. One overnight test series were made at room temperature
with rotating mixer at University of Oulu.
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Figure 24. Kemira Flocculator –system used in the experiments.

Chemicals used in the experiments were sulphuric acid (H2SO4) and sodium
hydroxide (NaOH). The concentrations of sulphuric acid were 1 to 5 mol/L and
sodium hydroxide were 2 to 5 mol/L. Temperatures varied between 20 to 70
degrees. Leaching chemicals were prepared from concentrated sulphuric acid
(VWR Chemicals, 95.0 %) and ultrapure water or sodium hydroxide pellets (VWR
Chemicals, 97.0 %) and ultrapure water with instructions of good laboratory
practice to avoid any accidents.
Sludge or dust sample was mixed with the leaching chemical and heated.
Temperature and stirring conditions were kept constant during the experiments.
Some experiments were made with declining temperature. Samples were taken
49

with scheduled intervals and after centrifugation (3 000 rpm, 10 min) the
supernatant was analysed.
6.2.6 Pulsed corona discharge
The introduction of the new technology at the OWA required installation of the
new hoses and sample line to the PCD equipment. Also elevation of the
equipment was made to ensure the circulation by the pump. After test runs with
water the experiment was started.
Pulsed corona discharge experiments were made with sample 4, the EAF1 dust.
For the experiments 2.5 kg EAF1 dust was mixed with 50 litres of water and fed
to PCD equipment. The zero sample was taken and after 40 minutes of running
the equipment the sample was taken for zinc analysis. The process was
continuous and the processed water circulated several times through the PCDunit.
The photograph of pulsed corona equipment used in these experiments is shown
in figure 25. The PCD unit is on top of the storage tank and the circulation of the
liquid is forced with circulation pump. The samples were acquired via sample line
after the storage tank.
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PCD-reactor unit

Circulation pump
Storage tank

Sample line

Figure 25. Pulsed corona discharge –equipment used.
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6.3 Results
6.3.1 XRF analyses for blast furnace and converter sludges
In the figure 26 there are shown all the other results except Fe2O3. The amounts
of Fe2O3 were in BF 61.8 % and in Conv 88.5 %, which were much higher than
other oxides. In the blast furnace sample there was about 11 % of CaO and over
9 % of SiO2, the amount of Al2O3 was 3 %. In the converter sample the amount of
CaO was under 4 % and the amount of ZnO was about 3 %. All the other oxides
were below 2 %.

12

The amount [%]

10
8
6
Blast furnace
4

Converter

2
0

Oxides

Figure 26. The XRF-results of blast furnace and converter samples, excluding
Fe2O3. The amounts of Fe2O3: BF 61.8 %, Conv 88.5 %.

6.3.2 Elementary analysis for the Outokumpu dusts
From the table 9 can be seen the most relevant elements in the Outokumpu dusts.
In the table 9 there are collected all the elements that are present more than
1 000 mg/kg of solids at least in one of the samples 3 to 6. Most of the samples
are composed of Fe and Zn, but samples also include a lot of Ca, Mg and Cr.
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Table 9. Part of the elementary analysis results for Outokumpu dusts.
Sample 3: EAF1
mg/kg of solids

Sample 4: EAF3
mg/kg of solids

Sample 5: AOD
mg/kg of solids

Sample 6: CRK
mg/kg of solids

Al

5 220

14 500

640

1 030

Ca

62 000

3720

45 300

66 500

Cr

11 800

14 400

39 900

22 800

Fe

165 000

60 500

316 000

98 800

K

13 499

12 900

8 110

5 640

Mg

63 900

1 200

9 020

2 500

Mn

23 300

3 360

10 900

4 100

Na

8 850

1 640

1 520

1 800

Ni

4 240

240

6 880

3 660

Pb

6 440

5 840

1 570

2 230

S

3 530

14 300

820

1 080

Zn

187 000

208 000

144 000

146 000

6.3.3 Particle size analysis for converter sludge
In the particle analysis for the converter sludge, the particles were clearly divided
in three different size fractions: 0.0 – 0.7 µm, 1.2 – 11.8 µm and 13.0 – 33.0 µm
as can be seen in figure 27. Majority of the particles were in fraction 1.2 – 11.8
µm. Calculated volume amounts are shown in table 10. Obtained data gave
reason to fractionate sludge. If the all the zinc would be in the smallest size zone
and the sludge could be divided, it would reduce the amount of the sludge that
needs to be processed.
Table 10. Volumetric amounts of different fraction peaks for wet converter sludge.
Size [µm]

Vol [%]

0.0 – 0.7

11.9

1.2 – 11.8

82.7

13.0 – 33.0

5.4
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Figure 27. Particle size analysis for wet converter sludge.

6.3.4 Fractionation for converter sludge
Since particle size analysis gave reason to fractionate the sludge it was filtrated
and filtrate with particle size less than 1.2 µm was analysed. The amount of zinc
was 0.035 mg/L for the filtrate. Also magnetic properties were observed visually
with powerful table magnet through the glass container. Filtrate did not have any
magnetic properties. Reject (particles over 1.2 µm) was magnetic.
Zinc analysis were made for the liquid from the converter sludge after one
centrifugation step. Result of the analysis was 0.967 mg/l Zn. Replicate tests with
two centrifugation steps were made results being 0.32 mg/L Zn, 0.3 mg/L Zn and
0.6 mg/L Zn. Difference in test results was probably caused by the solid particles
left in the liquid.
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Results from the zinc analyses and magnetic properties indicated that zinc and
zinc ferrite were located in the reject which had particles larger than 1.2 µm. The
amount of filtrate was small, about 12 % of the mass of the sample, therefore
fractionation did not promote zinc recovery significantly. If the zinc had been
mainly in the smallest fraction, the fractionation would have reduced the amount
of material needed to be processed to recover the zinc. Based on these results,
there is no need for fractionation.
6.3.5 Chemical leaching
In the chemical leaching experiments with H2SO4 and NaOH the amounts of zinc
did grow in the leachate. The optimal leaching conditions can be roughly
estimated from the results. First all the chemical leaching tests are listed in tables
9 - 13 and then the selected results are illustrated with graphs (fig. 25 to 31).
Exact values of the zinc in sludges and dusts were unclear so from the table 11
to table 15 gains of the zinc are compared to obtained values of zinc for the
original untreated samples by ICP-OES-analysis and XRF-analysis. Both of these
gains rose over 100 % for some of the experiments. It seems that the ICP-OES
analysis and the XRF-analysis were not sufficient methods to analyze the amount
of zinc. The reliability of the zinc analysis refers to the method which was used to
analyze the leachate.
In the table 11 there is presented all the chemical leaching tests for dried blast
furnace. Results vary between 17 and 122 %. Best results with NaOH were
obtained with 5 M NaOH and contact time of 120 min. The initial temperature of
the test was 70 °C which was then allowed to decrease to 34 °C. The gain of the
zinc was 92 % (by ICP). The optimal zinc leaching conditions for blast furnace
sludge would be a little bit longer time at relatively high temperature. Also
leaching test with 5 M NaOH with temperature of 50 °C and contact time of 360
min produced good results, the gain of zinc was 83 %. Higher temperature could
improve the results, but in these experiments the goal was to find a cost-efficient
method to leach zinc and if the temperature and pressure are at easily
manageable level and the demands of the process is relatively simple, the
process is easily feasible.
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Table 11. Sample 1 Dried blast furnace sludge: Chemical leaching results.
Solvent

Molarity
[mol/L]

Temp
[°C]

Time
[min]

Gain
(ICP)

Gain
(XRF)

reliability

NaOH

5

70 -> 41

60

87 %

45 %

*****

NaOH

5

70 -> 38

90

90 %

47 %

*****

NaOH

5

70 -> 34

120

92 %

48 %

*****

NaOH

5

70

15

67 %

35 %

*

NaOH

5

70

60

63 %

33 %

*

NaOH

5

65 -> 24

60

57 %

30 %

*

NaOH

5

64 -> 44

15

58 %

30 %

*

NaOH

5

60

15

65 %

34 %

*

NaOH

5

60

15

48 %

25 %

*

NaOH

5

60

60

61 %

32 %

*

NaOH

5

50

360

83 %

43 %

*****

NaOH

4

60

15

60 %

31 %

*

NaOH

4

60

45

69 %

36 %

*

NaOH

3

70

15

54 %

28 %

*

NaOH

3

60

15

48 %

25 %

*

NaOH

3

60

30

62 %

32 %

*

NaOH

2

60

15

39 %

20 %

*

NaOH

2

60

15

33 %

17 %

*

NaOH

2

60

30

46 %

24 %

*

NaOH

2

60

45

48 %

25 %

*

NaOH

2

60

60

43 %

23 %

*

H2SO4

2

50

360

122 %

64 %

*****

H2SO4

2

20

1 080

105 %

55 %

*****

In the tables presented in this chapter reliability of the zinc analysis are evaluated with asterisks by following:
* spectrophotometer 1, *** spectrophotometer 2, ***** ICP-OES.
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It can be seen from the figure 28 that the H2SO4 leaching would be significantly
more efficient than NaOH. In this comparative experiment the temperature used
was 50 °C and contact time was 360 min. During the experimental part of this
study the assumption was that sulphuric acid cannot be used but it may not be
problem after all.

140%
122%
120%
100%
83%
80%
64%
60%

Gain (ICP)
Gain (XRF)

43%
40%
20%
0%
NaOH

H2SO4

Figure 28. Sample 1 Dried blast furnace: Difference between 5 M NaOH and 2 M
H2SO4 at temperature 60 °C and time 360 min.

Figure 29 shows that increase in the temperature and molarity of NaOH both
increase the gain of the zinc when the contact time was constant, 15 minutes.
The highest gain (92 %) was obtained at 70 °C and using 5 M NaOH.
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80%
70%

67%

65%
60%

Gain (ICP)

60%

54%

50%
39%

40%
30%
20%
10%
0%
5 mol/L 70 °C

5 mol/L 60 °C

4 mol/L 60 °C

3 mol/L 70 °C

2 mol/L 60 °C

Molarity of NaOH and temperature

Figure 29. Sample 1 Dried blast furnace sludge: Effect of molarity of NaOH and
temperature to gain (ICP). The contact time was 15 min.

Table 12 presents the leaching results for the wet blast furnace sludge at
temperature of 50 °C and reaction time of 1 200 min. Leaching wet samples of
blast furnace sludge with H2SO4 and NaOH, the results were equal (127 %) due
to long contact time. Comparative test with water proved the effect of acid or base
used as leaching chemical.
Table 12. Sample 1 Wet blast furnace sludge: Chemical leaching results
Solvent

Molarity
[mol/L]

Temp [°C]

Time [min]

Gain (ICP)

Gain
(XRF)

reliability

Water

-

50

1 200

87 %

45 %

*****

H2SO4

2

50

1 200

127 %

66 %

*****

NaOH

5

50

1 200

127 %

66 %

*****

In the tables presented in this chapter reliability of the zinc analysis are evaluated with asterisks by following:
* spectrophotometer 1, *** spectrophotometer 2, ***** ICP-OES.

The table 13 shows leaching results for dried converter sludge. Leaching tests
with H2SO4 were made with a molarity of 1 to 5 at different temperatures. The
contact time varied between 30 to 1 080 minutes. Also leaching tests with 5 mol/L
NaOH were made. The results suggest that NaOH is not powerful leaching
chemical enough for this sample, all the results being under 23 %. With H2SO4
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and long contact time (360 to 1 080 min) the results are reasonable. When
compared to original value of zinc obtained with ICP, the gains rose to 106 – 126
%. This is probably due to inadequate starting value analysis for original zerosamples.
The best result (126 %) was achieved with long contact time (360 minutes) and
2 mol/L H2SO4 at temperature of 50 °C. With 2 mol/L H2SO4 and temperature of
60 °C and contact time of 60 minutes the gain (ICP) was 68 %.
Table 13. Sample 2 Dried converter sludge: Chemical leaching results.
Solvent

Molarity
[mol/L]

Temp
[°C]

Time
[min]

Gain
(ICP)

Gain
(XRF)

Reliability

H2SO4

1

40

180

46 %

31 %

*

H2SO4

1

60

60

56 %

38 %

*

H2SO4

1

60

30

26 %

17 %

*

H2SO4

1

70

180

82 %

55 %

*

H2SO4

2

20

1 080

106 %

71 %

*****

H2SO4

2

50

360

126 %

85 %

*****

H2SO4

2

60

30

53 %

36 %

*

H2SO4

2

60

60

68 %

46 %

*

H2SO4

3

60

60

57 %

38 %

*

H2SO4

3

60

90

44 %

30 %

*

H2SO4

5

60

60

55 %

37 %

*

H2SO4

5

60

90

61 %

41 %

*

NaOH

5

70

180

22 %

15 %

*

NaOH

5

70 -> 33

120

12 %

8%

*

NaOH

5

70 -> 37

90

12 %

8%

*

NaOH

5

50

360

12 %

8%

*****

In the tables presented in this chapter reliability of the zinc analysis are evaluated with asterisks by following:
* spectrophotometer 1, *** spectrophotometer 2, ***** ICP-OES.
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Effect of the H2SO4 molarity used in the chemical leaching can be seen in figure
30. Results suggest that the optimal molarity would be 2 mol/L when temperature
and time are kept constant. The contact time was 60 min and temperature 60 °C.
The gain (ICP) with the 2 mol/L H2SO4 was 68 %. When the molarity of H2SO4
was increased the gain decreased. Also molarity less than 2 mol/L decreased the
gain.
In the table 13 there are listed all experiments made with 2 mol/L H2SO4. Even
temperature of 20 °C produced good results if the contact time was long enough.
If the up-scaling is in the mind, the contact time of 1080 minutes is far too much.
The contact time of 360 minutes would be much better and the temperature
needed would be 50 °C. In order to optimize conditions even more, further tests
with 2 mol/L H2SO4 should be made with temperature of 60 – 70 °C and contact
time of 60 to 360 minutes. The optimal leaching conditions must be searched by
balancing between temperature and time.

80%
68%

70%

Gain [%]

55%

46%

50%
40%

57%

56%

60%

38%

38%

37%

30%
20%
10%
0%
1 mol/L

2 mol/L

3 mol/L

5 mol/L

Molarity of H2SO4
Gain (XRF)

Gain (ICP)

Figure 30. Sample 2 Dried converter sludge: Gains of zinc when temperature was
60 °C and time 60 min.

In the figure 31 there is presented effect of the time and molarity of H2SO4 used
in the chemical leaching at the temperature of 60 °C for the dried converter
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sludge. Gains are from the ICP-OES method. The increase in the time increases
the gain in all except one case. When the molarity of H2SO4 was 3 mol/L, the
result with smaller contact time was better. It is unclear if this is due to error in
zinc analysis.

80%
68%

70%

61%
60%

57%

53%

56%

Gains (ICP)

50%

55%

44%
1 mol/L

40%

2 mol/L
3 mol/L

26%

30%

5 mol/L
20%
10%
0%
0

20

40

60

80

100

Temp [°C]

Figure 31. Sample 2 Dried converter sludge: Effect of time and molarity of H2SO4
on zinc gain. The temperature was 60 °C.

The table 14 presents the difference in zinc analysis reliability. After the same
experiment the samples were analysed with the spectrophotometer 2 used and
at the Suomen Ympäristöpalvelu. The spectrophotometer 2 gave lower results
than the analysis made by Suomen Ympäristöpalvelu for the same sample.
Table 14. Sample 2 Wet converter sludge: Chemical leaching results.
Solvent

Molarity
[mol/L]

H2SO4

5

50

H2SO4

5

50

Gain
(ICP)

Gain
(XRF)

Reliability

1 200

87 %

59 %

***

1 200

162 %

109 %

*****

Temp [°C] Time [min]

In the tables presented in this chapter reliability of the zinc analysis are evaluated with asterisks by following:
* spectrophotometer 1, *** spectrophotometer 2, ***** ICP-OES.
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Table 15 presents all the chemical leaching tests made to Outokumpu dusts. The
results are rather straightforward; both time and temperature promote the zinc
extraction process. All the leaching tests were made with NaOH, because it
worked well in the preliminary tests and was considered to be excellent choice
for leaching chemical.
Table 15. Samples 3 to 6 Outokumpu dusts: Chemical leaching results.
Dust

Solvent

Molarity
[M]

Temp
[°C]

Time
[min]

Gain
(ICP)

Gain
(XRF)

EAF1

NaOH

5

20

480

41 %

*

EAF1

NaOH

5

50

300

55 %

*****

EAF1

NaOH

5

70

180

90 %

*****

EAF1

NaOH

5

70

300

137 %

*****

EAF3

NaOH

5

60

30

44 %

30 %

*

EAF3

NaOH

5

60

60

92 %

61 %

*

EAF3

NaOH

5

20

480

13 %

8%

*

EAF3

NaOH

5

50

300

84 %

56 %

*****

EAF3

NaOH

5

70

180

148 %

99 %

*****

EAF3

NaOH

5

70

300

279 %

186 %

*****

AOD

NaOH

5

20

480

51 %

*

AOD

NaOH

5

50

300

71 %

*****

AOD

NaOH

5

70

180

109 %

*****

AOD

NaOH

5

70

300

138 %

*****

CRK

NaOH

5

20

480

77 %

*

CRK

NaOH

5

50

300

79 %

*****

CRK

NaOH

5

70

180

114 %

*****

CRK

NaOH

5

70

300

164 %

*****

Reliability

In the tables presented in this chapter reliability of the zinc analysis are evaluated with asterisks by following:
* spectrophotometer 1, *** spectrophotometer 2, ***** ICP-OES.

From the figure 32 can be seen the gains (ICP) of the zinc when the chemical
leaching was made with 5 mol/L NaOH at temperature of 20 °C and contact time
of 480 min. The best result (77 %) was achieved to the sample 6, the CRK dust.
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For the other samples the results were not so good, the sample 3 (EAF1) had
zinc gain of 41 %, the sample 4 (EAF3) only 13 % and sample 5 (AOD) 51 %.

90%
77%

80%
70%

Gain (ICP)

60%
51%
50%

41%

40%
30%
20%

13%

10%
0%
EAF1

EAF3

AOD

CRK

Temperature 20 ° C and contact time 480 min.

Figure 32. Samples 3 to 6 Outokumpu dusts. Zinc gain (ICP) from NaOH 5 mol/L
leaching when temperature was 20 °C and contact time 480 min.

With the higher temperature but shorter contact time, better results were achieved
as can be seen in the figure 33. All the samples had gain over 50 % (by ICP)
when the temperature was 50 °C and the contact time was 300 min. The greatest
gain (84 %) was achieved for EAF3. The AOD and CRK dusts had zinc gain over
70 %.
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79%
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50%
40%
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20%
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Temperature 50 °C and contact time 300 min

Figure 33. Samples 3 to 6 Outokumpu dusts. Zinc gain (ICP) from NaOH 5 mol/L
leaching when temperature was 50 °C and contact time 300 min.

The figure 34 shows the influence of the contact time to the chemical leaching
results. High values are due to in efficient ICP analysis of the zinc for the zero
samples. The contact time points were 180 min and 300 min. With the longer
contact time the gain of the zinc was better. With the sample 4, the EAF3 dust,
the difference of results was 122 %-units. The optimal leaching condition for
Outokumpu dusts were the contact time of 300 min and temperature of 70 °C.
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250%
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137%

150%

148%
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100%
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Chemical leaching with 5 mol/L NaOH at 70 °C
180 min

300 min

Figure 34. Samples 3 to 6 Outokumpu dusts: Chemical leaching zinc gain (by
ICP) with 5 mol/L NaOH at temperature of 70 °C.
6.3.6 PCD
There are two pulsed corona discharge equipment in possession of OWA. The
PCD equipment used in this experiment was smaller and manually controllable.
The other PCD equipment has bigger storage tank and automatic control system.
The more adjustable control system was the reason why the smaller equipment
was chosen to be used for this experiment.
The test began with feeding the sample 4, the EAF1 dust, to the pulsed corona
discharge equipment. The actual run was only 40 minutes and the equipment
worked well. The zero sample was taken after running the circulation pump for a
while. After 40 minutes of running the first sample was taken.
After the run it was noticed that the most of the solid materials were in the
container under the reactor and not in the circulation. Some of the solids were
also on top of the perforated plate (figure 35) and on the hoses. Shape of the
container and lack of the mixing present challenges for treating waters containing
particles. The washing of the equipment took long time and some of the hoses
had to be changed because it wasn’t possible to clean them thoroughly. In case
future studies some modifications was planned for the equipment.
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Figure 35. The perforated plate of the PCD completely covered with solid
materials.

Results of PCD were unclear because of the equipment was not suitable for
wastewater with solid particles. Getting the presentative samples before and after
PCD treatment was not possible because the majority of particles was not in the
circulation. The zinc analysis was made for the unsuccessful samples, but the
results showed that the amount of zinc decreased, which proved the assumption
of the experiment failing.

6.4 Conclusions
Sludge fractionation showed that zinc concentrations were highest in the particle
size fraction above 1.2 µm and the magnetism test showed that zinc ferrite was
in the solid part of the sludge. Because majority of the sludge is in this zone and
the zone under 1.2 µm is significantly smaller, fractionation is unnecessary.
Pulsed corona discharge method was not suitable implemented to waters with
high amounts of particles. Experiments with PCD could be continued with some
modifications to reactor design.
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The most promising method for the zinc was the chemical leaching with the 5
mol/L NaOH at starting temperature of 70 °C for 120 minutes in case of the blast
furnace and leaching with 2 mol/L H2SO4 at 50 °C for 360 minutes for converter
sludge from SSAB Ruukki. For the Outokumpu dusts (EAF1, EAF2, AOD and
CRK) the 5 mol/L NaOH at 70 °C for 180 to 300 minutes leaching produced good
results. The results present preliminary results in laboratory scale. More detailed
experiments should be made for optimising the selectivity of metals extracted
from the dusts or sludges in these conditions.
At the moment the experiments with zinc ferrite decomposition and recovery of
the zinc from the steel making waste streams are not continued by the OWA.
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