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ORGANISERS

The1™ International Slag Valorisation Symposiwmas jointly hosted by th&entre for
High Temperature Processes and Industrial Ecologgyd theTHERMO Research
Group, which are both part of tHe@epartment of Metallurgy and Materials Engineering
of theKULeuven(Belgium).

E'u fﬁ cen’rre

Centre for High Temperature Processes and Industria | Ecology

This Centre consists of a co-operation betweemdsearch group "Thermodynamics for
Material and Process Development' (dep. MTM) aratliteg materials companies,
including ArcelorMittal, Umicore and Heraeus Elecifite.

Domains and tools
The Centre deals with the following research dostain
* Microstructural analysis of metallurgical phases
 Thermodynamic description of metallurgical systelistag/metal/gas/matte,
phase diagram optimisation)
* Development of refractory wear models and procesdets
e Stimulation of industrial ecology in pyrometallurgiclosing the loop, slag
valorisation, process/flowsheet optimisation, mateand energy efficiency,
exergy analysis)

To achieve these goals, the Centre can make use of:
» Experimental techniques for evaluating refractosawy inclusion formation and
controlled slag evolution (vacuum induction furnade furnaces, CSLM etc.)
» Characterisation methods, including OM, micropréeBS/WDS), SEM, FIB,
e-SEM, MS, Q-XRD, XRF, XPS, AAS, ICP-AES etc.
» Software programs (including FactSage, Dictra, HEC)

Broad network

Apart from its three core partners (ArcelorMittahiBless, Umicore, Heraeus Electro-
Nite) the Centre has run and/or currently runs gutgj with a number of leading
companies in the metallurgical field: ArcelorMittahent, Campine, M etallo-Chimique,
Nedstaal, Ascometal, RHI, Thermphos, Rockwool, Gaofteel, Rio Tinto Minerals,
Posco Steel, Baosteel etc. Apart from these indlgpartners the Centre has also
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established a broad international research netwackiding FEhS, UCL, Queensland,
RMIT, Carnegie-Mellon, Harvard, Pohang U. Sciened @echnology, McGill, USTB,
University of Tokyo etc.

Projects

Two types of research projects are performed. 8p@uiojects include short, targeted
research projects, feasibility studies, definitiand writing of research proposals to
outside sponsors. The second type of projects stsnsf generic work. Generic projects
are intended to strengthen the scientific and tieethexpertise of the Centre.

Join the Centre?

Through the partnership with an academic group, tietallurgical industry is
continuously exposed to new ideas, bright studentsyoung researchers. The Centre
provides access to top level experimental, modedimd) characterization facilities and
thus allows a higher base level of relevant experéind acts as a flywheel for larger
industrial projects that may be government spowsofde Centre is open for new
members.

For more information, contact Prof. Bart Blanpdar{.blanpain@mtm.kuleuven.be) or
Dr. Peter Tom Jones (peter.jones@mtm.kuleuventbesi the website:
www.mtm.kuleuven.be/Research/centre/index.html

Part of SMaRT-PRO *

The Centre is part of a recently established KUkeundustrial Research Fund
Knowledge Platform. SMaRT-PRO? (Sustainable Malieadon of Residues from
Thermal Processes into Products) brings togetheeareh groups within the
K.U.Leuven Association to collaborate on the valation of inorganic byproducts,
such as solid waste (including metallurgical sleags) carbon dioxide, from industrial
processes. Working closely with industry, governtmand civil society, the generic
goal is to strengthen knowledge on valorisatiorinofganic industrial by-products and
provide a formal platform that can enhance theirtpsf industrial material cycles in
Flanders and abroad Platform. See: www.smartpro2.eu

' SMART PRO®

Sustainable Materialization of Residues from Thermal Processes into Products
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thermo

THERMO Research Group

The THERM O Group, which stands for Thermody namcSliaterials Engineering, has
the following scope. Thermodynamic analysis relatesthe equilibrium state of
materials and materials systems to macroscopiahas such as pressure, temperature,
composition and stress. Combined with experimeobalervations of phases and the
measurement of their composition, it creates taéwork to understand materials and
processes and presents opportunities to improverigatproperties and processes used
in materials production. Materials and processesydver, are seldom in a state of
equilibrium. It is therefore essential to also studhenomena such as reactions,
diffusion, segregation and solidification that lggdthe gap between equilibrium and
non-equilibrium states. It is in this broad donmdat the THERM O group is active with
theoretical and experimental research in both lzasicapplied subjects.

Research Fields

The THERMO Group deals with the following reseaddmains:
* Pyrometallurgy
» Determination and optimisation of phase diagrams
* Modelling of microstructure evolution

For more information, contact Prof. Bart Blanp dart.blanpain@mtm.kuleuven.be) or
Prof. Patrick Wollants (patrick.wollants@mtm.kulembe) or visit the website:
http ://mwww.mtm.kuleuven.be/Research/THERMO/indegpph
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Steeland CO ,; — the ULCOS Program, CCS and Mineral
Carbonation using Steelmaking Slag

Jean-Pierre BIRAT
ArcelorMittal, Maiziéres-les-Metz, France

Abstract

Over the past 40 years the European steel indbsisyreduced its CQOemissions with
approximately 50 to 60%: this is the highest lesfeenergy conservation achieved by
any industrial sector. This is due to several desad cost management, as high energy
prices have driven the industry to optimise itsqesses as close as possible to physical
(thermodynamic) limits. Cutting CQOemissions further, to the level that post-Kyoto
policies require, raises therefore specific chajéen it is indeed necessary to uncouple
energy savings and GQeduction in the Steel sector. There is no singriecess,
available off-the-shelf, that can accomplish tieep paradigm shifts in the way steel
is produced have to be imagined and the correspgnldieakthrough technology
designed and developed. The largest R&D prografiedc& LCOS (Ultra Low CQ
Steelmaking) has been running in the EU since 200drogress in this direction. The
present paper gives the current status of the waridLCOS options. In particular,
attention is drawn to the use of CCS and minergbareation within new ULCOS
technologies. Geological CCS has been identifiechfthe start as a powerful solution.
Mineral carbonation has also been assessed, sholkahg can only result in moderate
overall emissions reductions. Therefore, minerabaiation, in particular, needs more
detailed elaboration before it can be consideredra®ption compared to geological
CCs.

Introduction

Steel is among the major structural materials i whorld, with its production coming
second only to that of cement. Iron and steel Hseen used for several thousands of
years, either to make artifacts, from buildingatwomobiles and from guns to cans, but
also tools and machines from which all other actéaare made. Steel is ubiquitous. The
history of mankind is completely interwoven withathmaterial. Behind the name of
steel hide several thousands of different allofis,largest family of materials ever. The
Steel industry, which produces steel, is a soplaisgtd, modern and capital intensive
industry. It features some of the most impressngresering reactors, such as the blast
furnace, which is unique and probably as powerdidl @omplex as a nuclear reactor or a
large rocket used to raise heavy payloads to orbit.
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Steel production in 2007 amounted to 1.342 Gton end®008 to 1.3297 Gton.
Anthropogenic emissions of GHGs, which amountedi®Gton of CQ equivalent
worldwide in 2004} are traditionally split among economic sectors omgwhich
industry represented 19.4%. The Steel Industry esgmts 6 to 7% of global
anthropogenic C®emissions according to the IPEyut only 4-5% according to the
IEA,? i.e. one fourth to one third of the whole industry secthese estimates include
direct emissions by the steel mills themselvesiadulect ones, generated by the energy
sector to produce the electricity that the millsisiame. This accounting method leaves
out a life-cycle presentation, where the benefitsusing steel, in terms of GO
emissions that can be allocated to using it, wbeldaken on board: this would account
for avoided emissions at least an order of mageitladger than the emissions of the
steel mills. But in a traditional analysis, thieesario modeling of a society that uses
steel, against an hypothetical one that would isaisually not considered.

The carbon dioxide intensity of the steel sectatatois 1.9 ¢odtcruge steel The Steel
Industry comes out as a small emitter comparedhécehnergy sector (25.9%), transport
(13.1%), forestry (17.4%) or agriculture (13.5%pwever, the C@Qstream is generated
by arelatively small number of large emitters,heane spouting out between 1 and 10
Mton peryear.

CO, emissions of the Steel Sector

Why does the Steel Industry generate,€Jhere are two main reasons: on the one
hand, energy is needed to produce steel, more tiftennot generated from fossil fuels,
while on the other hand, reducing agents are nagess produce steel from iron ores,
the cheapest, most easily available reductant hemgarbon of coal. Figure 1 shows
the various production routes used today to makel sind their share in the world and
in France. The Blast Furnace (BF) route produces! $tom primary raw materialsge.
iron ore and requires both energy and reducing tagen the form of coke and
pulverised coal; it is called an Integrated Steell. Mhe Electric Arc Furnace (EAF)
route produces steel from secondary raw mateiiasiron scrap, and needs mainly
energy, in the form of electricity, along with so®al and oxygen. The DR route is
based on ore and uses natural gas as the reduging @and fuel, along with electricity
for subsequent processing in an EAF. The carbordlantensity of the three routes is
respectively 1.97, 1.10 and 0.4%#t/uce steel
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Figure 1: Production routes to make steel today, with production shares in the world
and in France (BF: Blast Furnace; OHF. Open Hearth Furnace; BOF. Basic Oxygen
Furnace; EAF: Electric Arc Furnace; DR: Direct Reduction)
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CO, emissions from a typical steel mill

Figure 2: Simplified flow sheet of an Integrated Steel Mill, showing carbon-bearing
material input (green boxes, highlighted), CO, emissions, expressed in volume (kg/t of
hot rolled coil) and concentration in the flue gas (volume %).

An Integrated Steel Mill (ISM) is a complex ser@sinterconnected plants, where €O

comes out from many stacks (10 or more). Figurév@sga simplified carbon balance,
showing the major entry sources (coal and limegt@mel the stack emissions, in
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volume (kg/t of hot rolled coil) and concentratiohCO, (volume %). The major CO
stream comes out of the blast furnace and accdant®9% of all Steel Mill emissions
to the atmosphere. This is indeed where most of¢daction takes place and where
most of the energy is needed. The top gas of @ lirnace is composed of roughly
25% of CQ, the rest being CO at a similar concentration watlftomplement of
nitrogen. The other stacks all together account3fih of the emissions: they exhibit
rather low CQ concentrations, typical of the flue gas in a comiomal boiler,
combustion chamber or power station. Of courseBf¢op gas never ends up directly
in a stack, as the embedded energy is recoveracpmwer plant, which is part of the
Mill complex. A Direct Reduction steel mill geneeatCQ in lesser quantities at the
stack of the DR plant - as well as downstream atstkeel shop and rolling mills, like in
the ISM. An EAF mill generates even smaller amowft€0,, from the steelshop on:
most of its emissions are actually due to eled¢yripiroduction needed to power the
EAF.

Strategies to control CO , emissions from the Steel Sector

A state of the art Steel Mill is a very optimisgdtem in terms of consumption of fuels
and reducing agents. The Blast Furnace itself opera% away from thermodynamic
limits and the whole mill has a potential of enesgwings of roughly 10% only. This is
due to several decades of cost management, aseh@gtyy prices have driven the
industry to optimise its processes as close asifpless physical limits. The Industry
rightfully claims energy savings and, corresponigin@O, cuts which range between
50 and 60% over the last 40 years, depending ofotia conditions: this is the highest
level of energy conservation achieved by any ingaissector. Cutting C@emissions
further, to the level that post-Kyoto policies requraises therefore specific challenges:
it is indeed necessary to uncouple energy savindsC, reduction in the Steel sector
— an original feature compared to other sectors.

First, a more or less obvious fact that ought testaed anyway, is that the usage of
steel scrap should be kept at the high level thaas reached today. It is estimated that
the collecting rate of obsolete scrap is around 86é&ay, which forms the basis of a
strong recycling economy, complete with scrap dshlps and a specific steel
production route based on the EAF. In simple wowddye is created by the recycling
of virtually all available scrap. In the long terthis situation will continue. It should
also be pointed out that the indirect emissionategel to electricity production will
evolve with time. For example, ULCOS has shown ,thaider a strong carbon
constraint, the carbon intensity of the Europeasttatity grid will drop from 370
OcoZkWh in 2006, to 144 g in 2050, a specific drop58f6 which will be translated at
the same level in indirect emissiofs.
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The major source of CLemissions from steel mills still remains the oes4d route,
which will retain an important role in the longnerat least until a recycling society can
replace the 0 and 21 century economy of production growth that is maititiven by
population growth — probably some time in the nestitury or at the very end of the
present one.

Solutions to curtail emissions from the ore-basedta have to be exhibited and it is
clear from the previous sections that there isimpk process, available off-the-shelf,
that can accomplish this. Deep paradigm shiftshenway steel is produced have to be
imagined and the corresponding breakthrough teolgyotlesigned and developed, by
strong R&D programs. The largest such program @¢dl&COS, for Ultra Low CQ
Steelmaking, has been running in the EU since 20@4ogress in this directiot? The
analysis that ULCOS has proposed in terms of Breakigh Technologies is shown in
Figure 3, which explains how reducing agents amdsfhave to be selected from three
possibilities: carbon, hydrogen and electrons, ipastthe form of electricity.

The present steel production technology is baseaaah i.e. mostly on carbon, on
natural gas, a mix of carbon and hydrogen and ectréd arc furnaces. To identify GO
lean process routes, 3 major solution paths stahdwed three only: either (1) a shift
away from coal, called decarbonising, whereby aanvould be replaced by hydrogen
or electricity, in processes such as hydrogen temtuor electrolysis of iron ore, or (2)
the introduction of CCS technology, or (3) the aésustainable biomass.

Existing
COZ Carbon technology
capture & storage Decarbonizin
Coke Blast g
Use of C from Furnace

sus_tainable
biomass

Plasma

Syngas in Blast Furnace

d Ge Nwtural gas prereduction

2 prereducfion Electric Arc Furnace
— et
New
Technology

Electrons
Figure 3: Pathways to breakthrough technologies for cutting CO, emissions
fromthe ore-based steel production routes

H
Hydrogen H, by elecftrolysis of H,O
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ULCOS has investigated about 80 different variarfthese concept routes in the initial
phase of its research program, using modeling ahdrdtory approaches to evaluate
their potential, in terms of COemissions, energy consumption, operating cost of
making steel and sustainability’, Among all of these, six broad families of process
routes have been selected within the ULCOS prodi@mfurther investigation and
eventual scale up to a size where commercial imgri¢éation can take over:

» ablast furnacevariant, where the top gas of the Blast Furnaes gbrough C®
capture and the remaining reducing gas is reinjeatethe base of the reactor,
which is moreover operated with pure oxygen rathan hot blast (air). This has
been called the Top Gas Recycling Blast FurnaceR-BE). The CQ-rich gas
stream is sent to storage (Figure 4);

* asmelting reduction procedsased on the combination of a hot cyclone and of a
bath smelter called Hlsarna and incorporating sahée¢he technology of the
Hismelt procesg).The process also uses pure oxygen and generétgasofvhich
is almost ready for storage (Figure 5);

* adirect reduction processcalled ULCORED, which produces DRI in a shaft
furnace, either from natural gas or from coal gaatfon. Off-gas from the shaft is
recycled into the process after €as been captured, which leaves the DR plant
in a concentrated stream and goes to storage €F&ur

* two electrolysis variants ULCOWIN and ULCOLYSIS, which respectively
operate slightly above 100°C in a water alkalindutsan populated by small
grains of ore (electrowinning process), or at ste#ing temperature with a
molten salt electrolyte made of a slag (pyroeldgtis);

 two more options are available: one consists imgdiydrogen for direct
reduction when and if it is available without any carborotforint; the other is
based on the use sfistainable biomasshe first embodiment of which is charcoal
produced from sustainable eucaly ptus plantatioowgrn tropical countries.

Figure 4 : Schematics of the TGR-BF process
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In the nearer term, the TGR-BF seems the most iogisolution, as existing Blast
Furnaces can be retrofitted to the new technologg &hus extensive capital
expenditures that would be necessary to switch tivéne Breakthrough Technologies
are maintained under some control. Moreover, ting penciple of the process delivers
energy savings because the capture of, @@ the recycling of the purified gas
displaces high temperature chemical equilibria @@aard reaction) and uses coke and
coal with a higher efficiency inside the BF tharp@ssible with conventional operation.
This balances the extra costs incurred by the capand storage, to some extent. The
concept has in addition been tested on a large dalbratory blast furnace in Lulea,
with a positive outcome.

Figure 5: Schematics of the Hisarna process

Where natural gas is available, ULCORED is an etitra option. A 1 t/h pilot is
planned to be erected in Luled in the next few ydsr LKAB, an ULCOS partner, to
fully validate the concept. Somewhat later and pbdp for greenfield steel mills, the
Hlisarna process will also be an option. An 8 tlbtpis to be erected and tested in the
course of the ULCOS program. The electrolysis pgses have been developed from
scratch within the ULCOS program and, therefore,sdill operating at laboratory scale.
Although they hold the promise of zero emissiorfsthey have access to green
electricity, time is required to scale them up twemercial size (10 to 20 years).

Hydrogen steelmaking will depend heavily on theilatdlity of green hydrogen, while
the use of charcoal, far way from growing countria®uld require the set up of
complex logistics, including heavy infrastructurerass several continents. The
discussions have been centered until now on thernsaurces of C¢) which allows to
cut emissions for the whole steel mill by more tB@fo. It is possible to cut emissions
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further, by treating the other stacks of the stedlt the cost of abatement would of
course be higher. With this rationale, though, zemnissions could be achieved.

Figure 6 : Schematics of the ULCORED process

In parallel to ULCOS, other programs have been dhed under the umbrella of the
worldsteel CQ Breakthrough Prograﬁ)i.Their rationale is similar to the one of
ULCOS. They are less advanced in terms of makingalBhrough Technologies
available. This long development on Breakthrougkhhelogies shows that there is no
simple recipe for cutting the present £€missions of the Steel Industry by 50% or
more (the objective of the ULCOS program): new bedhgies have to be developed,
which means a high level of risk, incompressibleai@ ment time, large budgets for
R&D and then large capital expenditures to congteel mills to the Breakthrough
processes. Moreover, the economic viability of éaslutions, which definitely are not
no-regret, will depend on the price of €&nhd on the implementation of a level playing
field for climate policies all around the world thavoid “carbon-havens” and therefore
carbon leakage, especially out of Europe. Withltake caveats, the Steel Industry can
cut its emissions significantly and continue toypde a material that the world needs to
ensure a good life to its citizens and cut,@issions in other sectors.

CCS for the Steel Sector

This section will refocus on CCS for the Steel sedbecause implementing CCS seems
to be the quickest way — in the 2020s — to delagrsignificant cuts in the CO
emissions of the sector. The first point is thatSC@ill be implemented in the Steel
Industry without matching any of the existing CCabagories, which have been defined
with the context of energy generation in mind. kutlein the Steel sector, the major part
of the generation of CQs related to the reduction of the iron oxides tanstitute iron
ore. Oxyfuel combustion, pre- or post-combustiopteee chemical looping do not
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mean much in an industrial context where theredscombustion and no oxidation
either — except very locally inside the reactorgufe 7 presents the various CCS
concepts applied to the steel industry and to ebostion process.

The proper concept to apply to the TGR-BF is thaineprocess CQ capture, with
oxygen operationT he oxygen part is similar, but not identical ¢ fuel operation. The
recycling part is original and is the key reasonywdome energy savings and the
corresponding cut in operating cost are gained. Tame concept applies to the
ULCORED process, which also includes the use ofepoxygen and in-process
recycling of the shatft top-gas, in addition to otfeatures like a series of shift reactors
in the recycling loop.

Postcombustion Precombustion Steelmaking
capture capture process

CCs ‘

|:| Airor O,
. . . Process reactor
CGCS in industrial processes,

inCIuding combustion |:| Combustion chamber

Material units

Figure 7 : Implementation of CCS in process industries including combustion

The Hlsarna process is slightly different from tie other processes as it does not
involve a recycling loop for the gas: the smeltas g5 oxidised at the cyclone level,
where some reduction is carried out along with asstion to preheat and melt the ore.
There is a counter current flow of the gas agdinstron stream, in which its chemical
energy is fully exhausted.

Figure 8 shows the carbon and £fass balances of a steel mill operating with TGR-
BF. Emissions are cut by 65% compared to the no@@Q& benchmark steel mill of
Figure 2 (and by 56% in the steel mill itself, doghe carbon saving introduced by the
process). Capturing the flue gas of an extra stiak,that of the sinter plant, would
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bring the reduction at the level of 75%. The maeskiag feature of the top gas stream
from which CQis recovered is the high concentration of £Z@round 35%, which is
significantly more than in the top gas of the cartianal blast furnace.

586 kWh Coal = 1255kg CO,
138kg scrap Limestone = 105 kg CO , mm)
Natural gas =95 kg CO ,

Total CO, production:
1455 kg/t rolled coil

255 kg
1-10% CO, ) 312 kg CO, to storage
TGR-BF gas c re
— coal 24kg =
¢}
limest 133 kg 71k s
30% CO, ime O”e Blas 1050105 @ Net CO, emission:
umade ’ .

co Sinter strand = : 643 kg/t rolled coil
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: el 2
5% CO, : ERREES
A CL : Jgie
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Coke plant |g, ...} I I converter gas
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109 kg oa teel plant
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Flares, etc
71kg

CO, emissions from a TGR-BF steel mill

Figure 8: Simplified flow sheet of an Integrated Steel Mill operating with a TGR-BF,
showing carbon-bearing material input (green, highlighted boxes), CO, emissions,
expressed in volume (kg/t of hot rolled coil) and concentration in the flue gas (%).

CO, storage for the steel sector

Storage of C@can take place in geological reservoirs (geos&)rdag the ocean or by
the mineralisation of some other compounds, chdnmeactants or rocksek situ
storage). In the context of the present Symposiwa, now focus on mineral
sequestration (mineral carbonation).

Mineral sequestration

Mineral sequestration is an option which has begiossly examined in the ULCOS
program (for example in réb and also by the World Steel Association. The epmas
simple: some minerals such as magnesium-rich udtiiamrocks (peridotites,
serpentines, gabbrostc) can react spontaneously (negative enthalpy cficeg with
CO, and form carbonates, which stand below,®@ the oxido-reduction scalethe
compounds are usually stable and the only diffjcaf these schemes is to master the
kinetics of reactions, which naturally take placethe realm of geology, with the
corresponding time scales. Some of the reactions imalve lime or magnesia and
bicarbonates may also be formed. A scheme speoifibe steel industry proposes to
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use slag, especially steelmaking BOF slag, asdaetant that will be used to absorb
CO, by a chemical reaction: there is a phase in tleg, £alled larnite (G&i0O,4) and
present at the level of 30 to 40%, which can reatdt CO.:

15 CaSiO, + CO, > CaCQ + % SiQ, (1)

with an enthalpy of - 22 kcal. In addition to lamislag may contain as much as 6%
free lime (CaO), which also reacts with £t form the same calcium carbonate. The
use of slag has been studied in the ULCOS pro&armhere it was shown that the

reaction can proceed at moderate temperatures 90ig pressures (100 bar), and
moderate times of reaction (90 min) if the slagraund (50 pm) to liberate the calcium

silicate, mixed with water to produce a slurry dapt agitated during the reaction

process. 70% of carbonation is achievable undeetbenditions, with means that 1 ton
of slag can capture 250 kg of GO

Comparing this amount of stored €®@ith the Steel Mill emissions and the amount of
slag which is generated in parallel, shows thay anB% of the total C®generated by
the Steel Mill (0.1 C@Mt compared to total emissions of 7.2 Mtk) carsbquestered
in this way. The ULCOS program conclusion was th& was not measuring up to the
level of the challenge and did not match in any way 50% mitigation target that was
its goal.

Now, if mineral carbonation was to provide more wsegjration, then more reactant
would have to be used, roughly 100 times more. Bhisws the level of the logistics
involved, as it would amount to 25 times the matsteel produced. Proponents of
mineral carbonation do not suggest to move thesroalkthe Steel Mil, but rather the gas
to the mine. This, however, is a proposal that seadre detailed elaboration before it
can be considered as an option compared to gegst@ae also other contributions on
mineral carbonation in these Proceedings, whichukb®n improved, accelerated
carbonation)

Conclusions

The Steel Industry has been aware of the Climat&n@é threat since the late 1980s and
started to propose solutions eagﬂ)CCS has been identified from the start as a pawerf
solution to deal with this issue. Cooperative paot have been launched in Europe
and in the rest of the world to tackle the issueaious scales and commercial-size
demonstrator experiments are now under way, whielg fead to implementation and
deployment from the 2020s onwards. This is a l@mmtagenda, full of promises but
also of risks and traps, a situation which is pbbpaimilar to what other sectors are
experiencing. Risks are related to the complexifyth® issue, which calls on the
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development and the implementation of breakthrougbhnologies under time

constraints which are very short. The messagetishad CCS is unlikely to happen in
the Steel Industry, quite the opposite. But weelelithat the optimism which prevails
in many policy-driven publications is overrated. n#&o researchers are actually
becoming aware of this situatid®.

References

1.
2.

No s

10.

IPCC, 4th AR, Working Group IlI, Climate Char@07.

IEA Energy Technology Perspectives 2008; totakghouse gas emissions from human
activities in 2004 were 49 billion tonnes (IP CC Wag Group I, Climate Change 2007).
Jean-Pierre Birat, Jean Borlée, Bernd Korthas,van der Stel, Koen Meijer, Christian
Gunther, Mats Halin, Thomas Burgler, Hervé LavedairChris Treadgold, “ULCOS
program: a progress report in the Spring of 2008CANMET I, 3rd International
Conference on Process Development in Iron and Béddéhg 8-11 June 2008, Luled,
Sweden.

www.ulcos.org

www.hismelt.com

www. worldsteel.org

F. Bourgeois, F. Bodéna, “Experimental & modegjliadvances in mineral carbonation for
CO2 capture and storage, personal communicatioephtetnber 2005, unpublished
documents in the ULCOS program.

Fraser Goff and K. S. LacknétCarbon dioxide sequestering using ultramafic récks
Environmental Geosciencds Sep 1998, 89-101.

J-P Birat, M. Antoine, A. Dubs, H. Gaye, Y. dassat, R. Nicolle, J-L Roth, “Vers une
sidérurgie sans carbone®Rewue de Métallurgj®0, 1993, 411-421.

Anders Hansson, Marten BryngelsstBxpert opinions on carbon dioxide capture and
storage - A framing of uncertainties and possibiit, Energy Policy in press (March
2009).

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 26



Mineral Carbonation at K.U.Leuven: a review

Tom VAN GERVEN", Ozlem CIZER?, Gilles MERTENS °, Carlo
VANDECASTEELE", Jan ELSEN ® and Koen VAN BALEN *?

®Department of Chemical Engineering, K.U.Leuven, 3001 Leuven, Belgium
®Department of Civil Engineering, K.U.Leuven, 3001 Leuven, Belgium

‘Department of Earth and Environmental Sciences, K.U.Leuven, 3001 Leuven, Belgium

Abstract

For more than 20 years, K.U.Leuven has contributedinternational mineral
carbonation research. Investigated materials ireclliishe mortars, hydraulic mortars,
alkaline wastes and hydrated waste-cement blentten#lion was given to processing
conditions, product properties (structural, minegatal and environmental) anksitu
analysis. In particular, results were achieved len relation between GQliffusion and
water content in the material, on the identificataf different reaction stages, on the
industrial applicability of in-line carbonation, dmn the microstructural and chemical
speciation of reacted phases. In the future, thasf@areas will be further explored in a
more collaborative effort.

Introduction

Research relative to carbonation of solid matersafgted at K.U.Leuven in the late
eighties of the previous century. At that momenteKd/an Balen started to investigate
the carbonation reaction mechanism in lime mortamsl the effects on historical
buildings. The carbonation reaction of calcium ropgte (lime) in mortars is crucial
from an engineering point of view, as it is thenpary or the secondary hardening
reaction, depending on the binder composition, ithptroves the mechanical properties
and therefore structural behaviour of the masor8pecification of lime mortar
properties is essential to understand how it adfetite overall durability and
deformability of the historic masonry. In partiaylthe focus was directed on modelling
the carbonation process and the influence of tliem@ntent on the reaction progress.
Later on, his group widened the focus to includeous building materials besides lime
mortar such as lime hydrate and hydraulic bindemsmgnts). Also the relation and
competition between carbonation and hydration irdém@ng processes were and are
studied. A dedicated set-up was designed for tesearch includingn-situ XRD
analysis of the carbonated material, which allow#iofving the progress of the
carbonation reaction in detail. A close collabamatexists with the mineralogy group of
Jan Elsen. Meanwhile another group, including TomanVGerven and Carlo
Vandecasteele, started to be interested in carloonftom the waste treatment point of
view. As carbonation is considered to be one of tten reactions taking place in
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weathering solid wastes, it was necessary to thke firocess into account when
assessing long-term treatment options. The effecadbonation on leaching of heavy
metals from incinerator residues became a focaltpajithe group, both with respect to
solid waste as such and solid waste incorporatenment matrices. When it became
clear that in some conditions, carbonation can havyeositive effect on heavy metal
leaching (.e. decrease leaching), accelerated carbonation weasstigated as a
treatment method to enhance environmental proggertie

Over 20 years of investigation has led to varioaggrs, conference communications
and PhD dissertations in the field of carbonatidrist of the most important ones is
provided in the referencé€® In the future the groups will collaborate to intigate
mineral carbonation systematically, with a focus mmcessing conditions, product
properties (structural, mineralogical and environta andin-situ analysis.

This conference paper reviews the most importamtirfgs at the K.U.Leuven relative

to mineral carbonation, by focusing on the threendms of expertise: processing
conditions, product properties amdsitu analysis. At the end, future directions of the
research are described.

Contributions by K.U.Leuven

The carbonation reaction in mortars and other @mkamaterials is a rather complex
mechanism composed of diffusion of the L£trough the pore structure and its
dissolution in the capillary pore water where gaation with calcium hydroxide occurs
with the precipitation of calcium carbonate crystdtor a better understanding of this
reaction mechanism in mortars, research has beeedaut to clarify the diffusion
term and the reaction term. Based on gas diffugioa porous medium, Van Balgn
provided the very first one-dimensional modellinigtbe lime mortar carbonation,
taking into account the combined gdiffusion with water (vapour) transfer. This
research has identified the interrelationship betw@Q diffusion and water conterih
the mortar, considering the water produced from taebonation reaction itself.
Numerical models show that the carbonation reaciarts quickly on the outer surface
of the lime mortar and the GQ@iffusion controlled phase starts when the molnts
dried enough. The quick start and fast blockaghiesto the limited diffusion resistance
at start and due to the blockage of diffusion t&sgllfrom the water produced by
carbonatiort:?

The carbonation reaction model in lime mortars wagroved with further research
based on experimental studies on the diffusion rdthe reaction term. The effective
diffusivity of CO, in carbonated lime mortars was studied using ak®&Viend
Kallenbach type of set-up composed of a diffusieth and a CQ@-gas an alyzegf). The
CO, diffusion coefficient was determined in relation different water contents.
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Experimental results have indicated that the, @fusion coefficient decreases almost
linearly when increasing the water content fromrmardortar to capillary saturation due
to the blockage of the GQliffusion by water (Figure 1). Due to the preseniceoarse
pores in lime mortars, the influence of water canten CQ diffusivity is much less
pronounced than in cement mortars composed of isongores. Therefore, GO
diffusion in lime mortars can take place at highishare contents and it is only blocked
at a water content above saturation by capillagtisn. This particular property of lime
mortars allows the water vapour transport insidenasonry wall and therefore
contributes to the durability of the masonry.
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Figure 1: Influence of water content on the CO, diffusion coefficient of a lime mortar.

In the case of incinerator bottom ash samples, ton@scontent also influences
carbonation rate and subsequent metal Iea@hlﬁ@t the particular material, a moisture
content range of 13-25% minimised leaching of copgkromium, molybdenum and
antimony. Keeping the moisture content constaninduwarbonation requires, however,
tight control of processing conditions. During acambtion experiments of incinerator
bottom ash in the lab, the moisture content ofs¢dmples decreased to 6% within 75
hours of treatment in a G&hamber with > 95% relative humidity in the atmosge,
regardless of the original moisture level (up t&&00n the other hand, when the same
type of samples was carbonated in the stack gasnadinicipal solid waste incinerator,
containing approximately 10% GQnd 21% of water vapour, the ash-filled column
flooded because of water condensation due to thpdeature decrease in the stack by-
pass from approximately 112°C to 10-20%CThis unwanted effect can easily be
avoided by condensating part of the water vapouorpio carbonation. Although
flooding of the column complicated interpretatian¢ould be concluded that stack gas
carbonation yields the same results in terms oflpétease and metal leaching as those
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obtained from pure C{N, gas mixtures in the laboratory. Direct in-line wmal
carbonation thus seems to have potential.

Related to the industrial application of in-linehasarbonation, the concept of leading
the stack gas in counter-current over a layer ¢fdmo ash on a moving belt has been
investigated with respect to the acceptable thiskrad the bottom ash Iay]é?P.Figure 2
gives the pH results over time for a 10 cm thickelaof bottom ash of which the top
surface was contacted with 10% &€&t 50°C. After one week almost the complete
sample had reached pH 8.5-9 and was considere@ wanbonated. A simple model
predicts the experimental results reasonably welirther process improvement is
obviously necessary before industrial feasibilign e considered.
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Figure 2 : Experimental (left) and modelling (right) results of accelerated carbonation of
a 10 cmbottom ask layer over time.

The reaction term was studied using a carbonatigmer@mental set-up that was
developed at the department of Civil Engineeringhiis set-up, lime paste is subjected
to high CQ concentration to simulate an accelerated carbmmafirocess. This
experimental study is based on measuring the @@centration during the carbonation
reaction. Net CQ uptake by calcium hydroxide is determined and dbase this the
reaction rate is calculated. Using this set-up, ¢iibonation reaction was studied at
ambient temperatures with various lime binferand with hydraulic bindefd at
various CQ gas concentrations (20%, 50% and 100%). This shadyverified the lime
mortar carbonation model and has improved undedlstgrof the factors influencing
the carbonation reaction rate in a porous systdra.réaction rate is not proportional to
the CQG gas concentration but is rather influenced byrtia¢erial properties of lime as
the specific surface area. In the case of incioerdiottom ash, there is also no
advantage in increasing the €@as concentration, which again illustrates thaD%
CO, stack gas is very suitable for mineral carbonapioocesse&’?

Further insights have been gained on the carbanataction mechanism and on the
reaction rate with recent research using this cation experimental set-up coupled
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with an in-situ XRD analysi&” This coupled set-up allows following the real-time
modification of the mineral phases of portlandited acalcium carbonate while
measuring the CQuptake simultaneously. The carbonation reactibe oatained from
CO, uptake and that obtained from calcite precipitetaoe compared. The resulks have
revealed that the carbonation reaction proceetiwarphases: () initial CQuptake by
the sample surface; (Il) increased Qfptake leading to the acceleration of the reaction
(Figure 3). During the first phase, G@olecules are rapidly absorbed by the alkaline
water on the surface. This triggers the carbonateaction with the precipitation of
calcite crystals (Figure 4). While the g@Qptake continues at a decreasing rate, the
calcite precipitation does not follow the same .rdtleis indicates that a dormant period
exists in which the reaction controlling factorg ahe rates of CQabsorption and of
calcium hydroxide dissolution in water. The secpihédse when CQuptake increases,
starts after the sample has dried enough. Thidesegpen pore space, facilitating £0
diffusion through the sample thickness and accefegzathe carbonation reaction
resulting in a complete carbonation of the surface.

1 1 1
1phase | 1 phasell 1 no carbonation
10E-03 T ' ' =
9.0E-04 4 St
i O/ — 10 min average
80E-04 P © data

net CO2 uptake rate (%/s)

time (S) Hundreds

Figure 3: CO, uptake rate of a lime paste (t,: start of reaction; t,: start of increased CO,
uptake; t,: time of maximum CO, uptake rate; t;: end of reaction).

Product properties have also been investigatedh, syecific attention to microstructural
evaluation and effects on metal leaching. Microgurtal investigation of the
carbonated profiles formed under different condsichas indicated that calcite is the
only calcium carbonate polymorph precipitating aiht its precipitation rate is
independent from the GQOconcentration, relative humidity conditions andy gibal
properties of the lime particlé@.These three parameters, however, have an important
impact on the habit, size and morphology of thecipiated calcite. In particular, GO
concentration and relative humidity conditions etffehe calcium and carbonate ions
concentration in the pore water. Scalenohedral itealprecipitates under non-
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stoichiometric conditions with [G8 > [CO5>] while stoichiometric conditions with
[Ca2+]/[C0321 ~ 1 promotes the growth of the rhombohedral calgtigure 5). Most
importantly, modification in the calcite crystal dita from scalenohedron to
rhombohedron is established in a £@h atmosphere due to the dissolution-
reprecipitation of calcite under low pH, leading ttee protonation of the negatively
charged scalenohedral faces and formation of rhbedral faces having equal amounts
of calcium and carbonate iof.
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Figure 4 : Sequential in-situ XRD patterns of lime paste during carbonation in a 100%-
CO, atmosphere (t,: start of reaction; t;: start of increased CO, uptake; t,: time of
maximum CO, uptake rate; t;: end of reaction).

Figure 5: Calcite crystals precipitated on the exposed surface of a lime paste:
scalenohedral calcite in air at 60% RH (a); scalenohedral calcite in air at ~93% RH (b);
rhombohedral calcite in a 100%- CO, atmosphere at ~93% RH (c).

Besides the microstructural effects, carbonatiso afluences the chemical speciation
and pore water chemistry of alkaline materialsrityoducing the carbonate/bicarbonate
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species in the liquid system and by lowering pHisTias been extensively researched
at the department of Chemical Engineering, in viEwmechanistic understanding of
weathering processes and subsequent long-term Wwastenent assessment on the one
hand and as a treatment method (accelerated camwon#self on the other hand.
Heavy metal leaching is mainly controlled by therstry of abundant ions such as
calcium, iron, silicate and sulfate by (co-)pretagon and sorption. Antimony for
example forms calciumantimonates (roméites) in mvirenment that is both alkaline
and rich in soluble calciuf¥ The solubility of roméite can therefore be redubgd
increasing calcium availability and pH, for instanty adding lime to wastes.
Carbonation, however, increases calcium availgbiby lowering of the pH and
subsequent dissolution of calcium containing milsesach as ettringite and stratlingite
(Figure 6). This increased calcium availability kbun turn decrease antimony
leaching, but this effect is retarded due to theelo pH. In addition, prolonged
carbonation allows neoformed iron and aluminiumdigxides to precipitate, which,
combined with the lower pH, induces significant agdion. Figure 7 shows that,
depending on the carbonation conditions, it is gods$o limit the increase of antimony
leaching. Other metals such as copper exhibit @ifgignt decrease in leaching due to
carbonation (Figure 73?3) This is related with the effect of carbonationtba organic
compounds that are still present in incineratortdrotash, even after incineratiéh.in
particular the hydrophilic and the fulvic acid friians have been shown to control
leaching of copper and are, at the same time, tafleby an accelerated carbonation
treatment. Carbonation decreases the solubilitythese compounds by preferential
biodegradation and adsorption to iron and aluminigmydr)oxides, which in turn
decreases copper leaching.
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Figure 6: Experimental and modeled calcium leaching (a) and modeled mineral
abundancy (b), as afunction of carbonation time. “St” is Strétlingite, “E’ is Ettringite.
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Figure 7: Leaching of antimony and copper as a function of carbonation time. The
different data points at the same carbonation time indicate different processing
conditions (temperature, CO, concentration, moisture content).

In blended waste-cement monoliths the carbonatednttion and pH decrease become
decoupleoe.’g) Because of the presence of Calcium-Silicate-Hyjiakey component in
hydrated cement with a high pH buffering capaciprogressive carbonation first
introduces carbonate in the pore water without edeing pH. As a result, calcium
leaching decreases. Only at a more advanced stagebmnation does the pH decrease
and carbonates are converted into bicarbonatessdlt® of which are highly soluble.
Therefore, calcium leaching from almost completeyrbonated with mildly acidic
leachant is higher than leaching from partiallybcarated samples. Metals for which the
carbonate salt is more soluble than the hydroxaéhgough a different scheme. Lead,
for example, is soluble at high pH as a lead hyidexomplex. The very limited pH
decrease in the first stage of carbonation shifesaquilibrium to the precipitated lead
hydroxide, thus lowering lead leaching. With mordvanced carbonation and
significantly decreasing pH, lead hydroxide is cemed into the soluble lead
bicarbonate salt, thereby increasing lead |leachgagn.

Besides the effects on mineral speciation and prhomation also affects porosity.
Carbonation leads to an average decrease of pyrastl a modified particle size
distribution’® In blended waste-cement mortars it was found ttha relative
importance of small capillary pores (<0.1 um) distires, whereas the proportion of
larger capillary pores (> 0.1 um) increases. Tecefof carbonation-induced porosity
decrease on leaching was shown to be significanp Fbindependent components such
as sodium and, to a lesser extent, potassium. Hawir heavy metals the pH effect of
carbonation will be much more important.

With these studies, significant insights have bgamed on the carbonation reaction
mechanism in different materials such as lime msrtlme-based hydraulic mortars,
alkaline wastes and waste-cement blends. It has é@dirmed that the role of water is
one of the key parameters in the carbonation psooes porous system, which requires
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a combined diffusion-dissolution process of L@omplete carbonation cannot be
achieved at high COconcentrations if water is not present in suffiti@mounts to
allow the dissolution of C® In addition, the use of industrial stack gas aar@onating
agent yields comparable results with the synthed CG gas streams used in the
laboratory. The pore structure built-up by the gritated calcite also plays a critical
role in the carbonation process as it should allowontinuous pore network for the
diffusion process. Carbonation affects pollutaaicieng significantly, and with correct
understanding and improved control of process ¢mmd, accelerated treatment may
offer potential solutions for particular waste sires. To obtain a better understanding
of the carbonation mechanism, timesitu follow-up of the reaction progress is an
essential tool.

Future research

In situ X-ray powder diffraction (XRPD) experiments alldwidentify and quantify the
crystaline phases in complex reacting systems sash carbonation reactions,
pozzolanic-lime reactions or the hydration reaciohblended cements. In addition, an
assessment of the total amount of amorphous plagsdse made. The recent advent of
synchrotron X-ray sources and efficient X-ray deiecsystems renders time-resolved
diffraction studies possible and enables to stubg details of the kinetics and
mechanism of the reaction at early ages. An examptbe results obtained by am
situ synchrotron X-ray powder diffraction (XRPD) expeem is given in Figure 8,
where the pozzolanic reaction of lime with the ratuzeolite (K-exchanged)
clinoptilolite is investigateae?) XRPD measurements for quantitative analysis were
recorded at the BMOlb beam lime for high resolutpowder diffraction at the
European Synchrotron Radiation Facility. This tegha will be introduced in the
carbonation research as well.

Research on carbonation will also continue withiredepth research on the reaction
term and on the diffusion term. The former will @stigate mastering lime mortar and
hydraulic mortar carbonation under atmospheric t@mm$ using chemical admixtures

for the purpose of enhancing the reaction for ¢@-applications. The latter will focus

on modelling the diffusion process in relation tiffedent water contents and pore
structures in order to have a better understarafitige carbonation reaction mechanism
in mortars.

Work on processing conditions will focus on theaaoé mineral carbon sequestration in
alkaline waste materials (metallurgical slags amaneerators ash) as well as reference
materials such as olivine and serpentine. Besides more conventional process
parameters (temperature, pH, moisture contenticfgagize and specific surface area),
attention will be given to the application of loelergy sources to remove carbonated
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shells from uncarbonated cores and to improve agacliffusion in the reaction zone of

the liquid layer.

Collaborative research in the future is thus pldnaleng the established focus lines of
in-situ analysis, processing conditions and product pt@serThe range of materials
investigated will be extended to take into accoaiitalkaline materials (not only
hydrated mortars and ash, but also metallurgi@a ahd primary raw materials). Also
the link between microstructure and the upstreagh-temperature processes will be
explored in collaboration with the department oftBlergy and M aterials Engineering.

1500

500

8 9 10 Time (days)

°2Theta
Figure 8: Time-resolved in situ synchrotron XRPD patterns of the pozzolanic reaction

betw een K-exchanged clinoptilolite (C) and lime (L), with the formation of the semi-
amorphous Calcium-Silicate- Hydrate phase (CSH) and hydrocalumite (H).
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Abstract

This paper reviews a number of recent studies ichvthe authors have focused on the
mineral carbonation mechanisms and potential &l slag, as well as on the leaching
properties of freshly produced steel slag and slaglat various degrees of carbonation.
By combining controlled carbonation and leachingeriments, geochemical modelling
and mineralogical analyses, these studies arengesigp contribute to the development
of a treatment process that can facilitate the fogak utilisation of steel slag. The
treatment is focused on capturing some of the gihmrec CQ emissions of the steel-
making process and, simultaneously, on reducings&ions of leached contaminants to
soil and groundwater during the utilisation of $&&g in construction applications.

Introduction

Converter steel slag is the predominant solid-tesitbrmed during the production of
steel. It is typically formed at rates of 90-100Kgsteel slag per tonne of steel in the
LD/converter process during the refining of hot ahétom the blast furnace. The slag is
frequently used as a secondary aggregate in catisimuapplications, but imposes a
high pH (12.5) and low Eh, which may exert advesffects in agueous environments
with limited water flow. These properties are rethto the slag mineralogy: hydration
of the highly alkaline ¢S and lime (CaO) phases buffers the pH of intéxbtiater at a
value of approximately 12.5, while the presenceligélent iron in Wuestite gives rise
to reducing Eh valuet.

The substantial content of highly alkaline minemalhases, as well as the large
production of CQin the steelmaking process, has caused steelslagconsidered as

feedstock for aqueous mineral carbonation, as asiplestechnology to reduce

atmospheric C@emissions’ The use of alkaline industrial residues, suchtesl slag,

is potentially attractive for this purpose becaatéheir availability in industrial areas,
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low costs and possibly higher reactivity, relatteemineral ores. Although their total
CO, sequestration capacity is limited relative to tatahropogenic C@emissions, the
use of residues as feedstock can contribute to irek@rst mineral C@ sequestration
(demonstration) plants economically feasible.

In addition to its possible contribution to thewetlon of CQ emissions, carbonation of
alkaline solid residues has been demonstratedve jatentially beneficial effects on
the leaching of constituents from these materialghie environment. For example,
reduced leaching of potentially harmful constitisehas been reported for residues such
as municipal solid waste incineration (M SWI) bottash, fly ash from coal fired power
plants, air pollution control residues, and stdafj {see Huijgen & Comatls and
references therein). In such studies, a numberoséiple carbonation mechanisms has
been distinguished that affect leaching, such agécipitation of carbonates, (2) pH-
neutralisation, (3) formation of minerals otherntaarbonates, (4) co-precipitation and
(5) sorption on freshly precipitated surfaces. be&ag experiments combined with
geochemical modelling, and mineralogical charasé¢ion €.g. by X-ray diffraction
and electron microscopic analyses) have been shovine valuable tools to study the
leaching properties and underlying mechanisms esge¢hesidues.

This paper reviews a number of recent studies irchivthe authors have focused on the
mineral carbonation mechanisms and potential &l slag, as well as on the leaching
properties of freshly produced steel slag and slaglat various degrees of carbonation.
By combining controlled carbonation and leachingeriments, geochemical modelling
and mineralogical analyses, these studied are atmgufovide a mechanistic insight
into (1) the mineral C®sequestration potential of steel slag and (2)effexts of the
carbonation processes on the leaching propertiestesl slag, including pH, redox
potential (Eh), major and trace elements. As sublese studies are intended to
contribute to the development of a treatment protlkat can facilitate the beneficial
utilisation of steel slag.

Materials and Methods

Steel slag samples

Two types of converter slags have been selectedcéobonation experiments at
atmospheric pressure (see below), each derived &osingle heat, representing the
maximum difference in primary mineralogy: K1 slaghich consists mainly of £
(2Ca0.(si,P,V)Q), GCF (2CaO.(Fe, Ti,ALM)0O3) and magnesio-wuestite (MW,
(Fe,MgMn)0), and K3 slag, which containgSZ(CaSiOs), C,S, GF, MW and free-
lime (CaO)?) The GS is a high-temperature phase which decomposesSot+Qime
during cooling, but leaves a characteristic intengh texture, possibly with a different
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reactivity for CQ. Both slags were air-cooled and subsequently lrekel sieved to
obtain a representative 2-3.3 mm fraction of 25tayting material for the experiments.
A third batch of steel slag, very similar to the Klag, was used for the carbonation
experiments at elevated pressure (see be"l)ow).

Carbonation experiments

Carbonation experiments at elevated pressure amgem@ture have been performed in a
450 ml autoclave reactor. For specific experimedtdthils the reader is referred to
Huijgenet al” A suspension of steel slag and nanopure-demisethiizater was stirred
at a specific liquid to solid (L/S) ratio and sitig rate. The reactor was closed and
heated to the reaction temperatufe=(25-225°C) and maintained at that temperature
during the reaction time € 2-30 min). When the temperature had reachedehpoint,
CO, was added directly into the solution using a gassber until a specific CO
pressure was establishgutd, = 1-30 bar). During the reaction time, the g@essure
was kept constant within = 0.2 bar of the set pbintreplenishment of the consumed
CO,. When the reaction time had elapsed, the addiio€0O, was stopped and the
autoclave was cooled down to 40°C, depressurisddoarened. The suspension was
immediately filtered quantitatively over a Oin membrane filter and the solid was
dried overnight at 50°C in an oven. Finally, theguct was analysed to determine the
conversion of the reaction. During the experiméhg, temperature of the reactor and
the heating jacket and the total pressure insigerélactor were recorded with a data
acquisition unit. The partial Cpressure was calculated from the total pressutétan
water vapour and air pressure corresponding wiglteémp erature inside the reactor.

Carbonation experiments at atmospheric pressure werformed in a glass column
(inner diameter 5 cm, 20 cm length) with a therratistjacket. About 900 g steel slag
was wetted and placed in the column. A £Z® gas mixture was water-saturated at
elevated temperature, to ensure the presence ddrwatthe experiments, and was
introduced in an up-flow direction at a flow ratfeabout 400 mI/min. Experiments were
performed at temperatures between 5 and 90°C uwaeer-saturated and under-
saturated exposure and reaction times of 8-20@inder Laaret all)).

Determination of carbonate content in steel slag

The carbonation efficiency was quantified by thegnawimetrical analysis (Mettler-
Toledo TGA/SDTA 851e) coupled to a Pfeiffer (thestar) Quadrupole mass
spectrometer (TGA-MS). 20-50 mg steel slag (<{t6§ was weighed in a ceramic cup
and heated from 25-110C under a nitrogen atmosphere at a heating rat@ & /min.
The weight loss was recorded by the TGA microba@ariche MS simultaneously
monitored the evolved gases for £@he CQ peak area was determined by integration
and the amount of evolved GAvas calculated from a calibration line based om th
decomposition of CaCgstandards. Further details are provided in Huipﬂi‘”
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Characterisation of leaching processes

The pH-dependent leaching characteristics of bbéhftesh and carbonated steel slag
samples were determined in a pH-stat system. Eigbpensions of a slag sample and
Nanopure-demineralised water, at an initial ligtedsolid (L/S) ratio of 10 L/kg, were
stirred for 48 h in closed Teflon reaction vessglsoom temperature. For seven vessels,
the pH was controlled automaticalty0.2 pH units around a pre-set pH-value (pH = 2-
12.5) by the addition of 1 or 5 M HN@nd 1 M NaOH. For one vessel, the pH was not
adjusted and leaching was performed at the nativefithe sample. After 48 h, the pH
and redox potential of the suspensions were detetmand the suspensions were
filtered through 0.2um filters.

Column leaching (percolation) tests were performecbrding to CEN/TS 14405. The
steel slag was added to a borosilicate glass colimmer diameter 5 cm) in layers of a
few cm and packed by shaking and pushing gently witod to a filling height of + 20
cm. Nanopure demineralised water was used as @abbdat. The packed columns were
water-saturated and pre-equilibrated for 72 hcasgrescribed by CEN/TS 14405, after
which the influent was pumped in up-flow directio@omputer-controlled flow
controllers assured a constant flow velocity durihg experiments. Fractions were
collected automatically at cumulative L/S valueQdk, 0.2, 0.5, 1, 2, 5 and 10 (I/kg).
Effluent fractions were collected in acid-cleands Ipbttles. Shortly after collection of
each effluent fraction, pH, redox potential (Eh{l aonductivity were determined, and
sub-samples for chemical analysis were taken deilefdl through 0.4m membrane
filters.

The filtered leachates from the pH-stat and colemperiments were analysd for a large
number of major and trace elemeht.

Geochemical Modelling

Geochemical modelling was performed on pH-stathle@es and process water samples
from the carbonation experiments to identify thackeng processes. Details of the
model set up in the geochemical modelling framewGRCHESTRA, considering
agueous speciation, mineral dissolution/precimtatiand sorption processes, are
provided by Huijgen & Comarié Selective chemical extractions were performedhan t
fresh and carbonated pH-stat samples to obtain Inmqulet parameters for the amounts
of reactive amorphous and crystalline Al-, Fe- &hal(hydr)oxide minerals in the steel
slag matrix, which were considered to potentialyntcol sorption processéé.‘l’he
element concentrations in the leachates were netlelter the entire pH range. For all
sorbates except Mo, the measured concentratiofl at @ was taken as an estimate of
their availability (.e., the maximum fraction of an element that candaeted), since it
was assumed that the available element fractiaonspletely leached at this pH. For
(anionic) Mo, the highest concentration was measatealkaline pH-range and taken as
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the availability €.g, at pH = 8). Verification of these assumptions rbgdelling for
each individual sorbate showed that at most 8% iretaorbed at these pH values.

Mineralogical characterisation

The mineralogical composition of fresh and carbedasteel slag samples was
determined using powder X-ray diffraction (XRD) aBdanning Electron Microscopy
(SEM) with energy-dispersive X-ray (EDX)-spot argfy, according to van der Laan
alt (K1 and K3 samples used for carbonation at atmersppressure) and Huijgest
al.? (slag samples used for high-pressure carbonation).

Results and Discussion

Figure 1 shows a typical SEM-micrograph of a (dwd) steel slag sample that was
carbonated in the autoclave at (near optimal) damts of T = 150°C angco, = 20 bar.
As a result of the carbonation process, a coatiag @bserved to develop at the steel
slag surface, with a composition that was iderdits CaC@by SEM/EDX-analysis.
No separate calcium carbonate particles were ihtin the carbonated sample.
Further examination of the polished samples hasaled three other phases: (1) an iron
rich phase (g, indicated in Fig.1 as Ca-Fe-0), (2) a calciulcate phase (&) and
(3) a SIQ phase with only traces of Ca. The first two phasegpresent in both the non-
carbonated and the carbonated slag, while the &i@ CaCQ were only identified in
the carbonated material.

Three major phases of calcium have been identifidthe fresh steel slag, on the basis
of XRD and SEM analyse“%:Ca(OH)z, Ca-(Fe)-silicates and,E. Based on their
solubility and previous carbonation experimentdowaer carbonation rate is expected
for Ca-silicates relative to Ca-(hydr)oxides. Pamtlite was completely converted to
calcite at the applied carbonation conditions. Elaifferences in solubility and, hence,
the availability of Ca for carbonation, are alsthaeted in the pH-dependent leaching of
Ca in Figure 1. Two steps can be distinguished lichwthe Ca leaching increases
strongly. The first step occurs between pH 11.1%6d at which 29.6% of the total Ca
content is leached. This fraction is defined astfoa | and probably consists mainly of
portlandite and Ca-silicates (similar to CSH) that relatively easily leachable. The
second step occurs between pH 5.1 and 3.5, at whidlotal 61.6% of the Ca is
dissolved. This fraction (I) represents an add#icCa release of 32.0% and is assumed
to consist of Ca-silicates (such agSCthat are more difficult to dissolve. The resa{C
fraction Ill, 38.4% of the total Ca) representstually non-available Ca, at this
particular particle size and leaching time, andgildg corresponds with the,E phase.
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Figure 1: SEM backscattered electron micrograph of a polished carbonated steel slag
particle (pcoz = 20 bar, T =150 °C, t = 30 min, d < 106 ym) embedded in resin, with
SEM-EDX analysis (left, Huijgen et al.”). Ca- and Si-leaching characteristics of fresh
steel slag (< 106 pm) and geochemical modelling of solubility control by specific
minerals. Total Ca content (TC) and Ca-fractions |, Il and Ill are indicated. Open
symbols indicate the native pH of the sample. Solubility products of Ca(OH),
(portlandite), amorphous SiO, and CSH (CaysSiOsH,4) were used to calculate the
solubility curves (right, Huijgen et al.*)

Figure 2 compares the carbonation of steel slagenautoclave aP = 20 bar with that
of the Ca-silicate mineral wollastonite, as a fiogrctof the reaction temperature. The
shape of the curve and the optimum temperaturesemgdar for both materials.
However, steel slag shows a higher conversion, aigllyeat low temperatures, which
confirms its lower (geo)chemical stability and gesasusceptibility to carbonatidh It

is interesting to note that during the carbonatiboth steel slag and wollastonite, the
formation of a Si@rim was observed (as shown in Fig. 1 for stedg})sl@alcite was
found to precipitate only at the surface of theekstéag particles while it was formed
both as separate mineral particles and at thecfeagurfaces during the carbonation of
wollastonite. Below the optimum temperature, thebeaation rate was found to be
controlled by the leaching of Ca, particularly givebservations that the mean particle
sise was the key process variable via the spesifidace ared” which is likely
determined by the Ca-diffusion rate through thecatie rim. At the higher reaction
temperatures the nucleation and growth of calsithé probable controlling procesés.

The right-hand panel in Figure 2 shows the amodn€®©, sequestered during the
carbonation of K1 and K3 steel slag at atmosphemssure, as a function of time (at
90°C) and under both water-saturated and unsatlcatglitions? Given the particular

aim of these experiments to identify the effectafbonation on the leaching properties
of steel slag, relatively large (2-3.3 mm) steelgsigrains were used, with a limited
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surface area. As a result, only low degrees ofaration are reached. Also in these
experiments, the reaction was generally found tceaed fastest at higher temperature
(50-90°C) and at water-saturated conditions. Coersisvith its content of free lime, the
K3-slag is more prone to carbonation (about 15 g/k§) than K1-slag (about 6 g
CO./kg). Figure 2 shows that the carbonation rateatewsaturated conditions declines
strongly after about 24 h.

B K3 Saturated

16 -
Steel slag 6 [ ] K3 Unsaturated
= \ S 1“1 a ® K1 Saturated
=
% 160 4 3 12 1 K1 Unsaturated
B 1204 g 107
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Figure 2 : Captured CO, as a function of temperature under w ater-saturated conditions
at P =20 bar and t = 30 min for fine grained (< 106 um) steel slag and w ollastonite
(left; Huijgen et al.”) and as a function of reaction time under w ater-saturated and
unsaturated conditions for larger (2-3.3 mm) K1 and K3 steel slag particles at
atmospheric pressure and T = 90°C (right; van der Laan et al.?)

Figure 3 shows the pH-dependent leaching propeofiesnumber of major and minor
elements for finely ground steel slag before caabion and at two different levels of
carbonation. The behaviour of the following threategories of elements is
distinguished and briefly discussed below: (1) @d &i, which play a major role in the
carbonation reactions, (2) Al, Fe and Mn, whichriagreactive (hydr)oxide surfaces that
may contribute to limiting the leaching of contaamts; and (3) Oxyanionic and metal
contaminants that are potentially harmful to theremment.

Calcium and Silicon

Calcium leaching is initially (at pH ~ 12.5) conlted by the solubility of portlandite
and dissolves rapidly as the pH is lowered. Givendorresponding leaching of Si, this
behaviour is most adequately modelled on the lwdsise solubility of CSH. However,
ettringite is also calculated to be close to saioman the fresh slag and may contribute
to the rapid initial Ca release and carbonaﬂoﬁuring carbonation, the initial Ca-
minerals are (partly) converted to less-solubleitaland the leaching curves for 30 and
60% carbonated slag tend towards the calcite ditjulburve. However, as frequently
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observed for carbonated secondary materials, dohdtes remain oversaturated with
respect to calcite (Meima & Com dhand references therein).
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Figure 3: pH-dependent leaching curves of major and selected trace elements for finely
ground (30-40 uym) fresh steel slag (<) and carbonated samples with 30% (O) and 60% (4)
Ca-conversion (carbonated at T = 30°C/pco, = 2 bar and T = 150°Clpco, = 20 bar, resp.).
Solid symbols indicate the native pH of the samples. Selected modelling results are show n
for the leachates of the fresh and 60% carbonated sample, either on the basis of solubility
control by a specific mineral or solid solution (full line) or on sorption processes (dashed
line). Short horizontal lines represent the total amount present in the fresh steel slag.?
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The carbonated samples are strongly undersatuvatedrespect to portlandite and
ettringite, while the leachates remain close taliegium with CSH. The increasing Si

concentrations in these leachates towards high mHc@nsistent with the solubility
pattern for amorphous SjOsuggesting that CSH is at least partially carbeshal hese

observations suggest that Ca-fractions | and & &mve) are largely converted.

Reactive Al-, Fe-, and Mn-(hydr)oxides

For all samples, the leaching of Al is adequat@gaidibed by the solubility of diaspore
(AIOOH), except at the native pH for the non-cadt@ad sample, where ettringite is
probably present. Similarly, the leaching of Fe da@ described by ferrihydrite
(amorphous Fe(OH), except at high pH. The strongly increasing M naamtrations in
the leachates below pH 11 is adequately descrigdd O,. The selective extractions
have shown that the amount of Al- and Fe-(hydriesdithcreases with the carbonation
degree, but not that of Mn-(hydr)oxides. The Fedif)gxides formed at the lower
reaction temperature (30°C; 30% carbonated samgrie) mainly amorphous (with
higher surface area and, hence, reactivity), watikne higher temperatures (150-200°C;
60% carbonated sample) mainly crystalline Fe-(hyxes are formed. This
observation suggests that carbonation at lower ¢éeatpre results in a higher reactive
surface that contributes to the retention (and tlowger leaching) of metallic and
Oxyanionic contaminants.

Heavy metals and oxyanions

The leaching of the cationic metals Cr(lll), Ni, @od Zn is best described on the basis
of their adsorptionto the reactive Al-, Fe-, andii¢thydr)oxide surfaces, except at pH >
9.5 at which the solubility of the metal(hydr)oxsde likely to control Ieachina.These
adsorption processes are believed to play an iraptortole in controling the
environmental quality of steel slag. Research fimgusn the contribution of individual
reactive mineral surfaces, the quantification ogitlreactive surface area, and the
development of more accurate sorption parametersmportant to facilitate the
development of methods to further improve the emrimrental quality of bottom ash.

The leaching of V is of particular concern, givéa substantial concentration in steel
slag. As Figure 3 shows, V leaching at the natie(p 12.5) of fresh steel slag is low,
but increases by 2-3 orders of magnitude afteroreation at the levels obtained for this
finely ground sample in the autoclave. The initedching is probably controlled by
alkaline Ca-phases (particularly ,$} in which V is incorporated, while after
carbonation it is likely controlled by sorptionreactive mineral surfaces.

Figure 4 shows the cumulative release of V anddéhehate pH in the percolation tests
with the coarser K1 and K3 slag particles, before after carbonation at atmospheric
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pressure at water-saturated and -unsaturated wnglitThe pH of the treated slag
showed a short-lived improvement, starting at @6vaith a rebound to 10.5-11 for K1
and back to the original pH of 12.5 for K3 slageaf8 hrs of water conta@tlnitially,
the surface carbonation was effective in neutrejighe pH, as observed for the more
finely ground (K3-type) particles carbonated in slueoclave (Figure 3).

Improved pH goes along with higher V-leaching, asmilar to the results shown in
Fig. 3. The K1 slag shows a particularly enhancetea¢hing up to 10-100 mg/kg,
while the K3 slag remains within acceptable lin{fks1 mgkg). A clear distinction is
visible between the pH and vanadium leaching oltheind K3 slag. The K1 slag does
not comply with the limit values for a category fipécation in the Dutch Building
Materials Decree (open application without isolatineasures), while the K3 slag does
comply with these criteria. However, vanadium leagldoes also increase substantially
after carbonation of K3 slag. Comparing the sampgiadonated under unsaturated
(lower degree of carbonation; see Fig. 2) with €hoarbonated under water-saturated
conditions (higher degree of carbonation) showst tinareasing the degree of
carbonation is paralleled with further increasiragp&dium leaching.

The pH of the untreated K1 slag, at each L/S ragisubstantially lower than the pH of
the K3 slag, which is caused by the absence of @a@e K1 slag, while free lime is

present in the K3 slag. As Figure 4 shows, carbonaif the K1 slag reduces the pH of
the material, while the pH of the K3 slag is nandiicantly influenced. Carbonation

was found to occur only at the surface of the gramboth the K1 and K3 slag. During
the carbonation treatment, portlandite is alsolyp &trmed from CaO inside the grains
of K3 slag. This process results in the formatidrcracks due to volume expansion,
resulting in a slow (diffusive) release of alkalnifrom unreacted portlandite in the
inner grains. Since the K1 slag does not contai@®,Ghis material does not crack and
largely maintains its reduced pH after carbonation.

Microscopic characterisation of the spatial mingratterns in carbonated K1 and K3
slag have shown that the calcite and amorphoustglireaction products of the CaO
(K3) and C2S (K1 and K3) conversion do not suffithe envelope the slag grains to
improve the environmental properties with respextptH and V-leaching in a
sustainable mannér.The carbonation treatment of particularly the Kags(without
CaO) is still insufficient to comply with the criia of the Dutch Building M aterials
Decree. Further research is currently focusing phioos to optimise the carbonation
treatment of steel slag and to evaluate the dewaop of the pH and leaching
properties of steel slag in specific environmentdisation scenarios. The geochemical
modelling approach described above forms an impbrtaol for both of these
objectives. We are further developing this approach the basis of microscopic
characterisation of steel slag mineral phases lamdtplementation of thermodynamic
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solubility data for cement minerals that are cuilgefacking in generic thermody namic
databases of most geochemical modelling platforms.
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Figure 4: Cumulative release of V (left) and leachate pH (right) as a function of
liquid/solid (L/S) ratio for fresh and carbonated K1 and K3 slag, under both w ater-
saturated and unsaturated conditions (van der Laan et al.")

Conclusions

Carbonation experiments with finely ground steabsdt elevated temperature and,€O
pressure in an autoclave have shown that this makterovides a very reactive
feedstock for the purposes of mineral £€equestration. The carbonation reaction is
observed to occur in two steps: (1) leaching ofinah from alkaline steel slag minerals
into the solution and (2) precipitation of calcita the surface of these particles. The
first step and, more in particular, the diffusioh aalcium through the solid matrix
towards the surface, appears to be the rate detiegmieaction step. This step is found
to be hindered by the formation of a Ca@®ating and a Ca-depleted (amorphous)
silicate zone during the carbonation process. \#&nyilar features have been observed
for larger steel slag particles that have beenoteated at atmospheric pressure, for the
purpose of improvement of their environmental leagliproperties.

Leaching experiments, geochemical modelling andres@opic characterisation of
spatial mineral patterns in steel slag with (K33l avithout (K1) free CaO have shown
that the calcite and amorphous silicate reactiadpets of the CaO (K3) and,& (K1
and K3) conversion do not sufficiently envelope télag grains to improve the
environmental properties with respect to pH in atamable manner. Moreover, the
carbonation treatment is observed to enhance thehiley of V substantially,
particularly from the K1 slag, which would causensammpliance with the criteria of
the Dutch Building M aterials Decree.
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Further research is currently focusing on optiansytimise the carbonation treatment
of steel slag and to evaluate the developmentepth and leaching properties of steel
slag in specific environmental utilisation scenariolThe geochemical modelling
approach described above forms an important tadhiese objectives. We are further
developing this approach on the basis of microscabaracterisation of steel slag
mineral phases and the implementation of thermoaymaolubility data for cement
minerals that are currently lacking in generic thedy namic databases of geochemical
modelling platforms.
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Abstract

Accelerated carbonation of stainless steel slathésfocus of this paper. The work
aimed at assessing the £8&lorage capacity of various size fractions ofrééas steel
slag under mild operating conditions, studying thBuence on kinetics of some
operational parameters (temperature, pressure apdd |to solid ratio), and
investigating the effects of carbonation on theematogy and leaching behaviour of the
residues. Maximum CQuptakes of 130 g Cgkg slag were achieved in the finest
fraction. Carbonation kinetics were relatively faathieving completion in around 1
hour with a CQ pressure of 3 bar and an optimal liquid to soldia of 0.4 I/kg;
temperature was the parameter that most influe6duptake, due to enhancement of
silicates dissolution. The mineralogy of the asls afiected by the treatment, showing
a significant reduction of Ca and Mg oxides, a ldligecrease of silicate phases
(CaSi0,), and a significant increase of calcite, as wellthe formation of dolomite.
The leaching behaviour of the carbonated ash wss m@iodified, exhibiting a pH
reduction by 1-2 units depending on particle sealecrease of Ca leaching and an
increase of Sileaching. Cr, which was the onlgdreompound significantly leached, in
particular from the finer grain size classes, watsappreciably affected by carbonation.

Introduction

In developed countries various industrial procedeeliding fossil fuel combustion,
cement production, iron and steel manufacturinga@tiers are among the major point-
source contributors to the input of anthropoger@s; @to the atmosphere. In particular,
the steel industry is globally the largest energmsuming manufacturing sector, and
accounts for #12% of anthropogenic greenhouse gas (GHG) emisSioseveral
measures, such as scrap steel recycling, are Hwmitg developed to improve energy
efficiency and cut C@®emissions, but more drastic measures are needlee riéduction
targets established by the Kyoto Protocol are tadbéeved.

Along with the emissions of GHGs from the mentiongdlustrial processes,

considerable amounts of solid residues are alsergbed, which are either variously
reused in different applications or finally lantdfd; in either case, the predominantly
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inorganic constituents (heavy metals, metalloidsl atkalies) associated to these
residues may be released to the environment, wotkerpial environmental impacts on
terrestrial ecosystems and human health. For swasons, careful control of
atmospheric emissions and appropriate manage metedolid residues generated are
both claimed in view of attaining environmental t®irsability . Within this framework, a
combined approach aiming at reducing the, @®issions, at the same time improving
the environmental behaviour of the solid wasteasitie generated by a given industrial
process, appears to be highly desirable.

Different strategies have been proposed to redudg €missions from industrial
activities, including decrease of energy consummptibanks to improved energy
efficiency of the process, use of lower carbon enntfuels, or downstream
sequestration of the GQproduced. Carbon sequestration involves the cepamd
storage of C® (CCS) in various sinks where carbon will be safelyored over
geological timeframes. The potential €@torage options include ocean disposal,
injection into geological formations such as deafins aquifers, oil reservoirs, mineral
deposits and coal seams, as well as carbonatiafkaline industrial residues. Among
these CQ disposal methods, mineral carbonation, as orilginaloposed by Seifrit2,
then first studied by Lacknet al®*¥and by numerous other investigators (eggthe
literature review by Huijgen and Coméi)r)sis currently recognised as one of the most
promising techniques.

Overview of the carbonation process

Mineral carbonation

The basic concept behind mineral carbonation imirnic natural weathering of rocks.
Mineral carbonation of alkaline minerals involvesrmanent storage of GQinder the
thermodynamically stable forms of calcium or magmescarbonate@.This process is
based on acid-base reactions in which an aciC(Q4.,q) is neutralised by a solid base
(alkaline mineral). Although several oxides or hyddes of alkaline or alkaline earth
metals can in principle be carbonated, Ca and Nicptes are usually preferred, since
they are available worldwide in large amounts. Ntg-rsilicates such as olivine,
serpentine and talc can be found in ultramafic soskich as dunites, peridotites and
serpentinites, whereas one of the preferred calcomaining silicate is wollastonite.
These minerals are available worldwide and haveptitential of sequestering the total
amount of CQ emitted from the combustion of all the availabbedil fuel reservoird.
Nevertheless, the G@equestration technology through mineral carbondtas not yet

been developed at the full scale due to cost ltioita.”

An important aspect of mineral carbonation is tleedto activate the surface of the
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mineral to increase its effective carbonation yidlthis can be done by a variety of
physical or chemical pre-treatment methods, inolgdsize reduction, magnetic
separation, thermal treatment, steam activatioidj@dissolution”® Upon activation,
the mineral may be carbonated by two different esit the first one is an indirect
route, by which the alkaline metal is first extexttfrom the silicate matrix and then
precipitated as carbonate. Metal dissolution is rdte-controlling step of the whole
process and may be enhanced either by adding aicieagent®” or by using
elevated CQ pressure conditior) To attain an effective carbonate precipitation, a
two-stage silicate dissolution/carbonate preciptaprocess involving a pH shift from
acidic to basic conditions has also been propﬁé%d‘.he second route is a direct one,
where the reactions occur either in the agueousegbiaat the gas-solid interface. In the
agueous process, carbonation occurs in a threeelyasem (gas-water-solid medium),
with considerably increased reaction rates if camp&o the direct gas-solid process.
Carbonation through the aqueous route occurs mdmlyhree steps, including Ca
leaching from the solid matrix, contemporary L@issolution, and precipitation of
calcium carbonate. The direct gas-solid carbonafioocess may present the most
straightforward process route, as the carbonagawctions of Ca oxide and hydroxide
are quite rapid. Conversely, although Mg(QEdrbonation is fast enough for industrial
use, under dry conditions the rate of MgO carbomais too slow for significant
amounts of CQto be sequesteréé?.

Carbonation of alkaline solid residues

Alkaline solid residues naturally mineralise up @mtact with atmosp heric Gbecause
they contain a variety of thermodynamically unstabhinerals, including oxides,
hydroxides and silicates, that can sorb,Cidd convert it into the corresponding
carbonate forms. Accelerated carbonation has begdied to many solid residue
streams produced from coal fired power stationsluding pulverized fly ash
spent shalé® coal asH,” fluidised bed combustion ashtsteel slag®'®?® other
types of combustion residues including de-inking,]ﬁépaper mill astf’ and ashes
from municipal and special waste incineratf®r? cement-based materidfs®® As all
the above mentioned materials are often associatidd CO, point-source emissions
and tend to be chemically more unstable than gemty derived minerals, they
require a lower degree of pre-treatment and lessggrintensive operating conditions
to enhance carbonation yields.

Furthermore, after carbonation the leaching behawid alkaline waste materials such
as coal ash” oil shale asi? steel slad?, incinerator bottom adi®** and APC
residue$®9is improved, allowing for use in civil engineeriagplications or for safer
final disposal to landfills. In addition, carborati has been shown to improve the
mechanical properties of materials to be reuseaggegates, such as steel $fi®

and enhance the sorption capacity of cement hysitateards trace contaminarits.
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With particular regard to iron and steelmaking sjarcelerated carbonation consists of
two sequential processes: the dissolution of alka#lements (Ca and Mg) from the
silicate minerals and the precipitation of the esponding carbonates. As outlined
above, the two processes can be performed in sngiouble stage. In the latter case,
dissolution and precipitation are optimised sepdyaby selecting the proper pH with
specific additive$® The single-stage process has been carried ouwdr aithslurry
phase, under high temperature (3R200°C) and moderate G@ressures (B0 bar)}g)

or with partially humidified slag at lower temparegs and C@pressures (360°C and
1-10 bar, respectivelff'%) For slurryphase carbonation, particle size wamdoto
exert the most significant effects on the reactimperature was also shown to
enhance silicates dissolutioh.

In this paper, the results from accelerated cartiammauns on four particle size fractions
of stainless steel slag (SSS) are presented. Tiee @fithe investigation were to assess
the CQ uptake that can be achieved under mild operatorglitions, identify the
reacting species and the effects of operatingblasaon reaction kinetics, and analyse
the effects of the treatment on the mineralogy laadhing behaviour of the slag.

Materials and methods

The SSS analysed in this study was a mixture d¢rbit residues produced at stainless
steel manufacturing plante. the residues generated from the Electric Arc Fegna
(EAF) and from the Argon Oxygen Decarburisation (@)Qconverter units. A freshly
produced 20 kg sample was collected at the plahogenised and dried at 50°C to
constant weight. The slag was then divided by s@into the following size fractions:
2-0.425 mm (class A); 0.428.177 mm (class B); 0.17@.105 mm (class C); < 0.105
mm (class D). Class A was then milled to < 4#% prior to chemical analysis and
carbonation. Each fraction was thoroughly char&stdrin terms of physical properties,
elemental composition, anion content, mineralogy leaaching behaviour.

Batch accelerated carbonation tests were perforimeal pressurised stainless steel
reactor equipped with a 150-ml internal Teflon \eksmd placed in a thermostatic bath
for temperature control. Gas humidity was maintdiaé 75% using a saturated NacCl
solution in the reactor. In each run, three 1-ggdamples were mixed with deionised
water at specific liquid to solid (L/S) ratios ihe range 00.6 I/kg, placed in tin foil
containers and exposed to a 100%,GOw for preset times (024 h). Preliminary
wet carbonation tests were run on class D slayatuate the influence of temperature
(30-50°C), pressure (110 bar) and L/S ratio (0.6 I/kg) on the CQuptake kinetics of
the slag. Accelerated carbonation tests were theriopned, under the optimal
conditions determined for class D, on the otheg $lactions and also on ungrinded
class A to evaluate the influence of compositionl &pecific surface area on the
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carbonation yield. After treatment with gQ@he samples were oven-dried at 50°C, and
sample weight gain, which provides a first roughidgation of carbonate formation, was
recorded. The three samples treated in each rue gvierded, since after treatment the
slag exhibited a compact hardened structure, niixgether and analysed by calcimetry
testing, to estimate the GQptake achieved by the treatment.

Results and discussion

The analysis of particle size distribution of tHags(see Figure 1) indicated that the
residue could be classified as a sandy granulaemabiwith a significant (> 15 wt%)
amount of fines (d < 10@m). After discarding the 2-mm oversize fractionl&Ewt%),
the weight distribution of the slag into the 4 sles chosen for testing was: class A =
45.9 wt%, class B = 25.9 wt%, class C = 12.8 wiktiscD = 16.4 wt%

The elemental composition and anion content ofabe size fractions investigated are
reported in Table 1. The Ca content was very st (46-50 wt%) and decreased
with particle size. The same trend, although witimsiderably lower concentrations,
was observed for Mg (2-2.5 wt%). Significant concentrations of Fe @63m%), Cr
(3-4.2 wt%), Al (1.72.6 wt%), Mn (0.761 wt%) and V (0.090.15 wt%) were also
measured and showed an increasing trend with peadize. Ni contents were quite
lower than those found in other studies on stainsel slag (0.0.075% as opposed
to 0.2-0.45 wt%‘o)), probably due to differences in stainless stemhufacturing. As
expected, the concentrations of other heavy mataissoluble salts were very low.
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Figure 1: Particle size distribution of SSS

The results of the EN 12457-2 leaching test onaatéd slag (Table 2) indicated that
the pH of the eluates was high, above 12, and senjar for fractions B, C and D,
decreasing slightly for class A. A declining tremiih particle size was observed for Ca,
Mg and Cr release. Cr, in particular, was the amgce compound that exhibited a
higher leaching than prescribed for inert wastepaisl (0.5 mg/l), which was
nonetheless lower than values reported for AODniess steel slaﬁ?
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Table 1: Eemental composition and anion content of the four size fractions of SSS

Class A Class B Class C Class D

Element/anion (2-0.425 mm) (0.425-0.177 mm) (0.177-0.105 mm) (< 0.105 mm)
AT (mg/kg) 26040 22080 17990 16840
As (mg/kg) 3.5 3.1 4.1 6.2
Ca (mg/kg) 432300 402000 445300 500300
Cd (mg/kg) 51.7 1.8 143 3.5
Cr (mg/kg) 42470 34070 29930 30470
Cu (mg/kg) 228 234.7 145.3 166.7
Fe (mg/kg) 59730 53000 43600 43270
K (mg/kg) 311 335 313 356
Mg (ma/kg) 22170 26470 29900 44600
Mn (ma/kg) 10450 8770 7870 7600
Mo (ma/kg) 231 187 168 225
Na (mg/kg) 1960 1890 1770 1540
Ni (mg/kg) 376 751 459 461
Pb (mg/kg) 76 77 58 120
Sb (mg/kg) 1.5 1.5 1.2 1.3
V (mg/kg) 1520 1130 813 920
Zn (mg/kg) 112 101 126 144
Cl" (%) 0.035 0.044 0.056 0.05
SO, (%) 0.19 0.18 0.25 0.25
CO5“ (%) 2.33 2.96 3.5 5.25

Table 2: Leaching test results before and after carbonation (2 h, 0.4 I/'kg, 50T, 3 bar)

Class A Class B Class C Class D
untr. carb. untr. carb. untr. carb. untr. carb.
pH 1243 11.38 1282 11.18 1281 11.29 12.87 1059
Ca (mgf) 399 67 882.5 105 1025 84 1050 231

Cr (mg/l) 0.04 0.06 0.15 0.06 0.16 0.08 0.18 0.17
Fe (mg/l) 0.07 0.03 0.06 0.01 0.06 0.09 0.13 0.03
Mg (mgl) | 0.08 0.08 0.2 0.17 0.19 0.23 0.43 0.24
Si (mgh) 1.6 67.5 0.9 63.8 1.2 51.3 1.6 7.3

XRD analyses allowed to identify several crystallioxides and silicate phases in
untreated SSS (Figure 2). Slag mineralogy did mgtear to vary significantly with
particle size: in all fractions a predominance officate phases including
dicalciumsilicate, merwinite, akermanite, anorthgehlenite and forsterite were found.
Cuspidine, a typical species formed during SSS &yahr after addition of fluorine, as
well as silica and magnetite were also detectedll inlasses. Although neither CaO nor
Ca(OH) were identified by XRD analysis, Ca-Al-Fe oxidegNCr oxide, periclase as
well as calcite, showed higher peak intensitieslass D. Raman spectroscopy (results
not shown here) confirmed some of the results efmehtal and XRD analyses,
revealing the presence of Si, Fe and Al mineratduting alumina, magnetite, olivine
and also indicated calcite presence in all fragjdyut was not able to detect calcium
silicate or oxide phases.
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a) Dicalciumsilicate Ca;SiO,4
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Figure 2 : XRD patterns for the different particle size fractions of slag

The main results of the accelerated carbonatiors tese reported in Figure 3.
Carbonation kinetics was quite fast, reaching cetipd in 24 h depending on
operational conditions. In Figures 3a and 3b thiduence of CQ pressure and
temperature on the carbonation kinetics for clasard&shown; similar trends were also
found for the other fractions, although with sigrahtly lower CQ uptakes. Pressure
did not appear to affect either the £ptake or the reaction kinetics, in agreement with
results obtained under similar operating conditidos other types of combustion
residue<®>® Temperature, other than grain size, was the pdeartieat mostly affected
the slag reactivity towards GQleading to CQ uptakes of just below 13 wt% in 2 h.
This effect was ascribed to the enhancement afagdi dissolution, indicated as an
important factor in slurry-phase steel slag carbiond® The L/S ratio was also an
important parameter for aqueous phase carbontiShwith the highest CQuptakes
being achieved at L/S ratios of 684 I/kg (Figure 3c). As found by other studié€),
uptake varied considerably with particle size (FeguBd); since no remarkable
difference in elemental and mineralogical compositivas detected, except for a slight
increase of Ca and Mg oxides content in class B,réduced surface area of the slag
with increasing particle size was considered asrthie mechanism behind the decrease
in slag reactivity towards COT his hypothesis was confirmed by results of as@ted
carbonation tests on milled (d < 0.425 mm) classlaly, which displayed CQuptakes
similar to class C (0.105 < d < 0.177 mm), indiegtthat intensive milling could
contribute to enhancing the carbonation yield aersbly.
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Figure 3: CO, uptake vs. (a) pressure; (b) temperature; (c) L/S ratio; (d) particle size

The carbonated slag, particularly for L/S > 0.Zyl&nd T = 50°C, exhibited a compact,
hardened cement-like structure, suggesting thatutir accelerated carbonation slag
aggregates with appreciable mechanical propertassim produced.

The XRD patterns of carbonated samples (Figurendicated the disappearance of
periclase, a significant reduction in the peaknstees for Mg-Cr and Ca-Al-Fe oxides,
as well as a reduction of silicate phases such ieglcidmsilicate, anorthite and
cuspidine, accompanied by a significant increas@eaak intensities for calcite and
evidence of dolomite formation; only Mg-containicgrbonates were not identified.
Quartz and cristobalite peaks were not modifiedratarbonation. These results are in
good agreement with previous studféshat evidenced the increase in calcite peaks, the
decrease of periclase, portlandite and partiallyo abf dicalciumsilicate, while an
unmodified pattern for merwinite, akermanite anatai

The results of the EN 12457-2 leaching test afaebanation (see Table 2) revealed a
decrease in the natural pH for all the carbonatedpdes, which was more pronounced
(by almost 2 units) for class D. The only compoundsse leaching appeared to be
significantly modified by the treatment were Ca &idCa concentrations in the eluates
were considerably reduced, by up to one order ofnimade, for all size fractions,

indicating the formation of less soluble phaseshsas calcite, than those making up the
original slag. Unlike Ca, Si concentrations sigrfitly increased in the eluates of all
carbonated samples, except for class D, indicdtivag indeed part of the silicates

reacted during carbonation, releasing more solabiea phases. These results are in
good agreement with previous findiﬁason steel slag carbonated under similar
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operating conditions. Cr release appeared to betlslireduced only for class B and C
samples, although remaining higher than the regojdimit of 0.5 mg/l for inert waste
disposal.

a) Dicalciumsilicate Ca,SiO,4

b) Forsterite M@,SiO,

c) Periclase MgO

e) Anorthite CaAl,Si,Og

f) Ca-Al-Fe oxide
Cay2Al114F€01403;

g) Cr-Mg oxide MgCr,0,

h) Cristobalite SiO,

' j) Calcite CaCO;

K) Gehlenite Ca,Al,SiO;

n) Dicalciumsilicate Ca,SiO,

p) Cuspidine Ca;Si,O;(F,OH),

q) Magnetite Fe;0,

r) Merwinite C asMgSiO,

s) Dolomite CaMg(COs),

carbonated

Intensity (arbitrary units

Figure 4: XRD patterns for the untreated and carbonated (2 h, 0.4 I/kg, 50°C and 3
bar) class D fraction

As for the ANC behaviour of SSS, both the untreaded the carbonated class D
samples showed a significant (~10 meq/g) acid lomffecap acity in the pH range-80.
The buffering capacity of carbonated slag at pHw#&8 reduced, owing to the decrease
in free oxides, whereas no significant increaséhimm pH range 78, typical of calcite
control, could be observed for carbonated SSS cosda untreated samples; this was
probably due to the fact that partially reactedcatkes buffer in similar pH ranges.
Similar results were reported by other autiorshe pH-dependant leaching of Ca, Mg,
Si and Cr for class D, as derived from the ANC (éstreported in Figure 5. The
leaching curve for Ca confirmed the results of HN 12457-2 test, showing a decrease
in leachate concentration for pH > 8 due to calétemation, whereas for Mg a
mobilisation effect in the same pH range was obsgrwhich could be due to the
formation of hydrated soluble species, indicatingttho significant precipitation of Mg
carbonates occurred, as observed by other au?ﬂcﬁ'sleaching as a function of pH did
not show significant variations after carbonatipngbably owing to the low degree of
reactivity of silicate minerals under mild carbaoat conditions. The shape of the
leaching curve for Cr was not appreciably modifisdthe carbonation process, likely
due to the Cr(lll) solubility characteristicd.
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Figure 5 : pH-dependant leaching for untreated and carbonated class D fraction

Conclusions

The results of this study indicate that carbonattmmducted under mild operating
conditions on different particle size fractions &SS affected several material
properties. Chemical and mineralogical characteosandicated that all size fractions
had a high potential for reacting with g®@wing to the high Ca and Mg contents. The
parameter that most affected the take of the slag was found to be grain size, and
in particular the specific surface area of the ipled. An increase in temperature had
also a postive effect. The maximum &Qptake found in this study (13 wt%) was not
significantly lower than those reported for sluphase steel slag carbonatidh,
however, there is still potential to increase thaversion yield for Ca and Mg reactive
species into calcite, which was rather low (~20%cfass D), compared to that reported
for the above mentioned study. Ongoing tests aesang the effects of miling and
higher operating temperature on slag carbonatieldy.i Another aspect that needs to be
further examined is the ability of accelerated oadiion to enhance the mechanical and
structural properties of the slag, which may beirderesting effect with a view to
utilisation of the material in engineering applioas.
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Mineralogical Influence of Different Cooling Condit lons
on Leaching Behaviour of Steelmaking Slags

Fredrik ENGSTROM, Bo BJORKMAN and Caisa SAMUELSSON
Department of Chemical engineering and Geoscience, Lulea University of Technology,
97187 Lulea, Sw eden

Abstract

The Swedish steelmaking industry produces largeuabsoof by-products. In 2006, the
total amount of slag produced reached approximatedy’5.000 metric tons, of which
30% was deposited. By controling and modifying gass parameters during slag
handling in the liquid state, the physical propetof steel slags can be adequately
modified to obtain a high-quality product for extak application. Two types of steel
slags, BOF (Basic Oxygen Furnace) slag and EAFc{EteArc Furnace) slag were
characterised and modified by semi-rapid coolingeincibles and rapid cooling by
water granulation. The leaching tests showed thattemgranulation did not prevent
leaching of minor elements from the modified slagbe solubility of chromium,
molybdenum and vanadium varied in the different madions, probably due to their
presence in different minerals. The reactivity dactk, was calculated for the BOF and
EAF slag. A majority of the elements of interesthie slags became more reactive when
cooled rapidly.

Introduction

Large amounts of by-products are produced by thed®hl steelmaking industry each
year. In 2006, the total amount of slag producedchied approximately 1.375.000
tonnes. Only 44%, mostly blast furnace slag, wakl s external products, and
approximately 30% was used for landfilling (sourpeivate communication with the
steelmaking industry). These figures are very higlcomparison to other European
countries. In Germany, only 7% of the steel slagsdpced are dumped, while 93% is
used for other applicatior?%.ln Sweden, a number of goals have been formuleted
order to obtain a so-called good building environtﬁéAmong these criteria are:

* By 2010, re-used material should represent at [Ea%t of the aggregates used.
» Landfill waste should be reduced by at least 5092095 compared to 1994.

Due to its strength, durability and chemistry, lstd@g could be considered in the field
of construction, since the material provides simggoperties as granite and flint
gravel? Using slag in construction would contribute toealuction in the amount of
landfilled waste. The possibility of using slaglisited due to the lack of rules and
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guidelines regarding testing, assessment and usk@in Sweden. The technical and
environmental obstacles for not using some slag®mstruction include:

* Volumetric expansion
* Disintegration
* Leaching of metals.

According to Monaco and LY the volumetric expansion is considered to be aatst
with the presence of free lime and free periclas¢he solidified slag. Free lime and
periclase react with moisture, resulting in an ewi@ due to the formation of
hydroxides”

Upon cooling, pure dicalciumsilicate undergoes agghtransformation froptC gSiO,

to y-CaSiO, at approximately 500°CThe latter results in a volume expansion of
approximately 12 volod). The polymorp hic transformation 8fCgSiO, to y-CaSiO, is
known to occur in AOD slag (Argon Oxygen Decarbatisn) depending on the
cooling raté? However, that has not been reported for EAF sthhghomas and
Stephenso]ﬁ) believe that impurities in the EAF slag stabilihe metastablg-C aSiO,
from disintegration.

Very little is reported in the literature regardirige influence of cooling on the
properties of slag, especially for steelmaking sl@gAF, BOF). Ground granulated
blast-furnace slags (GGBS) are known to possesgoirgd hydration reactivity
compared to slowly cooled blast furnace slag, due¢he formation of glasjsl.) The
formation of a glassy material depends on both dinemical composition and the
cooling conditions. According to Daughereyallz), glass was easier to produce, as the
acidity of the slag increased for a series of sgtithslag compositions that was
quenched and annealed. lonestual*?? have shown how water quenching of steel
slag results in products with a high content ofgjamaterial. Silicate melts have high
viscosity due to long molecule chains, and reaeamant into crystals only takes place
slowly. If the cooling is rapid, the slag passesnfra liquid state to a solid without
development of a crystalline structdfé.Glasses, such as granulated slags, can be
regarded as super-cooled liquids having a very kighosity. Monaco and U have
reported variations in the composition of the waestype solid solution as well as a
variation in crystal size when cooling differentBesides glass formation, controlling
cooling conditions can be a means of affecting miht#zansformation and consequently
the solubility of elements like chromium. Chemicaimpounds containing hexavalent
chromium (C?+) are generally considered far more toxic than ¢hosntaining the
trivalent form (CF).*>*® According to Lee and Nassarelfa,Cr*"is usually formed at
lower temperatures and a rapid cooling redu cesatineation by limiting the kinetics of
the formation.
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The present work was undertaken as a researchcpwinin the Minerals and Metals
Recycling Research Centre, MiMeR. The major objestiwere to investigate how
different cooling methods and cooling rates inflceethe properties of slag products.

Experimental
20-30 kg representative samples of two differemelsslags were obtained from
steelmaking companies in Sweden:

A. Basic oxygen furnace slag (BOF slag)
B. Electric arc furnace slag, high alloyed stedFEslag)

The materials, were crushed with a jaw crusherséeBB3, to <30-40 mm before
splitting into 1-1.5 kg sub-samples. All slags waredified in two ways for comparison
with the original (Figure 1):

1. Re-melting and water-granulation (rapid cooling)
2. Re-melting and cooling in the crucible (semiidagooling)
Graphite cruchle
Liguid slag
Refrastory cover Refractoryerchble
Steel plate
Graphite cracible O O _rl—"_———Water ialet
O O L L | ———Gramulation head
Solid slag b, U
O O —— Cranulation water tank
Refractory crucible
Induction coil—] O ~ O 11— Water outlst
| E— S
A Spdem for dag meling B Spsem for dag granuiafion

Figure 1: Crucible system (A) and equipment for w ater granulation (B)

Results

Physical properties

The re-melted slags which were left to cool in tracibles (semi-rapid cooling)
resulted in large pieces that were crushed to <4 formeaching tests. The water-
granulated material of the BOF and EAF consistegrafular particles, 2-4 mm. Table
1 summarises the compact density, the BET surfacetlae results from the glass
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measuring test of the original and water-granulalad samples. From this table, it can
be seen that the BET surface was reduced subdliantithe granular particles, mainly
due to the reduction of the amount of fines.

Table 1: The compact density (g/cm®), the BET-surface (nm?/g) and the glass content
(%) in the samples

Compact density BET-surface Glass content
Sample Original  Granulated Original Granulated Original rarthilated
alcrt alen® m/g m’/q % %
BOF -slag 3.53 3.65 2.35 0.21 7 1
EAF -slag 3.25 3.34 2.23 0.17 2 17

Physico-chemical and mineralogical characterisation
Chemical compositions of the two original slags slnewn in Table 2. It shows that the

content of iron oxides is high in the BOF slag. Tcheomium content is significantly
higher in the EAF slag than in the BOF slag.

Table 2: Chemical composition of the original samples
% ppm
Samples Fe, 03 FeO Fe met. Al O; CaO MgO MnO SiO,| Cr \%

BOF slag 109 10.7 2.3 1.9 450 9.6 3.1 111 506 14800
EAF-slag 1.0 3.3 0.1 3.7 455 52 2.0 322|32700 310

The solubility of five major elements (Ca, Mg, F&, Al) in the matrix and of three

minor elements (Cr, Mo, V), expressed as mgkdefelement dissolved, is shown in
Table 3. The leaching of silica is increased whealicg rapidly, compared to semi-
rapid cooling, while the aluminium leaching is d=msed when cooling rapidly. No
systematic changes in the minor elements can be \sben cooling differently. The

values reported by the laboratory are in many céses However, there was good

agreement between duplicate samples.
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Table 3: Results obtained from leaching of investigated slags in (mg/kg)

Slag sample Ca Mg Fe Si Al Cr Mo \Y
Limit value® 05 05

BOF slag

oriqinaf’ 709t nd 0.1« 4.9 2.6 0.03 0.21 0.3
semi rapid (:oolinqb 440t nd 0.07 14.9 19.1¢ 0.01 0.07 0.7
rapid cooling’:’ 207( nd nc 62.5 1.€ 0.04 0.07 7.7
EAF slag

originaP 114¢ nd 0.0¢ 374 13¢ 0.73 3.9 0.3
semi rapid coolinqb 646.5 2.2 nc 140t 5.1z 0.82 0.11 2.8
rapid coolin 457 4.34 nc 132 .2 2.75 0.93 0.0 0.3
nd = not detected % = Limit value for inert landfil we prEN 12457-, F — prEn 12457 -

X-ray diffraction analyses

All investigated slag samples are badg,(CaO+MgO)/(SIQ+Al,0O3) > 1, also known

as By, which according to Daughertgt al'® results in mainly crystalline slags. The
values ofMy are 3.9 and 1.4 for BOF slag and EAF slag, respadgt The comparison
of the XRD pattern of the original and the modifisthgs, shows that all samples,
consist largely of crystalline material. The phgsessent in Figure 2 are those that are
likely to be present when also results from e.ge tBEM (Scanning Electron
Microscopy) studies are considered.

BOF - Slag EAF - Slag

1 CaySilis 5. ey

2 oLCaySally & Salidl sshutive Asmanated by Cald 1. CagMpSally

3 Wastite fype snlid scdution | 7. B-CagSilly 2 (Mg M AL Py

4 1 !
‘Wstite rype salid scltion 1 5 yaying

1 4 CarhySi0y

il r 5 [} ] ) 3 &
2 - Theta - Scale 2 = Theta = Scale

Figure 2 : XRD pattern of the investigated slags, w ith different cooling conditions

Thermodynamic calculations

Thermodynamic calculations in Factsage were comrduttr BOF and the EAF slag.
The result of the thermodynamic calculation is shawFigure 3. The calculations are
based on the following conditions:

Temperature interval : 25-1800°C
Pressure: 1 atm, constant
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Phases formed in less than 3 wt% were omitted ffayure 3. According to the results
given in Figure 3, the first crystalline phase tegpiate from the liquid BOF slag is
MgO, followed by the crystallisation of FeO and Cagdtering solid solution.
Tricalciumsilicate, CgSiOs, is the first silicate to crystallise at approxielg 1450°C.
Below ~1270°C, G&IOs is transformed tar-CaSiO, and CaO. The first phase to
precipitate from the liquid EAF slag is magnesiunochite, which crystallises above
1800°C. In addition, MgGD, is further transformed into chromite (FgQGy) at
~1270°C. Alpha-dicalciumsilicate;CaSiO,, is the first silicate to form in liquid EAF
slag at approximately 1530°C.
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Figure 3: Thermodynamic calculation in Factsage
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Discussion

A mineralogical interpretation of the solidificatio n/solubility

The investigations with XRD were complemented wBEM studies in order to

evaluate the impact of different cooling methodstlo& matrix of the slags. According
to both the XRD and the SEM analyses of the matigiag, it could be noted that there
was a clear difference in particle size distribotidue to the different cooling

conditions.

BOF slag

The original BOF slag has high specific surfaceabse of a high content of fines and
pores compared to the granulated slag. AccordinthéeoXRD results, Figure 2, the
major phase in the original BOF slag is larnge&;aSiO,;. With SEM and mapping of
selected elements, silicon and calcium were dedanotéhe same phase, agreeing with
the finding of larnite as the major phase. Part# \wigh coexistence of iron, manganese
and magnesium were also distinguished with SEM sibys the (Mg,Fe,Mn)O solid
solution also found with XRD.

In the semi-rapidly cooled BOF slag, four crystalphases were identified with XRD.
A wustite-type solid solution containing magnesiunmon and manganese
(Mg,Fe,Mn)0O,p-calciumsilicate g-CaSiOy), calciumferrite (Cg&e,0s) and a calcium,
manganese oxide (Ca,Mn)O phase. All phases exaaptht (CaMn)O were also
detected with SEM and mapping, Figure 4, partiek The (Mg,Fe,Mn)0O is enclosed
in the p-CaSiO, structure, indicating an early crystallisation, damparison tgs-
CaSiO, and CaFe0s.

Figure 4: Scanning electron micrograph of the semi-rapidly cooled BOF-slag. (1)
(Mg,Fe,Mn)O, (2) Calciumsilicate, (3) Calciumferrite.
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In the rapidly cooled BOF slag, three crystallir@pes were identified through XRD. A
wustite-type solid solution containing magnesiuroniand manganese (Mg,Fe,Mn)O,
tricalciumsilicate and-C aSiO,. These phases were also confirmed by SEM, ph&se 1-
Figure 5, where phase 2 is tricalciumsilicate ;&@s) i.e. the euhedral prismatic
microphenochrysts, that according to Goldring ancka<® are typical for CsSiOs and
phase 3, the matrix phase, crystallising last, abbb containing the--Cg SiO, seen in
XRD. All phases identified in the rapidly cooled BOslag, agree with the
thermodynamic calculation, Figure 3, i.e. indicgtithat the fast cooling enables the
presence of metastable phases, such gSiGaand a-C&SiO, at lower temperatures
As seen in Figure 2, the composition of the wusgypes solid solution is different when
comparing the semi-rapid and the rapidly cooled BO&g. According to the
thermodynamic calculations, Figure 3, MgO is alyepdesent as crystals in the liquid
slag at 1600°C. The slight change in position, tvloccurs in the diffractogram, is
explained in terms of having a higher concentratbgO in the wustite-type solid
solution. As the slag is cooled rapidly, neithee tReO nor MnO has the same
possibility of crystallising and forming a solid lsbon with MgO, due to its later
crystallisation in comparison to MgO, Figure 3. Tiagter was further confirmed by the
SEM instrument. According to semi-quantitative gsak, the solid solution contains
51% MgO, 42% FeO and 7% MnO, in the semi-rapidlpled slag, while the solid
solutions in the rapidly cooled slag was made up8%% MgO, 16% FeO and 6% MnO.

When a phase can form thermodynamically, the crysize will depend on the
temperature to which the crystals are exposed laadiaration of the exposure. There
was a significant difference in crystal size betwtee two modified BOF slags, Figure
4-5. The size of the crystals present in the sepity cooled slag varied between 40-
200 um, indicating that these minerals have had longee to grow. In the rapidly
cooled BOF slag, the variation in crystal size @epronounced compared to the semi-
rapidly cooled BOF slag. The wustite-type solid usion (phase 1) and the
tricalciumsilicate (phase 2), Figure 5, has a @alysize varying between 20-1Q0n.
The matrix (phase 3), Figure 5, has a much smalie than the other two phases
discussed. The smaller crystal size of this séigaatrix can thus be explained in terms
of not having the same time to develop. Based @nthlermodynamic calculations, it
can be concluded that both the wustite-type sadidt®n and the tricalciumsilicate
were present in the liquid slag at the time thedrgooling with water was carried out.
However,a-CgSiO, is expected to form during rapid cooling with wate
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Figure 5: Scanning electron micrograph of the rapidly cooled BOF-slag. (1)
(Mg, Fe,Mn) oxide, (2) Calciumsilicate, (3) Matrix containing (Ca,Si,Ti,V,Mn,Fe) oxides.

The leaching of calcium and iron is reduced in ghenulated BOF slag, according to
Table 3. Iron is present in the matrix, as discdss®ve, and the leaching is very low
in all three slag samples. Calcium, on the othadhs also present in the major silicate
phase, Ci&5iOs. The solubility of silicon is increased in the mudated slag compared to

the original. The leaching result shows that tresalution of the minor elements is not
prevented by the rapid cooling procedure, see Tablanadium is most soluble in the
granulated BOF slag, correlating to the silica téag, indicating a more enhanced

leaching from the fine grained silicate matrix.

EAFslag

The XRD graphs of the EAF slag, Figure 2, show ttie original and the two
modifications contain a large proportion of cryktal phases. In the semi-rapidly
cooled EAF slag three crystalline phases were itahtwith XRD (Figure 2), i.e., a
spinel containing magnesium and chromium (magneswgite, MgCpO,4), calcium
magnesium silicate (merwinite gag(SiO,),) andy-calcium silicate {-CaSiO,). Both
merwinite (phase 1) and magnesiochromite (phaseed® found with SEM as well
(Figure 6).

From Figure 6, it can be seen that manganese sepirén the solid solution along with
chromium and magnesium. Except for the three phabkedh were found with XRD, an
additional phase was observed with SEM and mapp#ng,a calcium alumina silicate
phase (phase 2), see Figure 6. According to thenthey namic calculation (Figure 3),
only one phase of calcium alumina silicate existgdhe system, namely &¥€,SiO;
(gehlenite). Gehlenite is thermodynamically formeelow 1270°C according to the
calculations. The later crystallisation of gehlenitgrees well with the texture of the
semi-rapidly cooled EAF slag. As seen in Figurd@h the merwinite and the spinel
found have their own specific structures, charaotdr by sharp edges, while the
gehlenite is located between the other two. Acogrdio the thermodynamic
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calculations (Figure 3), both merwinite and thengpcrystallise earlier than gehlenite,
which explains the texture of the semi-rapidly edoEAF slag.

Figure 6 : Scanning electron micrograph and accompanied mapping of the semi-rapidly
cooled EAF slag. (1) Calcium magnesium silicate, (2) Calcium alumina silicate, (3)
Chromium containing spinel.

Two crystalline phases were identified in the répidooled EAF slag with XRD
(Figure 2), both similar to those that were foundhe semi-rapidly cooled EAF slag,
merwinite and the spinel, containing magnesium emdmium. When comparing the
diffractogram in Figure 2, a broadening of the pwakth can be observed as a result of
the rapid cooling with water. Suryanarayana andné?asuggest that this may be
caused by a decreased crystallite size.

Furthermore, the differences in crystal size fobetiveen the two modified slags are
significant (Figures 6-7). The spinel phase has sheme size and texture in both
materials, while the rest of the phases vary a iladijcating that the spinels were
crystallised already at the time the granulaticartet, which is also confirmed by the
calculations (Figure 3). The large well-defined wmieite and gehlenite crystals which
were found in the semi-rapidly cooled slag werdomger present in the rapidly cooled
EAF slag. Instead, a mixture of calcium, magnesiatlamina and silica were found:
area 2 (phase 2), Figure 7. According to the thesryhucleation and growth, area 2
most likely consists of small merwinite and gehtlerarystals, due to the rapid cooling
i.e., the rapid crystallisation.
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N
Figure 7: Scanning electron micrograph of rapidly cooled EAF slag. (1) Chromium
containing spinel, (2) Complex of (Ca,Al,Si,Mg) oxides

The content of calcium and silicon is high in th&FEslag (Table 2). The solubility of
these two major elements, as well as aluminium, &aod magnesium, is shown in Table
3. The leachability is very low and varies in tieee modifications. The solubility of
aluminium is reduced substantially in the semi-aipcooled and the granulated slag,
which indicates that one of the matrix-forming pdsss stable. On the other hand, the
mobility of silica seems to increase when granatatiThere does not seem to be any
obvious correlation between the solubility of thajon and the minor elements. The
varying dissolution of the metals chromium, molyige and vanadium is more likely
a result of the presence in different minerals. 3dlability of chromium is very low, 20
ppm of the total chromium content, in all three pées. Vanadium, on the other hand,
is most leachable in the semi-rapidly cooled slag.

Reactivity, BOF and EAF slag

The leaching from steel slags is generally charse® as a surface reaction, followed
by a solid-solid diffusion process, in order toametequilibrium in the materiafd A
minimisation of the surface area of the slag igdtoee likely to enable a decrease in
leachability. Leaching and specific surface daigarding these materials are listed in
Table 1 and Table 3. The specific surface areawasunfortunately not measured in
relation to the semi-rapidly cooled samples. Anyhemce the original and semi-
rapidly cooled samples were prepared for leachnthe same way (crushing < 4 mm),
it is assumed that these materials have a sinplacic surface area.

It has earlier been concluded that no distinct gbesinin the total leachability could be
noticed when comparing the semi-rapidly cooled wlik rapidly cooled materials.
However, a decrease in the specific surface aresa noded when the semi-rapidly
cooled slag was compared against the rapidly codlled) To gain a better
understanding of the reactivity with regard to theface chemistry of the differently
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cooled slags, a reactivity factarwas introduced and calculated according to equatio
(). The reactivity ratio of the rapidly and semprdly cooled slags is given in Table 4.

Leachedamount  _ (mg) leachedrom (kg) dry material(mg/kg) _

= - > = mg/n¥
Specificsurfacearea m</kg
Table 4: The a-ratio of rapid and semi-rapidly cooled slag.
BOF slag EAFslag
a (Rapid)/(Semi) a (Rapid)/(Semi)
Element [|Semi-rapid cooling Rapid coding % Semi-rapid cooling Rapid coding %
Ca 1,87E+00 9,86E+00 526% 2,90E-01 2,69E+00 R8%
Na 1,87E-03 2,89E-02 1543% 1,09E-03 3,09E-02 2824%
S 4,62E-03 1,06E-01 2305% 2,55E-03 1,52E-02 596%
Si 6,34E-03 2,98E-01 469%4% 6,30E-02 7,78E-01 1235%
Al 8,15£-03 7,76E-03 95% 2,30E-03 1,61E-02 701%
Ba 1,75E-04 893E-04 510% 2,67E-04 4,05E-04 151%
Cr 3,29E-06 1,74E-04 5284% 3,68E-04 5,50E-03 1494%
Mn 4,23E-05 399E-05 94% 6,26E-06 5,23E-05 835%
Mo 2,79E-05 311E-04 1117% 4,82E-05 384E-04 797%
\Y; 2,98E-04 367E-02 12317% 1,24E-03 1,79E-03 144%

(1)

As seen in Table 4, there are important differennegeactivity due to the different
cooling conditions. Almost all elements become meactive if treated with rapid
cooling. The reactivity for silica is increased by4700% and ~ 1200%, respectively,
and for chromium ~ 5300% and ~ 1500%, respectivigy,the BOF and EAF slag.
Unlike the blast furnace slag, which also becomesemeactive when cooled rapidly,
due to the high content of amorphous phases, Ihatlgtienched BOF and EAF slag
have a low content of glass. Instead, two possf@lanations for the increase in
reactivity are the presence of metastable phagkthanncrease in small crystals on the
surface due to the rapid cooling with water.

Table 5: Factors potentially affecting increased reactivity

Oxidation

During the rapid cooling with water, oxidation on the surfaces may
occur, and thereby the formation of soluble phases.

Surface structure

pressure that occurs over a convex surface.

Fast cooling will resultin an abrasive surface, due to the presence
of smaller grains at the surface. An abrasive surface tendsto be
more reactive than a plane surface, due to the increase in vapour

Increased amount of

grain boundary

Fast cooling will result in more grain boundaries due to the
increase of small crystalsin the material. Diffusion reactions are
known to occur easier and faster along these boundaries.

Metastable phases

Increased solubility with water.
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Concluding discussion

Two different types of steel slags have been medifusing different cooling
techniques. The influence of the cooling conditiorese then evaluated based on the
final mineralogy of the slags. Variations in cryiss@ze, phase distribution, phase
composition, glass content as well as reactivityehbeen determined. The increased
reactivity when cooling rapidly may depend of saVéactors, listed in Table 5.

It can be concluded that in the search for new leder slag products, both for
metallurgical applications and other uses, it taho consider the influence of cooling.
It can also be concluded that all slags behavermifitly, depending on their chemical
composition, and must be treated individually.

References

1. CEN, 2002 Final draft prEN 12457-2, Characterization of tealseaching-Compliance
test of leaching of granular waste material andigels-Part 2: One-stage batch test at a
liquid to solid ration of 10 I/kg for materials Wiparticle size below 4 mm (with or without
particle reduction).

2. CEN, 2002 Final draft prEN 12457-3, Characterization of wealseaching-Compliance
test of leaching of granular waste material andgdg-Part 3: Two-stage batch test at a
liquid to solid ration of 2 I/kg and 8 I/kg for nmesials with high solid content and with
particle size below 4 mm (with or without particégluction).

3. H. Motz, J. Geiseler, Products of steel slag@portunity to save natural resourcéfmste
managemenfl, 2001, 285-293.

4. A Good Built Environment, 2004-10-18, availafolam
http://miljomal.nu/english/english.php.

5. A.and W-K. Lu, “The properties of steel slagmegates and their dependence on the mett
shop practice”,Steelmaking conference proceeding®, 1996, 701-711, Monaco, A
publication of the Iron & Steel Society, 1996, Btitirgh.

6. L. M. Juckes,“The volume stability of modeteedmaking slagsMineral Processing and
Extractive Metallurgy(T rans. Inst. Min. Metall. CY112, 2003, 177-197.

7. M. A. Bredig, Polymorphism of calcium Orthosdte,Journal of The American Ceramic
Society33 (6), 1948, 188-192.

8. Q. Yang, L. Nedar, F. Engstrom and M. He, “Tmeants of AOD Slag to Produce
Aggregates for Road Constructio®lSTech Proceedind., 2006, 573-583.

9. AandW-K. Lu, “The effect of cooling conditisimn the mineralogical characterization of
steel slag’Proc. Int. Symp. Res. Conserv. Environ. TechnolalMénd., 1994, 107-116,
Monaco.

10. G.H. Thomas and I.M. Stephenson, “The BetaGamma Dicalcium Silicate Phase
Transformation and its significance on air coolebitity”, Silicates Industriels9, 1978,
195-200.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 79



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

N. Tsuyuki and K. Koizumi, “Granularity andrface Structure of Ground Granulated
Blast-Furnace SlagsJournal of the American Ceramic Socig¢ (8), 1999, 2188-92.

K. E. Daugherty, B. Saad, C. Weirich, A. Elnehe¢ “The glass content of slag and
hydraulic activity”,Silic. Ind, 4 (5), 1983, 107 — 110.

D. lonescu, T.R. Meadowcroft, P.V. Barr, “Badge hydration kinetics of steel slags”,
Advances in Cement ReseaItB (1), 2001, 21-30.

F.M. Lea,The chemistry of cement and concye8e ed. Edward Arnold, London, 1983,
459,

E. R. Plunkett, “Handbook of Industrial ToXmgy”, Chemical P ublishing Co., New York,
1976, 108-109.

M. Windholz, Ed. InThe Merck IndexMerck, Rahway, NJ, 1976.

Y. Lee, C.L. Nassarella, “Formation of Hexawtl Chromium by Reaction between Slag
and Magnesite-Chrome Refractonfetallurgical and Materials Transactions, R9B,
1998, 405-410.

D. C. Goldring, L. M. Juckes, “Petrology antalslity of steel slags”lronmaking and
Steelmaking24 (6), 1997, 447-456.

C. Suryanarayana and M. Grant, “X-Ray DiffractA Practical Approach”, Plenum Press,
New York, 1998, ISBN 0-306-45744-X.

Q. Romera, Kilhn, Behmenburg and CapodilupectBasing the scorification of chrome”,
Primary steelmakingEuropean Commission, Luxembourg, 2000, 39, ISBNB®8-9627 -
0.

D. lonescu, T. R. Meadowcroft, P. V. Barr, ‘digtion Potential of High Iron Level
Glasses: Criteria for the Recycling of Steel Slesy aa Portland Cement Additive”
ICSTl/Ironmaking conference proceedin$998, 1245-1254.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 80



Stainless Steel Slag Valorisation: on Volume Stabil ity
and Disintegration

Dirk DURINCK ™%, Peter Tom JONES *, Sander ARNOUT ** and

Bart BLANPAIN *

! Department of Metallurgy and Materials Engineering, KULeuven, 3001 Heverlee,
Belgium

2 Currently w orking at Basic Materials Institute, McKinsey & Co, 1348 Louvain-La-

Neuve, Belgium
3Currently w orking at Ins Pyro, 3001 Heverlee, Belgium

Abstract

Together with environmental compatibility and meaaical strength, volume stability is

often stated as a key requirement for stainless slkeg valorisation. However, the term
volume stability covers more than one physical phggnon. In this article, the authors
discuss the different aspects of the volume stgbipin-point the underlying physical

causes for the volume instability and provide anfraork to differentiate between
them. Possible solutions to cope with volume inéitabn its broadest sense are listed
and discussed as well.

Introduction

Annual worldwide stainless steel production tothlfeearly 29 Mt in 2007. The vast
majority is produced using an electrical arc fumdEAF) to melt a raw material
mixture containing stainless steel scrap, carbeal Sicrap, ferroalloys (FeNi and FeCr)
and fluxes. The molten steel is then refined usewpvertor, Argon Oxygen
Decarburisation (AOD) or Vacuum Oxygen Decarbuigga{VVOD) processes, before
being cast. One of the major by-products of thanlstss steel production process is
slowly cooled and, therefore, crystalline oxidiagl This slag has CaO, Si@and MgO
as its main constituents. Smaller fractions of®) FeQ, and CrQ are typically present
as well. The slag volume amounts to 200 to 300fkglag per metric tonne of steel,
with about two thirds coming from the refining pess and one third from the EAF
process.

In 2007, Belgian stainless steel makers produced b Mt of crude steel or over 5%
of the global production. Correspondingly, nearl@O4thousand metric tonnes of
stainless slag was generaféd’.o avoid landfilling, these slags are processed an
valuable secondary resource for the constructidastry. The typical application is as a
coarse aggregate for asphalt roads or concreBglggan governmental legislation only
allows to use stainless steel slags as an aggeghatie monolithic applications, due to
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environmental considerations. For these applicatigrain size distribution, mechanical
strength and long-term volume stability are crucial

During the past few years, the authors of thisclarthave supported the different
Belgian stainless steel melt shops with their effor to improve the ‘volume stability’
of their slags and have reviewed the publicallyilatsée literature on the topFé. It was
noticed that ‘volume stability’ is actually affedtdy multiple physical phenomena, all
of which have different consequences towards thg guality. To clarify the term
‘volume stability’, the authors discuss its diffeteaspects, pin-point the underlying
physical causes for the volume instability and pdeva framework to differentiate
between them. Possible solutions to cope with velimstability in its broadest sense
are listed and discussed as well. The aim of téx is to provide some of the key
elements of a pragmatic approach to the issueanifless steel slag volume stability .

The termvolume stability

For the end-user of the slag. the construction industry, volume stability meahat
the slag particles to be used as aggregates nmaifiteir volume on a long term. If not,
i.e. when the particles would shrink or swell, the gnity of the concrete or asphalt
would be compromised. This is the narrowest définibf volume stability.

For steelmakers, however, the amount of coarse [s#aticles — as opposed to fine
particles — is highly relevant as well, as the sedraction is the most valuable for the
construction industry. For them, volume stabilifgcaincludes that the slag does not
disintegrate during the solidification and procegsof the slag. This is the broader
definition of the term.

Table 1: Potential causes of volume instability

Cause Physics Distinguishable features
C,S 12% wolume expansion - Occurs during cooling
during the B to yphase- - Resultsin very fine slag (< 2 mm)
transformation of C,S
Free CaO/MgO Hydration to - Occurs after cooling (days to weeks for
Ca(OH),/Mg(OH), CaO, months forMgO)
- Resultsin localised cracks
Thermal shrinkage Steep themal gradients - Occurs during cooling
due to low thermal - Resultsin a medium sized slag (2-20 mm)

conductivity lead to high

mechanical stresses
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Physical causes for volume instability

Several physical phenomena affect the volume dtabif the slag in its broadest sense,
including hydration of free lime of magnesia, thp ansives toy phase transformation
of dicalciumsilicate (2Ca0O.Sibr C,S) and thermal shrinkage.

Hydration of free CaO/MgO

Lime and magnesia are two of the main constituehssainless steel slags. Potentially,
free CaO or MgO are present in the slag microstinecafter cooling. This presence can
cause a long term volume instability of the slagtiplas, as both compounds tend to
react with water in a humid environment to fornsprectively, Ca(OH)and Mg(OH).
Both these hydration reactions cause a volume aexpraror ‘swelling’, which can lead
to severe valorisation issues for the construdnolustry, as explained earlier. Typical
features to recognise this type of volume instigbdire the macroscopic presence of free
CaO/MgO ‘pits’ in the slag, the delayed volume atslity (weeks to months after the
initial slag solidification) and the localised dkaqwhere the pits are located).

C,S phase transformation

The presence of S as a mineral in the slag microstructure can dineedisintegration
of the slag into a very fine powder with particlees typically smaller than 100 pm.
This mineral undergoes several polymorphic trams&bions upon cooling (Figure 1),
of which thepg to y transformation is accompanied by a volume expansioabout
12%. This leads to high internal stresses and finadlyses the slag to self-pulverise.
Macroscopically, one observes that during theahgtage of cooling at the slag yard,
slag pieces of several centimetres in diameterraace are formed. However, during
further cooling, the pieces suddenly self-pulvenge a fine powder. It is stressed that
this disintegration occurs during cooling, makihglearly distinctive from swelling of
the slag after cooling due to CaO and/or MgO hyidnatliscussed earlier.

Meilt

21 50"CI

o (Hexagonal)

‘.'425“01

a,, (Hexagonal)

11 ??“CI

a, (Hexagonal)

-

T~.ls75°C
s
850°C B (Monoclinic)

—J"
_=~T490°C
e

v (Orthorombic)

Figure 1: C,S driven disintegration leads to a very fine slag
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Thermal shrinkage

Apart from the two causes listed above, which hagen frequently discussed in the
scientific literature (see e.g. review paper by ibek et al6)), observations during
industrial practice led the authors to believe tthfferential thermal shrinkage during
cooling of the slag also affects the slag graire siistribution after cooling. Hence, this
should be included in the broader concept of volstability. When the slag is cooled
in subsequent layers in a slag bunker, steep gredie temperature exist within one
slag layer, due to the low thermal conductivity @ddic slags. The accompanying
differential thermal shrinkages lead to mechangtaésses with the slag, causing the
slag to break in small pieces. Just aS @riven disintegration, this phenomenon occurs
during cooling and affects the grain size distniitof the cooled slag in the steel
works. However, the slag particles are typicallyt ras fine as with €S driven
disintegration. In the case of thermal shrinkageair fines, one can refer to a grain size
distribution between 2 and 20 mm.

Potential industrial measures

In the following paragraphs, a number of industneasures to control the physical
phenomena and, consequently, the volume stabilistainless steel slags are discussed.
Although the list should contain the most importeethniques, it is not claimed to be
exhaustive. Rather, the discussion should illustrlaé importance of an appropriate slag
processing for the properties of a slag product.

Hydration of free CaO/MgO

The common way to ensure the long term volume Igtalof the slag particles to the
construction industry is to weather them for areaded period of time (over 6 months)
in environmental conditions in order to complete thydration reactions prior to
shipping the slag to the end-user. However, acttansalso be taken to actually prevent
any presence of free CaO/MgO in the slag. As fra®/® g0 is often present dueto the
incomplete dissolution of lime or doloma additiciosthe slag during the metallurgical
process, one should optimise the kinetic conditiohshe dissolution reaction. This
implies the steady addition of fine-grained limedmloma to a turbulent system. Note
that this can enable lowering the lime or dolomastmmption without compromising
the steelmaking process.g. the requirement of a large CaO content for thee sak
desulphurisation). If the CaO does not dissolve itite slag it does not directly
contribute to desulphurisation anyway.

On the other hand, if the presence of, particulaiige MgO is caused by exceeding
(even) its high-temperature thermodynamic solybilit the slag€.g. entering thd. +

C,S + MgO regionof the CaO-MgO-Si@phase diagram, Figure 2), one can adapt the
target slag composition (lower MgO level and/or éovC/S ratio). A practical option is
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to lower the level of doloma additions, which caa éspecially relevant during the
AOD or VOD process. In this way one avoids entetingL + C,S + MgO region
already at high temperature. Again, the chemistiryhe slag remains unchanged by
changing a situation of oversaturation to (nearjirséion of MgO. This measure is a
condition sine qua nofor avoiding free MgO after slag cooling. In piaet MgO can
also precipitate from the slag during the slow waplprocedure at the slag yard.
Theoretically, it can be calculated in which arb&gO can be present as a stable phase
(assuming thermodynamic equilibrium and thus atdmitely slow cooling). Figure 3
shows the FactSage calculations for the ternary-Ma0-SiO, system (assuming no
further reactions take place below 1000°C). From ithcan be seen that free MgO can
be completely avoided when the Si@vel in the slag is above 33 mole%, which
corresponds to approximately 37 wt% Sifor slags with 10 to 15 wt% MgO. If such
basicities are too low for metallurgical reasonarifty the AOD or VOD process), a
practical possibility is to acidify the slag comg@ms), subsequent to the slag/steel
separation by, for example, adding S&durces such as waste glass or sand (see Figure
4) in a separate processing (hitn the case of stainless steel slags an additloeat
source, such as ferrosilicon, would also be reduire

Si0,

- Compositional domain
containing free MgO

1600°C
L Liquid domain

Cao 0.9 08 I o7 . 086 05 04 0.3- E|'2 01 . Mgo

mass fraction

Figure 2: Isothermal section at 1600°C of the CaO-MgO-SiO, system showing the
various regions.
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Figure 3: Calculated phase diagram for the phase constitution at room temperature of
the CaO-MgO-SiO, system. The presence of CaF, and other slag components will
obviously complexify the real industrial situation.

0, | SiO,
Slag
""‘\._‘L-\.—
Slag pot

Figure 4: Kuehn et al.? developed a process for dissolving a large quantity of SiO,
(~10 wt%) in carbon steelmaking slags. By co-injecting oxygen, the slag is stirred and
FeO in the slag is oxidized to Fe,O;, generating the required heat to dissolve the SiO,.
The process is currently operational at ThyssenKrupp Duisburg and ArcelorMittal Gent.
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Expansive Bto y phase transformation

The potential treatments can be divided in two mgiaups, namely preventing the
expansive transformation of the mineral to occuowiright avoiding the presence of
the mineral in the first place.

The option of inhibiting theg to y transformation of €S was first elaborated in 1986 by
Seki and co-workerd, who developed a borate based stabiliser for stmnkteel
decarburisation slag. At the time, it was alreadpwn that borates stabilise the higher
temperature polymorphs of pure,SCto ambient temperatures by forming a solid
solution. Seki proved that by adding borates totigh temperature slag,& grains in
the cooled slag can also be stabilised. The additib only 0.2 wt% of BO; was
sufficient to avoid the disintegration of a slagiwbl wt% CaO, 33 wt% SiCand 11
Wt% MgO (seee.g. Figure 5)2 As borates increase steel hardness and may Ieact to
tearing during rolling or forging, they need to deéded to the slag after slag/metal
separation to avoid boron pick-up by the steeltirately, the required level is so low
that the heat content of the slag is sufficientielt and dissolve the stabiliser. The
treated slag product can be valorised as an adgréga construction applications.
Because of its effectiveness and simplicity, bosdatbilisation of air-cooled slags is
widely implemented in industrial practice. Thisigan leads to an additional cost of 1
to 2€ perton of stainless steel at the current priceldeof stabilisers (~600 per ton of
NaB,0O-). It must be remarked that, recently, especiailydpaﬁ?) concerns have risen
about the health effects of boron leaching fromated slags. Although boron is an
essential trace element for humans, chronic exgdsuhigher levels can lead to loss of
appetite, nausea and decreased sexual activity. Wbhdd Health Organisation
considers 0.5 mg/l to be a tolerable level of bdnodrinking water:” No studies on the
actual boron leaching from slags, however, havenldeand. Leaching tests on coal
ashes indicate that a significant amount of thebgresent leaches.

Figure 5: Effect of B,O; additions to a C,S containing slag. Left: The untreated slag
contains fractured y-C,S grains and disintegrates during cooling. Right: The treated
slag contains stable 8-C,S and did not disintegrate.®
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Borate additions are not the single way to avoml éixpansive transformation ob &
and the associated slag disintegration of the #lafirst alternative is to incorporate
other ions than B in the GS crystal, which also exhibit a stabilising effect 5-C,S.
The crystallographic coordination number, the iaaidius and the ionic valence of the
doping ion all affect the deformation of theSCcrystal and, as a consequence, of their
stabilisation. Based on this knowledge, the effadt phosphate additions to
disintegrating stainless steelmaking slags wassiigeted. Satisfactory stabilisation
was obtained® but compared to borate additions a significandygér amount of
phosphates (~ 2 wt%) is required to avoid disirattgn.

Alternatively, slag disintegration can be avertgd dutright avoiding the presence of
C,S by modifying the slag compositiorf.( previous paragraph). Already in 1942,
compositional limits were defined for disintegrajisiagsl,3) based on the stability field

of C,S in the CaO-MgO-Si®AI,O5 system, with an adjustment for the sulphur content
(S) in the slag:

CaO + 0.8MgO
CaO

< 1.20 SiIQ + 0.39 A0z + 1.75 S (1)

< 0.93SiQ + 0.55 A}O; + 1.75 S (2)

with the compounds referring to their respectivaghtefractions. However, in many
cases, slags that meet these conditions do not thaveppropriate high temperature
metallurgical functionality. In stainless steelnmaii GS free, low basicity slags cause
rapid refractory degradation and low chromium yseldfo avoid making such
compromises towards process and metal qualitysidgecomposition must be adjusted
after slag/metal separation. Adding a relativelgégaamount of silica seems to be the
best way to avoid £S5 precipitation. This was proven on a laboratoralesdy
Sakamotd: who stabilised a stainless steel decarburisatemgith 12 wt% of waste
glass, containing 70-75 wt% SIOT he cost of these additions would be far lowenth
that of the commonly used borate additions. Howewaer additional slag treatment
process as described in Figure 4 is required tragatate this method of dissolving
large amounts of SiCxo an industrial environment.

Apart from the two routes discussed above, it 3® &nown that the phase stability of
C,S is affected by physical aspects, such as thedafidee GS grains, the cooling rate
during formation and the mechanical loads. Howeveme of these have been
translated into industrial treatments (yet).

Thermal shrinkage

Scientific studies towards the effects of the cogpliate on the grain size distribution of
stainless steel slags have focussed on tepDase transformation. Indeed, quenching
stabilises thg-C,S grains and prevents the disintegration of thgisk a fine powder.
Other effects on the cooling rate have not beedistun-depth. Nevertheless, industrial
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trials by Erdmanret al™® suggest that slow coolinge. slag pot cooling during several

days, leads to a denser and coarser slag thaotimaanly used slag pit cooling (Figure
6). Similar trials performed on AOD slags also sdentorroborate that the level of
fines — linked to thermal shrinkage — can be migdahrough very slow cooling in slag
pots. However, at the moment it is still unclearicihspecific phenomena cause this
improvement. Currently these trials are being itigesed in a far more detailed way,
looking at both mineralogical changes and the ptyralistribution in the different areas
of the slag pot. If successful, this slag pot caplireatment will still need to be
extrapolated to a continuous procedure for all AQIYOD slags. One possibility here
would be to create smaller slag bunkers so thaslgs can be cooled down in the slag
yard in thick rather than thin layers as is cumiyethe general practice. More research
and industrial trials are clearly required here.

Figure 6: Large and dense slag blocks for waterway embankments produced by the
slow slag pot cooling®®

Conclusion

Valorisation of stainless steel slags can be haetpéy a lack of environmental
compatibility €.g.high chromium leaching), poor mechanical propsried/or volume
instability. The present paper looked at the tlgsilie, which is especially relevant for
the more basic AOD and VOD slags. It was showntitaterm volume stability covers
more than one physical phenomenon, namely finemdbon due to free lime and/or
magnesia hydration, /S driven disintegration and, less documented iardiure,
thermal shrinkage. In this article, the authorscussed the different aspects of these
volume stability problems, pin-pointed the undetty physical causes and provided a
framework to differentiate between them. Possibdutgons to cope with volume
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instability in its broadest sense were listed amscubsed. This corroborates that
valorisation of AOD and VOD stainless steel slags (aggregates in shaped
construction applications) should not cause anyblems any more in the future.
Nevertheless, the challenge for the future liefinding even higher value applications
and/or energy recovery from these slags.
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Modification of Stainless Steel Refining Slag throu gh
Mixing with Nonferrous Smelting Slag

Shin-ya KITAMURA, Nobuhiro MARUOKA
Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 2-1-1,
Katahira, Aoba-ku, Sendai, Japan

Abstract

In Japan, stainless steelmaking technology canvieeed into BF-BOF (blast furnace-
basic oxygen furnace), SR-BOF (smelting reductiasib oxygen furnace) and EF
(electric arc furnace) processes. Although somg staatment methods have been
reported, the main problems for valorisation arestmhg, volume expansion, and
leaching of fluorine. On the other hand, by theusttbn treatment with addition of Si or
Al, the problem of ¥ is not serious. To prevent dusting, we have pregas new
technology in which the nonferrous smelting slagniked with stainless steel slag.
Fundamental experiments showed that a mixing ratioonferrous slag to total slag
higher than 0.2 prevented dusting and produceditaslag.

Introduction

In the stainless steelmaking process, a large anudwglag is generated from EF, argon
oxygen decarburisation (AOD), and vacuum oxygeraidbersisation (VOD) processes.
In general, stainless steel slag has harmful charsitics, including dusting, volume
expansion, Cf, and fluorine leaching. For this reason, compangth the slag
generated by the steelmaking process for plainocagdbeel, stainless steel refining slag
is difficult to reuse. The first half of this papgummarises the stainless steel refining
process in Japan and the characteristics of thg 3la prevent dusting, we have
proposed a new technology that uses nonferrougiemelag. The last half of the paper
shows the fundamental results of this modificati@atment.

Stainless steelmaking process and slag in Japan

Characteristics of stainless steelmaking technology

In Japan, stainless steelmaking technology canviged into BF-BOF (blast furnace-
basic oxygen furnace), SR-BOF (smelting reductiasib oxygen furnace) and EF
(electric arc furnace) processes (Figure 1). INnBReBOF process, dephosphorised hot
metal is charged into a BOF and ferro-chromiumyalk added during decarburisation.
This process is used at Nippon Stéethe SR-BOF process was invented by JFE
stee? In this process, dephosphorised hot metal is @thigto a smelting reduction
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furnace, and chromium ore and carbonaceous matemnial added. After the smelting
reduction, decarburisation is carried out in a BEG6t both processes, ferric stainless
steel is produced, and VOD is mainly used as ansleey refining process. On the other
hand, to produce austenitic stainless steel, Eisésl. Subsequent to EF, BOF or AOD
is applied for decarburisation. The EF-BOF prodessed at Nisshin Steel, and the EF-
AOD process is used at Nippon Steel and Sumikimigss Steel (NSSC), Daido Steel,
etc

BF- BF Hot || BOF |1 voD
BOF Metal (Crude De-C)) (De-C)
De-P (Cr addition)
SR- prH Hot SR | | BOF || vop
Metal (Reduction (Crude De-C
BOF De-P of Cr ore) De-C)) DeC)
AOD@eCy 7
EF e T
(Melt) HOE Yob (Alloyin )
(Crude De-C) [ (De-C) |2 yme):

Figure 1: Stainless steelmaking processes in Japan

The estimated amount of slag and composition fraoh g@rocess is shown in Table 1.
By reduction treatment after the decarburisationhwhe addition of Si or Al, the
problem of C¥* is not serious. The main problems for slag valigs are dusting,
volume expansion, and leaching of fluorine.

Table 1: Typical composition and unit generation of stainless steel slag

Process Composition (mass%o) kot
Cr,04 CaO SiO, MgO Al,O4

EF 3 41 29 8 10 80

AOD 1 50 30 11 3 90

BOF 3 46 33 10 3 180

SR 1 23 20 30 35 250

Some slag treatment methods have been reportet-RASteel, dust from SR, and slag
from BOF and VOD are charged into a coke bed typduction furnace, called a
stainless advanced reactor (STSA)Fand the slag composition is controlled to avoid
dusting and volume expansion. At Daido Steel, dust dusting slag are melted by a
burner to control the composition, called a Daigesal method of dust slag melting
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technique (DSI\?\)). At NSSC, the characteristics of the slag aretradled by an index
based on the composition, and the slag with goafbpeance is selected.The slag
treatment methods at Nippon Steel and Nisshin 8taed not been reported.

To prevent the problem of fluorine leaching, dep@@nt of refining processes that do
not use Cal or the stabilisation of fluorine as a water insble compound with
additive$® can be considered. Although both technologies uarter development,
industrially effective measures are not established

Principle to solve the dusting problem

Dusting is caused by the beta to gamma p hase tramation of dicalcium silicate (S)
during coolin 99 19 Thjs phase transformation can be suppressed #lalgebasicityi.e.
the ratio of CaO to SiQin the slag, is lower than in the dicalciumsileaaturated
region. However, the slag basicity must be highptomote desulfurisation during
refining. Even though phosphorous oxide can stabithe high-temperature crystal
structure by forming a solid solution with,®& dephosphorisation during the refining
process of stainless steel cannot be attemptetieasdvere oxidation of chromium
occurs simultaneously.

Air

sio,

\ BOF
Slag Slag
Container

Il 7
@@ﬁu;@f@

Figure 2: Slag modification process developed by Nippon Steel*¥

For these reasons, to avoid dusting, a changeaig amposition after refining is
imperative. A method of adding borate to the slag been establishél, which can
also stabilise the high-temperature crystal stmectblowever, borate is rarely used due
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to the leaching of boron from the slag to wafkThe addition of silica sand or silica
stone to the slag is another method. As a largeuatmaf silica is necessary to decrease
the slag basicity from the,S saturated region, a heating apparatus and agtimnit
must be installed to keep the slag in a liquidestatd with a uniform composition. A
slag modification process was developed by Nippteel$ the late 1970s (Figure ]23)

In this process, silica sand is injected to thg blath with air to decrease the free CaO
and free MgO content. Although this process wowdpplicable to stainless steel slag
modification, this type of equipment is expensive.

Modification by mixing of nonferrous smelting slag

Preventing the dusting of stainless steel slag

Nonferrous smelting processes. the pyrometallurgical process of Cu, Pb, &mn,
emit slag that generally contains a high percentaigéeO and Si@ Nonferrous
smelting slag with low basicity and high FeO can dmnsidered as the optimum
material for changing the composition of stainles=el slag. We have already proposed
a slag modification process in which nonferrous Ising slag is mixed with stainless
steel slag?

The fundamental experiments have been performetyusie following methods. The
industrial slag from the stainless steelmaking psscand that of pyrometallurgical
process of Pb—Zn smelting were mixed in an irorcibla. The compositions of the
industrial slags are shown in Table 2. The cruoiiées placed inside a tube furnace for
1 hat 1658 K in an Aatmosphere. After heating, the crucible was remaretl cooled

in an air atmosphere. The mixing ratio, definechastio of nonferrous slag to the sum
of nonferrous and stainless steel slag, was vdriech 0.1 to 0.5. After the heat
treatment, the modified slag was observed and decbwith a digital camera. The
compositions of the modified slag were determingditductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-AES).

Table 2: Average composition of the industrial slag

Composition (mass%)
Process -
CaO SiO, T.Fe MgO | AlLO3; | Cr,0O4 S F
Stainless steel 50 29 1 13 2 1 0.2 4
Nonferrous Smen]'ng 12 22 35 4 8 0.5 3 0.2

The results are summarised in Figure 3 on the psterdiary phase diagram of a CaO-
SiO,-FeO system, calculated by FactSag&/hen the mixing ratio became high, the
dicalciumsilicate was no longer a stable phase, @éusting was prevented. In this
experiment, the critical mixing ratio for formingrhpy slag was 0.2. Typical photos are
shown in Figure 4. Also, as nonferrous slag is ifotm liquid, adding it increases the
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modification rate of the stainless slag, compaceddding silica stone and iron ore.

For industrial applications, a calculation of theat balance was carried out and the
result is shown in Figure 5. In this calculatioonferrous slag at various temperatures
is assumed to be added to the tapped stainleskssthgeof 1923 K. To keep the
temperature above 1673 K, the maximum mixing ratas about 15% when room
temperature nonferrous slag is added. To add mordemous slag, changing the
composition of nonferrous slag to a higher T.Fe &m0, content, or installation of
preheating equipment for the nonferrous slag ieseary.

Dusting Si 02
Partially dusting

Ol0|®

Uniformly lumpy

| Lig.+Mg0,Ca0,Si0, |

| Liq.+2Ca0si0,+Mg0,Ca0,Si0, |

| Lig.+2Ca0si0,+MgO |

Ca0O T
mofe fraction f{CaCO+5i0.+Fe0)
Figure 3: Dusting behaviour of stainless steel slag by the mixing with
nonferrous smelting slag (the phase diagramw as calculated at 1673 K, and the
content of Al,O;and MgO w as 0.0265 and 0.11 in mole fraction, respectively)

Mixing Ratio; 0.1 atio; 0.2

Mixing R
e - AN

Mixing Ratio; 0.5

A,

Partially =" & :_,bniformly
- Dusting Lumpse
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Figure 4: Typical photographs of the slag after mixing treatment.
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Figure 5: Simulation of slag temperature after mixing nonferrous smelting slag
with the stainless steel slag

Behaviour of heavy metals in the modified slag

In some cases, nonferrous smelting slag contaiagyhmetals, such as Pb, Zn, @ig

To utilise the nonferrous smelting slag as a meditihe behaviour of the heawy metals
has to be clarified. Compared with nonferrous smgltthe oxygen potential of the

stainless steel slag is low, while the tap tempeeats high. Therefore, the oxides of
these heavy metals can be reduced by mixing withinlsss steel slag. The

concentration of heavy metal after mixing the d$esis steel and nonferrous smelting
slag was analysed. The results are summarisedgurd=6. In this figure, the analysed
values are normalised by the calculated contentadh element, based on the mixing
ratio, using equation (1).

Cnormalised: Canalyseé(cnonferrous>< R+ Cstainless>< (1_R)) (1)
whereChomaiised Canalyseq@re the normalised and analysed content GaBgkrrous Cstainless
are the content in nonferrous smelting and stanlg®elmaking slag, respectively,
while R is the mixing ratio. As the normalised contents lwer than 1, the heavy
metal content is greatly decreased after the mitieament. This is because:

1. As the T.Fe content in stainless steel slagis niowier than that of nonferrous slag,
the heavy metal oxide can be reduced. ZnO, PbO Cartd are reduced to Zn, Pb,
and Cu, and evaporate or become sediment.

2. As the change in sulfur content shows the samevimivaas that of Cu, emulsified
matte phases can be considered to settle out hyoltmg at high temperature.
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On the other hand, the fluorine content was almibstsame as the calculated value.
Although the mixed slag is still inadequate to asesoll, it could be used as a material
for road construction, civil engineering near tba wateretc
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Figure 6 : Behaviour of heavy metal concentrations by the mixing treatment

Conclusions

In Japan, stainless steelmaking technology canviged into BF -BOF, SR-BOF, and
EF processes.Depending on the process, slag of various compasitis generated.
Although some slag treatment methods have beenrteghahe main problems for
making the slag useful are dusting, volume expansiod leaching of fluorine. From
the reduction treatment after decarburisation wlitdn addition of Si or Al, the problem
of Cr** is not serious. To prevent dusting, we have pregasnew technology in which
the nonferrous smelting slag is mixed with therdéais steel slag. Experiments showed
that when the mixing ratio of nonferrous slag ttat@lag was higher than 0.2, dusting
was prevented and lumpy slag was obtained. By dloellation of heat balance, to keep
the temperature higher than 1673 K, the maximumngixatio was about 15% when
room temperature nonferrous slag was added. Theentiations of heavy metals after
mixing were much lower than the calculated valuesed on the mixing ratio.
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Chrome Immobilisation in EAF-Slags from High-alloy
Steelmaking: Tests at FEhS-Institute and Developmen  t
of an Operational Slag Treatment Process

Dirk MUDERSBACH, Michael KUEHN, Jirgen GEISELER and  Klaus KOCH
FEh S-Building Materials Institute, 47229 Duisburg-Rheinhausen, Germany

Abstract

Some EAF-slags from stainless steelmaking can mesedficient properties to be used
as construction material and may sometimes not fieeenvironmental requirements
due to high leaching rates of chrome. FEhS-Buildvhaerials Institute together with
several European stainless steel producers hadodedea method to increase the
stability of these slags and to fix chrome in thelsgs. To meet the demands of a good
construction material the liquid slag will be tregtin order to stabilise the slag and to
bind the remaining chrome in the slag into a staldg phase. After having carried out
several test runs in the FEhS-laboratory it seembet possible to improve both the
technical properties and the environmental behavoiuthe slag by additions of
materials which decrease the basicity and favoarfthhmation of spinel type phases
during solidification. To verify the successful u#ts of the laboratory tests, industrial
scale test runs at four melting shops of Europdamlsess steel producers were
executed. Also the results at the steel shopsudfiieient. Thus it is possible to treat the
EAF-slag from stainless steelmaking to produce mwelustable and environmental
friendly construction materials. So, even if thagstontains high chrome contents, the
leaching of chrome will be suppressed.

Introduction

In stainless steel production, raw material cosimidate the total production cost for
the primary product) Since chrome is one of the major constituentsadfiless steel, it
also represents a large portion of the raw mategats. Consequently, a high chrome
recovery is essential for the overall process emydeuring melting of scrap in the
Electric Arc Furnace (EAF), chrome is to a greateei oxidised into the slag. A
reduction step is necessary both for the recovérthe chrome and to improve the
environmental behaviour of the slag. Therefore réukiction step in EAF stainless steel
production has two important effects on its econoRgduction of chrome from slags
at stainless steelmaking is a presumption for &iurthilisation of the slag. Nevertheless,
economically it is not possible to reduce chromedexrom the slag completely.
Therefore, it is necessary to bind the remainingrcte in stable mineral phases to
suppress leaching. This target can be realised dification of the liquid EAF-slag.
Fluxes forming mineral phases of the spinel tymenanst suitable.
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During the studies on the binding of chrome in $keeg and the leaching behaviour of
different EAF-slags from stainless steelmaking, BiehS-institute has, together with
some European partners, developed a slag treatpmeness by adding fluxes to the
liquid slag during tapping, which induces the forima of chrome containing spinel-
type phases in the slag during solidificatioh.

Despite of the mechanical properties, the envirgrialecompatibility is most important
for the use of slags from stainless steelmaking TEfter will be expressed by their
leaching behaviour in water.

To compare treated with non-treated slags, sanimdes been investigated on their
chemical and mineralogical composition, their medtal properties and their
environmental behaviour. Other important influencaghe environmental behaviour of
slag are the melting history in the furnace, thdt remperature, the oxygen partial
pressure during melting and of course the kind afenals used as slag formeesg

lime, limestone or dolomite etc. By evaluating #edata, the first hints on the
relationship between leaching and the contentofesoxides in the EAF-slags have
been observed. This relationship has been the tzadsvelop the treatment process.

Laboratory investigations

Before starting with operational tests in the sséelp, laboratory tests have been carried
out at the FEhS-institute to discover if there isy arelation of, firstly, the slag
composition or, secondly, the reduction with resgecthe chrome binding. Several
potential influencing factors were determined fdfedent slag compositions as well as
for the reduction of slag with coal, either by &tjen or in graphite crucibles.

As a result, no influence of the basicity of EARBgs has been found. The observed
effects by sand addition, which has been successflBOF steelmaking slaéé,could
not be ascertained for these kind of slags. Thexeffurther investigations on the
reduction of slag have been carried out. At figial has been chosen as reduction
agent. Coal is widely used in EAF steelmaking psacas reductant and slag foaming
material. Due to the reaction:

Cr,0;+3C« 2Cr+3CO (1)

chrome oxide is reduced to metallic chrome and @@e to thermodynamic

equilibrium conditions not all of the chrome in thlag will be reduced during the
laboratory tests. Thus the remaining chrome conienthe slags after laboratory
reduction is less than 1 wt% (without considerimgteduced chrome in droplets, which
are separated before analysing the slag). Howtdwer.educed chrome is found in small
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metal droplets in the slag, which will not segregad form a regulus, due to the
viscosity of the slag. The number of these dropiletsease during the reduction time
and their size grows. The chrome content in thestalrdroplets is up to 70 wt%.
Spherical pores are found in the slag after carfmiuction and solidifying, which
indicates that parts of the reaction gas is trapp ¢de slag and CO-precipitation occurs
during solidification of the slag forming pores. @equently, using carbon to reduce
the chrome oxidation in laboratory tests will résala porous solid slag.

Investigations on the leaching behaviour of thaiced slag show that the reduction of
chrome content in the EAF-slag is no guarantedoferchrome content in the leachate.
Even having achieved chrome contents in EAF-slafysless than 1 wt%, the
leachability of chrome did not meet the environraéréquirements in Germany.

It has to be stressed that these tests have beéedaaut aiming at slag reduction in the
EAF stainless steel performance. Neverthelessettests have been also the basis for
research activities on slag reduction and the reolu®f other residuals containing
chrome in specialised proces$&és.

Laboratory tests to bind the remaining chrome

Evaluating slags generated in different stainlésslsaking plants, which use different
process performances, different slag reductiontmesc and different slag formers, it
has been shown that some of these parametersawél tonsequences on the leaching
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Figure 1: Results of laboratory tests on adding MgO, Al,O; and FeO to liquid slags on the
leaching of chrome
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behaviour of slag.

Therefore, further research was aimed on fixing rdmaaining chrome content in the
EAF-slags into stable mineral phases. The resuftsthe following laboratory
investigations to fix the chrome into stable slagages have shown a relationship
between the MgO-, ADs-, FeQ- and CgOs-content in the EAF-slags from stainless
steelmaking and their leaching behaviour of chrglrigure 1).

Systematic investigations on the slag’'s mineral gosition resulted in an increase of
spinels in the slag matrix by additions of spimehfing materials, like MgO, AD; and
FeQ, to the liquid slag. Chrome is bound by these @pmghases, which are stable
compounds in the slag, Figure 2. The formationmifiel types ME*Me,' O; (where
Me' is Mg, F€" and Mé& is F€*, AI**, CP") will result in a strong binding of chrome
and the Cr-leaching will be decreased to a very lewel. Thus, the research work was
concentrated on finding additions, which will in@uthe formation of spinel type phases
during the solidification process of the slag.

Figure 2: Mineral phases of an EAF-slag after treatment with Al,O; (cubic spinel
phases number 3 are marked)

Especially with regard to EAF-slags from stainleseelmaking a proportional factor

has been introduced to describe the influence efdifierent compounds in the slag on
the binding efficiency of chrome into stable sldgapes and on the leaching behaviour
of chrome, respectively. The so callddctor sg summarises the influence of the most
important spinel forming compounds in the reducAdrlags:

factor sp=a*MgO + b * ALO3z + ¢ * FeQ,— x* CrO3 [wt%] (2)
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Figure 3 shows the dependence on the leachabifichrome from reduced EAF-slags
from stainless steelmaking concerning tfector sg. So, using this factor it is
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Figure 3: Chrome leaching of reduced EA F-slags from high alloy steelmaking versus
“factor sp”

possible to evaluate the leaching behaviour ofam $fom stainless steelmaking by
knowing its composition. On the other hand, it sspible to evaluate the effects of
adding spinel forming agents to the liquid slaglo@leaching of chrome.

Operational te sts

Having gained this knowledge on the influence adiigoins to the liquid slag on the
binding of chrome by laboratory tests at the FHis$itute, trials in steel shops of
several stainless steel producers have been cawidw verify these laboratory results.
In the following, three examples of successful tiremt of liquid EAF-slag will be
described.

Treatment of EAF-slag with bauxite

First, bauxite was chosen as addition, since tlagenal contains both iron oxide and
Al,O3, which both have a strong influence on the leaglmhchrome. Due to the usual
composition of EAF-slags, the quantity of bauxitieition has been calculated, aiming
at a slag composition with an A&ls-content higher than 10 wt%. Such a slag will
achieve a sufficient “factor sp”. Bauxite (< 5 minas been added in portions of
approximately 600 kg into the transfer ladle durihg slag and steel tapping from the
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EAF to get an intensive mixing between slag, steel addition, as a basis for the
expected chemical reactions.

Slag samples from the slag yard have shown thata@tize homogeneous distribution
of Al,O3; and FeQ in the slag the dissolution of bauxite was congml&ue to the
resulting contents of AD; and FeQ the “factor s was increased to more than 15
wt%. Consequently, the examination of the leacHuelgaviour of the slag according to
the German leaching standard DIN 38414-4 S4 hagshioat the leaching of chrome
is decreased to the detection limit. Thus, thesst fin-plant tests confirm the
relationship expressed by the developfattor sg. Furthermore, this first treatment of
liquid slag in the transfer ladle by addition ofukise has exhibited the feasibility to
optimise EAF-slags from high alloy steelmaking wigspect to their environmental
behaviour. The aim to bind the remaining chroméhia slag into stable spinel phases
has been reached.

But some new experiences have been gained congdimaruse of additions in practice.
The time of adding the treatment agent is importBhé most suitable time is when the
transfer ladle is filled to one third. This guaiasta good mixingin the ladle. Also very
important is the grain size of the material to bdesl. Best results will be achieved by
adding materials with a grain size efg 3-8 mm. The test results allowed to plan
additional tests at a pilot scale level at otherekshops of stainless steel producers.
Since the addition of bauxite to a low value prddsmems to be too expensive, other
suitable materials have to be used. Due to thergexques in laboratory and good results
from the first operational tests, residues withigh lalumina content have been chosen
for further tests.

Treatment of EAFRslags with Al ,O3-containing residues

Different mixtures of oxide materials have beenestgated, and finally a material
called TE 75 (75-85 wt% AD; and 10-20 wt% Si¢) was selected, which seems to be
suitable for the treatment of EAF-slag. The gramesof TE 75 was 3-8 mm. This
material has been tested at the EAF of one of tlanlsss steel producers. An
installation to add alloying agents to the steeirdytapping was revised, in order to use
it for the addition of spinel forming agents intbet slag during tapping. The first
transfer ladle was filled up nearly “slag-free”daduring tapping steel and slag into the
second transfer ladle the spinel forming agent adated, Figure 4. The small amount of
untreated slag in the first transfer ladle was dath@mas reference. Additionally, the
treated slag in the second transfer ladle anderskdg pot was sampled to determine the
effects of the addition. The amount of the additiwwas calculated according to the
“factor spg and the actual EAF-slag composition.
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Figure 4 : Tapping practice of steel and slag at one EAF

According to the treatment the &l;-content and thus thddctor spg are increased in
the slag (Figure 5). Due to the added Si©the mixture, the basicity CaO/Si@ the
slag is decreased to about 1, which correspondshbeiter technological properties, as
shown later. The most important effect, however,the leaching of chrome. In

accordance with the earlier investigations a hiffctor sg results in low chrome
leaching.
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Figure 5: Results of one pilot operational test campaign at one steel works:

relationship between different compounds in the slag, “factor sp” and the chrome
leaching
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At the end of five test campaigns to treat EAFslagone steel shop with the oxide
mixture TE (AbOs-containing material) 10.000 tons of optimised E#&l&gs with
sufficiently sound environmental and technologjeedperties were produced.

Reduction of EAF-slags and increasing®  factor sp ” with aluminium

In a third step the ADs-content of the EAF-slags was increased by reduidiegslag
during tapping with metallic aluminium. The aim wiast of all to recover the chrome
into the steel, but secondly to increase the alarnontent in the slag. So, two effects
have been achieved: firstly by increasing tHactor sg, which has a positive
consequence on the chrome leaching, and, secadiyreduction of the @GDs-content
to recover Cr into the steel combined with an iaseeof AJOs in the slag, resulting
from the oxidation of the added aluminium.

The operational campaigns have shown the expectesitipe effects on the
environmental behaviour of the treated EAF-slaghe Teduction with aluminium
results in higher ADs- and lower Fg,r and CpOs-contents in the treated EAF-slags.
By a suitable quantity of aluminium and correctitigof the addition during tapping of
steel and slag into the second transfer ladlechineme content in the leachate is less
than 0,03 mg/l (Figure 5) and is so in the rangehef characteristic value given for
EAF-slags from carbon steelmaking in Germany.

Finally, 4.000 tons of optimised EAF-slags were queed during these campaigns
using aluminium to reduce the EAF-slags. Thesesslagve shown overall good
environmental behaviour and good mechanical pragseitoo.

Technical properties of the operational treated sla  gs

In general all the treated slags were volume staBledisintegration due to the
dicalciumsilicate transformatioraf to »C,S) does not have to be taken into account,
since the treated slags have basicities CaQ/®&3 than 1,5. The free lime content in
treated EAF-slags is negligible, so that no volumeeease due to Ca(Okgan occur.

The strength of the treated EAF-slag from stainksslmaking is similar to that of
EAF-slag from carbon steelmaking. In Figure 6 thecinanical properties of the EAF-
slag concerning strength and abrasion are givenlowA value (as determined by
performing the impact test) characterises a sldlg Wigh strength. A high P SV-value
characterises a high abrasion resistance. Addityonhe slag shows high “SCRIM-
values” which stand for a good grip of tyres esplgcof asphalt surfaces layer.
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In summary, it can be said that the results ofrélsearch work have shown that treated
EAF-slag from high-alloy steelmaking should be cdeed as a highly valuable
material.
Utilisation of
EAF-slags
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Figure 6 : Some results of testing the mechanical properties of treated slag compared
to some natural aggregates

Conclusions

The aim to fix chrome in EAF-slags from high-alleyeelmaking into stable spinel
phases has been achieved. The mechanical propeftidse treated EAF-slags are
satisfactory for fields of application with highesgiality demands.

A new method of treating EAF-slag from stainlessebhaking has been developed.

During tapping of the steel and slag, agents agedaahto the liquid slag, that induce
the multiple formation of spinel type phases in dudidifying slag. The effects of
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different spinel forming additions to reduced EARgs can be described in a formula
developed as result of the investigations:

factor sp=a*MgO + b * ALO; + ¢ * FeQ,— x* Cr,O3 [wt%)] 3)

For slags with low values ofédctor sg the leaching of chrome is high. For EAF-slags
showing high values of factor sg chrome leaching is nearly negligible. As a
consequence this formula developed by FEhS-instiiat used by some works to
characterise their slags, today.
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Session 3

Slag valorisation and regulation
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REACH, Registration of Iron and Steel Slags — State  of
the Art

Heribert MOTZ and Ruth BIALUCHA
FEh S Building Materials Institute, 47229 Duisburg, Germany

Abstract

The REACH regulations are in force sinéeJuine, 2007, which will have consequences
for the iron and steel industry. In this papersitshown that the FEhS-Institute and
EUROSLAG have developed a procedure that will alfowthe successful registration
of iron and steel slags within REACH. It is highitgd that the REACH registration
actually reinforces the long standing opinion of gteel industry in Europe to produce
and sell iron and steel slags@educts

Introduction

The new European regulation for Registration, Eatadumn, Authorisation and
Restriction of Chemicals (REACH) was adopted by Buzopean Parliament and the
European Council in December 2006 and came intoefam £ June, 2007 The
regulation comprises the following substances:

1. Phase-in-substances subject to admission control:
2. Phase-in-substances subject to registration:
3. New substances.

“Phase-in-substances” are substances which have pee on the market before
18" September 1981. This is why “new substances” lasaiastances which are put on
the market after this date. Phase-in-substancesl@ady registered in the so-called
EINECS register (European Inventory of Existing Goencial Chemical Substances)
whereas new substances will be registered in tH&lES register (European List of
Notified Chemical Substances).

For phase-in-substances registered in EINECS aiti@m period is admitted for the
final registration in REACH. To be able to use thiansition period, it has been
essential to pre-register the phase-in-substaifcemre than 1 ton/year was produced
before ' December 2008. If a substance has not been pisteregl, it is not possible
to occupy the transition period endind December 2010 for phase-in-substances
according to article 23 (special conditions for gdyn-substances). Such substances
have to be treated like new substances and haveetoegistered after the pre-
registration period, directly. Otherwise, such sabses (without registration) must not
be put on the market. Athough the pre-registraigonot obligatory, a pre-registration
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for all substances that come into consideration @sn recommended, since this
registration is exempted from charges and doegewilt in a registration, necessarily.
The process of registration can be cancelled pfteregistration, if necessary.

The procedure developed by FEhS/EUROSLAG

Just after implementation of the REACH regulatidre members of the FEhS-Institute
and EUROSLAG have decided to register iron andl slegs as substances. Due to
expertises and agreements with environmental aitids®orthese substances are
established as by-products in Belgium, Finland, nGry, Austria and the United
Kingdom. In this context it is relevant to refer tbe decision of the European
Commission from 2%l February 2007 to accept blast furnace slag asrby!bp:t.z) On
the other hand, iron and steel slags are registaedphase-in-substances with
corresponding EINECS and CAS numbers. Provided $fef)s are no wastes but
products, thed hocworking groups “REACH?” of the FEhS-Institute andIBOSLAG
have started the pre-registration work on iron ateel slags aiming at the final
registration before®iDecember 2010. Fundamental for their further wetkg families
have been described as shown in Table 1, comprilgtiebasis of the existing CAS and
EINECS numbers.

Table 1: Grouping blast furnace and steel slags

Slag Family Materal CAS no EINECS no.

GBS Slag, blast furnace 65996-69-2 |266-002-0
(granulated)

ABS Slag, blast furnace 65996-69-2 |266-002-0
(air cooled)

BOS 91722-09-7 [294-409-3
Slag, converter

EAF C Slag, electric arc furnace 91722-10-0 |294-410-9
(carbon steel production)

EAF S Slag, electric arc furnace 91722-10-0 |294-410-9
(high alloy steel production)

SMS 65996-71-6 |266-004-1

Slag, steelmaking

The members of the FEhS-Institute and EUROSLAG hareeregistered these slag
families before I December 2008, uniformly. Data sheets have beefieadt. Table 2
gives — as an example — the data sheet for aieddolast furnace slag. In addition to
the information on the composition and generatidbnthe slags, these data sheets
contain also information on the applications, whigve to be observed according to
the final registration. They have been summarisetblows:
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» Constituent for the production of hydraulic binders
* Addition to concrete;

e Building material;

* Fertiliser,

* Sand blasting material;

» Component for the production of glass.

For a long time it has been discussed, especiallix the European steel producers
incorporated in EUROSLAG, how iron and steel sldgsve to be classified in
accordance to the document “Guidance for identibcaand naming of substances
under REACH?. According to the decision tree described in dosument, the slags
possibly can be grouped into “mono-constituent tamnTes”, “multi-constituent
substances” or as “UVCB-substances” (SubstancesUoknown and Variable
composition, Complex reaction products or Biologroaterials). The discussion within
the members of the FEhS-Institute resulted in tlesvwvthat apart from secondary
metallurgical slags, blast furnace and steel slglgsuld be classified as “multi-
constituent substances” as the variation of thenata composition of these slags and
their mineralogical phases are well-known sincenaltime.

However, the European Chemicals Agency (ECHA) hedly decided that, according
to their developed registration tools, only theugre “mono-constituent/UVCB or
“multi-constituent” with known CAS and EINECS nunmbdiave to be used. In general,
for iron and steel slags, the group “mono-conshitfue/CB” was foreseen. However,
the reasons for this decision are unknown. It @ueeed that the decision was made
against the background of the mentioned guidancerment that generally groups slags
as UVCB-substances without knowledge of generatimh source. So the question how
to group slag will be discussed again during thalfregistration of iron and steel slags.

Within the framework of pre-registration additiomaimbers had to be given concerning
the amount of annual production of slags. Sineeamount of yearly production for
iron and steel slags is always above 1000 ton/\seaggistration before®1December
2010 is necessary.

For the pre-registration and later on also forrdgstration the producers of slags have
to register their own products. That is why thedp@an steel plants pre-registered the
relevant slag families with regard to Table 1. Eheras a strong discussion about the
guestion how to proceed with regard to pre-redigtmaand finally to registration if a
cement producer is owner of a slag granulation imisuch a case the cement producer
is a producer of granulated blast furnace slag Tde same situation may apply to
plants processing blast furnace or steel slagstéiken old heaps.
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That situation has been discussed within the REA@iking groups controversially,
too. Finally the decision has been made that vatand to cement plants the producer
of the hot metal (steel plant) will register theaglproduct, since the chemical
composition of the slag will be specified in thadil furnace and will not be changed
during granulation. But according to the processihgld slag heaps the owner of the
processing plant has to be regarded as produdéreaflag and will be responsible for
pre-registration and, finally, registration.

Table 2: Pre-registration data sheet for air-cooled blast furnace slag

Slag, blast furnace [air cooled]

EINECS no.: 266-002-0
CAS no . 65996-69-2
Other identity code : BF slag isdefined in EN 14227-2:2004-07 "Hydraulically bound

mixtures - Specifications - Part 2: Slag bound mixtures".
This standard has been developed by CEN/TC 227.

Substance identity : multi-constituent substance (forinput IUCLID 5: mono-constituent/UVCB)
Name and address of the producer/importer
Name of the responsible contact person  and hig/her substitute: -

Blast Furnace slag is a by-product of the manufacture of iron by chemical reduction in a blast
furnace. It is formed in a continuous process by the fusion of limestone (and/or dolomite) and
other fluxes with the residues from the carbon source (coke) and non-metallic components of
the iron ore. Blast Furnace slag is produced at temperatures around 1500C. Dependent on the
way of cooling it can be distinguished between crystalline air-cooled blast furnace slag and
glassy granulated blast furnace slag.

Quantity produced duling one year: > 1000t
Fields ofapplication (industrial/professional): constituent for hydraulic binders, construction
materials, fertilizer, raw mateirial for glass-

making
Major Mineral Constituents Molecular and structural formula
Melilite (solid solution between akermanite Ca,MgSi,0,-CaAlLSiO;
and gehlenite), calcium-aluminium-
magnesium-silicate
Merwinite, calcium-magnesium-silicate CazMgSi,Og
Pseudowollastonite, caldum-silicate CaSiOg

Today, all European steel works have finished titgerpgistration of their slag products.

ECHA has already published a list of the pre-reged substances and now has to
allocate the different materials to Substance imfation Exchange Fora (SIEFS). It is

not yet clear how the iron and steel slags willgo®iped. There will be established so
called pre-SIEFs, so that the producers of thetanbss have the possibility to check,

in which SIEF their substances will finally be gpad in.

After having completed the pre-registration, theaffiregistration has to be started as
soon as possible. For this purpose the FEhS-Itstititends to form a consortium “iron
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and steel slags”, open to all European produceionfand steel slags. The necessary
activities to prepare a consortium agreement aaelndinished, so that a first general
assembly will be convened onw ay 2009 at Dusseldorf. Nevertheless, the members
of FEhS-Institute have launched a cluster undereaagreement respecting especially
the co-operation under anti-trust law conditionkisTcluster already works since May
2008 to prepare the registration dossier. The HBbStute decided to work together
with a consultant coming from the chemical industy prepare an overview on the
lack of data necessary for registration and tot stath closing the gaps with new
investigations, especially on the human and ecoitgxof blast furnace and steel slags.

All results, that are compiled within the frametbé cluster, will finally be available in
the European consortium “iron and steel slags”. fels&s of the consortium are to work
out the registration dossiers. Based on the soétwaol IUCLID 5 the necessary dataset
for drafting the safety evaluation report (ChemiBafety Assessment “CSA”) will be
finalised. The final registration dossier has toskat to ECHA before the end of May
2010 by the lead registrant. In general, the regi®in of iron and steel slag will be
carried out as “joint registration”. So meanwhibar® members of FEhS-Institute have
been elected, to deliver the registration dossisrfead registrant for the relevant slag
families before the end of May 2010 at the latesECHA, see Table 3. The other
members of the consortium may use this informat@ayrwriting their own registration
dossiers.

Table 3: Lead registrants for blast furnace and steel slags

Slag Family Lead Registrant

GBS/ABS ThyssenKrupp Steel AG, Duisburg

BOS ThyssenKrupp Steel AG, Duisburg

EAFC Stahlwerke GmbH, Kehl

EAF S ThyssenKrupp Nirosta GmbH, Duisburg

SMS ThyssenKrupp Steel AG, Duisburg
Conclusion

By the procedure shown above, the members of tinSHiastitute and EUROSLAG are
assured, that the registration of iron and stesgsslwithin REACH will be achieved
successfully. At the end, the registration reinégrthe long standing opinion of the steel
industry in Europe, to produce and sell iron aregtlstlags as products.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 117



References

1. Commission of the European communtties, reiguiatEC) no 1907/2006 of the European
parliament and of the council of 18 December 20@®ceming the Registration,
Evaluation, Authorisation and Restriction of Cheatsc(REACH), establishing a European
Chemicals Agency, amending Directive 1999/45/EC agmkaling Council Regulation
(EEC) No 793/93 and Commission Regulation (EC) M88/94 as well as Council
Directive 76/769/EEC and Commission Directives SS/EEC,93/67/EEC, 93/105/EC and
2000/21/EC.

2. Commission of the European communities, Brass2l.2.2007, COM(2007) 59 final,
Communication from the commission to the councd éhe European parliament on the
Interpretative Communication on waste and by-prosluc

3. Technical Guidance Document for identificatiamd naming of substances in REACH,
REACH Implementation Project 3.10, Joint Researeht(®, Seville 2006.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 11€



Legal Status of Slag Valorisation

Hans KOBESEN
Oxygen Steel Plant 2, Corus Steel [Jmuiden, Imuiden, The Netherlands

Abstract

Slag used as aggregate in different kinds of atilims can be divided into 2 groups:
Blast Furnace Slag and Steelmaking Slag. Legislafito using aggregates differs in
every country, but changing laws in Europe andidatask for new and inventive ideas
for use as well as to provide opportunities. Skags probably become a by-produdct,
but have to take into account any possible adversgronmental effects of the
substance or object. End-of-waste criteria are e¢odbfined yet, which is not easy
because every country has its own leaching methmddetermine the risks.
Harmonisation of tests will make this easier. Tdoviae slag, however, research,
cooperation with and education of civil servantgjireeers and the public is necessary.

Introduction

Looking at the title of this article one could tkinis valorisation of slag aggregates
bound to legal environmental principles? After alfg is similar to natural aggregates
and these aggregates are exempted from REACH amédwdovalue, because they are
essential in our society. Of course value comehl dé&mand: no demand, no value. But
sometimes demand is coming from creative minds,esiomes it is a change in the
political agenda, sometimes it is pure necessitlia\dver the reason may be, using slag
with whatever value is bound to certain laws. Rete or supportive, the EU
legislation is intended to improve trade and corbpehess as well as to protect the
environment and human health at the same tims. thére where the valorisation of
slag gets into a tight corner. To add value to slag its use, investments, research,
education and advertising with positive examples regcessary. Although the present
economical situation is not very favourable for popducts, residues and wastes,
materials such as slag keep their value as a rawri@asubstitute both internally in the
steel company and on the market. However, to coenw#h natural aggregates and to
fulfil all legislative requirements, there is areintable need for quality improvement,
new uses, quality control and process control.

Slag has a long history in use as valuable roadbaniding material. During the Iron

Age, slag was used as pavement for roads. Many Ramads were made and
reinforced with slag. From the Celtic period itkisown that slag was used for walls
around villages, as for example in Germany. Alsovkn from Germany are the Slag
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Cannon balls made of Iron Sléfg?urthermore, slag stones were used for masonry and
were applied in pavements as well.

In modern times, slags still have a value. How higk value is, depends on the type of
utilisation. A major difference with the old days that usage of slag is bound to
stringent rules, which, furthermore, differ all owbe world. In Europe, slag is mainly
bound to the Waste Framework Directive (WFD). Sla@ product has to comply with
the REACH regulations in the near future. Concuiyenusing slag as secondary
building material has to comply with other legigtat Slag that cannot be used has to
be landfilled. This slag has to fulfil the Landfdirective. Laws like these are known in
the USA, Asia and Oceania as well. This articld wikinly focus on the European
situation, but comparisons will be drawn with otbeuntries if applicable. Examples of
new and valuable utilisation types will be giver ammecked with legislation.

Utilisation of Slag

Within the Iron and Steel industry slag can bedbdi into two groups: Blast furnace
slag (BF S) and Steelmaking slag (SMS). Both slpgsyare preferably used in different
ways with high added value, but a certain oventapse is inevitable.

Blast Furnace Slag

In Figure 1 (graph 1), an idea is given of the amiaaf BFS produced in Europe and its
utilisation. BFS is produced as Granulated Blastnkee Slag (GBFS), Air Cooled
Blast Furnace Slag (ABFS) and Pelletised Blast &eerSlag. The GBFS is liquid slag
that has been cooled down with a forceful wateagpgranulating the BFS in glass like
grains. ABFS is slag left to cool down to air fongia wide range of grain sizes.

The second graph of Figure 1 shows that more (G)BR&ed than produced. The
reason for this difference is that old stocks @awarked. (G)BFS has a high product
value as a replacement for clinker in cement andaasonstituent of concrete.
Throughout Europe there are, however, differennewhat is allowed with GBFS. In
Spain for instance, it is not allowed to use GBRSconcrete, but it is allowed in
cement. In Germany it took many years of reseanchdiscussion to use it in cement
and concrete. The former steel company Krupp ugdefl 8r cement in the 1920s. In
the Netherlands it was quickly accepted as a viduadiditive in concrete and used for
the so called Delta Works to protect the southwesmt of the Netherlands from
flooding. GBFS concrete is known for its seawagsistance. In [Jmuiden, a special
GBFS cement plant was erected close to the Blasta€es in 1930. Environmental
benefits of Ground Granulated Blast Furnace Sla@HBES) as substitute for clinker
include the reduction of Cemissions to air and energy savings. GGBFS cantaaD
and, therefore, less lime has to be burned or Hadaed. Furthermore, it has a
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relatively high reactivity. Depending on the typfeconcrete, the mixtures of GGBFS
and clinker differ. Because of itse high markeuealGGBFS is transported from Japan
to the USA. In 2006 40% of the GGBFS of Japan Wiim‘)xed‘?’) GGBFS is also shipped
from Finland to Spain and from Holland to Ireland.

Air cooled Blast Furnace Slagis partly used fadrgonstruction and after having been
crushed into sand size grains, it is used as fgap ecial slag bound road mixtures. Re-
molten BFS together with certain minerals is usednake slag or mineral wool for
insulation. This special procedure is done foranse in the UK and USA.

pelletised BF-
) ) sla Other Cement
a|rcoo:ed BF ) 9 Granulated 1% Production
; lag BF-slag | 66%
\ I 77 /

/

2006: 28.9 mio tonnes R 2006: 32.2 mio tonnes

Datafrom: A, B, D, E, F, FL, I, NL, S, UK
Figure 1: Production and utilisation of Blast Furnace Slag throughout Europe in the
year 2006%

Steelmaking Slag

In Figure 2 the production of Steelmaking slag #sdutilisation is depicted. Here the
utilisation is also more than the production beeanld stocks are reworked. Within the
steelmaking slag group, 3 subgroups can be dissingd: Converter slag, Electric Arc
Furnace (EAF) slag from Carbon and Stainless stee(Secondary) Steelmaking Slag.

BOF slagconstitutes the majority of the steelmaking slagess. This type of slag is
produced mainly in Western and Northern Europe.ifdresource is hot metal from the
blast furnace. The hot metal contains silicon, @arlphosphorous and manganese as
main components and metals as important residlbise elements are transferred into
the slag during the steelmaking process. To makg $ine and dolomite are added.
Therefore, this slag contains free lime, Ca-Mgifes and dicalciumsilicates. The most
valuable utilisation types are in asphalt, cemadustry and as armour stone for dikes
and dams. For certain uses, the slag is allowddave only a low volume expansion
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level, as is the case for asphalt and concrete.ddexy the expansion rate differs from
country to country, for instance for asphalt 0-3r¥41olland and Germany, but up to
5% volume expansion in the UK.

Stabilising LD slag is a method to improve the dtagasphalt pavements and even in
concrete. DSU in Germany has developed a methastatulise the slag by blowing
SiO, and Oxygen in liquid LD slag. In tis way, the figme binds to quartz to form
dicalciumsilicates (Larnite). The oxygen is neededgenerate heat. Fully operational
installations are at Thyssen Krupp in Duisburg, maery and at Sidmar in Ghent,
Belgium. This so called Lidonifehas a high value on the market.

secondary El.-RElE‘LL\j.;' cement

metallurgical slag production
11.1% BOF - slag Final deposit

r
1.2
I 57. 7% 7.4% : road onstruction
/ \ 55.4
I ,

othe
2.9

Interim storage
15.8%

EAF - slag

(carbon steel) |
25.9%

internal use for
metallurgical
purposes
11.5
fertiliser
3.0% hydraulic
engineerin

3.0 -
Y 21.4 mio tonnes

16.8 mio tonnes

Datafrom: A B, D, DK, E F, FL, L, NL, PL, S, SLO, UK
Figure 2 : Production and utilisation of Steelmaking Slag throughout Europe in the year
2006”

In China, MultiServ has two sites where they precg®el slag. In Hang Zhou the BOF
slag is ground with a rod/ball mill into micronsdansed in concrete of high durability.
Grinding processes are expensive in Europe, babumtries like China cheap enough
to perform.

EAF slagis mainly produced in Southern Europe and partsathern Europe. Mainly
scrap is used as iron provider in the process. B#ienslag, lime and dolomite or
magnesite is used to capture all the impuritiestdiéeare added for alloying. The slag is
less lime rich than the BOF slag and, thereforey \stable. Because of this stability it
can be used in asphalt without any problems. @tibs is more or less the same as is
the case for BOF slag. From the added alloys aip trdnsferred to the slag.
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In Europe and the U SA research is done to use slkegfor rail tracks. In Germany Dr
Th. Merkel from the FEhS Institute in Duisburg hasrformed such experimen”t)s.
Until now, only Air cooled BFS was allowed but ttests showed no problems and the
German Railroad company accepted the material #lway foundations. The
precondition is sufficient volume stability suchia€AF and low free lime BOF slag.

Secondary Steelmaking Slagthe most instable type of slag. Part of thg $énds to
fall apart shortly after it is tipped in the pifsheytype dicalciumsilicate is responsible
for the decomposition of this slagee other contributions in these Proceed)ngs
Therefore, a stabiliser like Borax has to be addledSlovenia, extensive research has
been done by Rozmast al® showing that the high CaO-A);-SiO,-MgO slag was
successfully stabilised with Borax, added during firocess. In this way, the slag
became usable and therefore valuable.

Ladle Slagirom Secondary Steelmaking, cf. from vacuum trestinor stirring stations,
can be used in the cement industry as an alumidielwerer. At the moment trials are
performed in Europe, where from different steehpdalLadle Slag is transported to a
cement plant. In that plant the Ladle Slagis usstkad of bottom ash.

Unfortunately, a part of the Steelmaking slag i lendfilled. This is partly because of
the high production volume, market demand, slaglityyareputation, and local
legislation. In Italy, for instance, it is hard e any slag as road foundation or
otherwise. In Spain the culture is to use othereggies. Bureaucracy in Spain is a
barrier to sell slag as well. Furthermore, natuaghgregates are still very cheap.
Contractors own their own quarries and are theeefalble to produce cheap and
transport aggregates in large vessels all ovewtrid.

Legislation

The main laws and legislations concerning the uselag are European laws or
protocols the EU and its individual Member Statesehsigned and put into action.
However Member states interpret directives andllagon in very different ways. The
following legislation will be discussed hereafter:

* The Kyoto protocol;

» The Reference Document of Best Available Technigues

* The Waste Framework Directive;

e Harmonisation Committees TC 351 Dangerous Substarmed TC 154
Aggregates;

* The REACH directivewhich is discussed in these Proceedings by Dr. btZM
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The Kyoto Protocol

The Kyoto Protocol on COreduction was drawn in 1997 and has been fullyratpnal
and in force since 2005. This Protocol tries taulstg@ and decrease G@missions
down to the 1990 CE emission levels. After 1997, many conferences be t
implementation of the Protocol have been held.Qd52 the Intergovernmental Panel on
Climate Change (IPCC) wrote a report on Carbon iD@xXapture and Stora@eln
2007, the Fourth Assessment Report (AR4) on Gldémiming was published by the
same IPCC) These reports confirmed the ideas about globamivey, the role of CQ
and other greenhouse gasses, but the reportsesisoleed ways to sequestrate &@0d
diminish the CQ contribution to warming the earth.
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Figure 3 : Relation betw een CO, emissions and utilisation of GGBFS?)

Due to these developments the EU promised thatwioeyd reduce C@emissions with
20% in regard to the CLCemission levels of 1990. The Netherlands even asritir as
30% reduction with respect to the 1990 level. Tooawplish these ambitious reductions
of CO, atrading system was set up. Every country angsittg got a certain amount of
CO, credits. If a company has a shortage of,GtChas to buy credits on the market. At
the moment (March 2009), G@oes around for approximateBi2 per ton. However,
in the coming years, emissions rights will be rethd, but less credits are available.
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This means more COhas to be bought and, therefore, production ofldtecomes
more expensive. Right here lies an opportunity #ed(possible) added value of iron
and steel slag. The Iron and Steel Industry emi& Mt CO, per annurfl and taking
into account the value of G@n the market there are possibilities for {&@questration
investments. As already discussed GBFS is as sutiesfor cement and for clinker in
cement. Figure 3 shows the reduction of the tormafi€Q emission by using GGBFS
in cement’

Another approach to reduce the £@missions in the steel industry is to sequestrate
CO, in slag. In this case, the free lime (CaO) and dheand tricalciumsilicates will
carbonate. At the moment, a lot of research is donecarbonation of natural
magnesiumsilicate rocks and Electric Arc Furnaeg,shs has been presented atffle
International Conference on Accelerated CarbonafimnEnvironmental and Materials
Engineeringin Rome, October 2008.This conference showed that many universities
and institutes all over the world are doing resieamd even prototyping carbonation
installations. One of the lead scientists in théddfis Prof. Lackner from Columbia
University. He wrote an interesting artitlabout ways to sequestrate £€arbonation

of minerals is mentioned as the most stable forsegliestrating CO

Slag minerals like calciumsilicates and free limd dolomite can be carbonated. These
minerals can bind about 25 slag wt% of £Qooking at the amount of steel slag
produced in Europe annually, 16.8 million tonssthieans in the ideal situation if all
slag is carbonated, 4.2 million tonnes of £fan be sequestred. For this purpose flue
gasses can be used, as demonstrated by K.J. Rﬁddg}o) of the University of
Wyoming, USA. He used flue gas from a coal powanpin Wyoming. In this case, fly
ash was used to carbonate, but the mechanism sthe. To accelerate the maturing of
steel slag, C®can be used. Research on the improvement of alalijygin regard to
pH reduction and leachability has been done byB@GH! institute in The Netherlands
and Corus Steel BV. Dr. S van der Lagral™® described how the pH value of the fluid
slightly improved after carbonation tests, althoitglvas not sustainable enough. There
was no improvement in leaching behaviour of VanadiUDr. R. Comans, Prof.
Polettini et al. and Prof. Van Gerven et al. deserbther observations in this area, as
published in these Proceedings

Best Available Technology

At the end of the last century, the EU demandedference document with the best
available technique in regard to environment, heattd safety for every industry. This
also applied for the iron and steel industry. Ting BREF document is being revised
now? The intention of the BREF document for slag iggkee guidelines how slag is
produced, treated, processed and utilised accorthn@pese Best Techniques. It is a
guideline, although Member States see it as laws, &% case in the Netherlands.
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Waste Framework Directive

For slag, the Waste Framework Directive (WFD) isnafjor importance. Until recently,
slag was automatically considered as waste, witlhoyt discussion. Many papers are
available about this and other related topics. ddgpaper on waste management in the
light of the WFD was written by N. Hatschiét. It shows many problems and
restrictions fore.g, reusing slag. However, after many years of dismn, the WFD
has been amended and the term By-product has loeksd.aFor slag, the following
Articles of the WFD are of importance:

* Article 3 “waste means any substance or object which th@ehdaliscards or
intends or is required to discard”.

* Article 4, the Waste hierarchy (Ladder of Lansing), deseriloe what order
wastes are to be discarded. In some countriesstlapplied in a very stringent
way, like in the Netherlands. Therefore, slag islandfilled in Holland.

* New to the WFD idArticle 5 By-products. This article opens the way for slag
becoming a (by)-product and obtain more value. rikes for being regarded as
a by-product instead as a waste are as followshduruse is certain; direct use
without any further processing other than normdustrial practice; production
is an integral part of production process; furtimee is lawfulj.e. with regard to
all relevant product, environmental and health eectibn requirements.

» Article 6, End-of-waste status, regulates when a substardassified as waste,
ceases to be waste.

An important paragraph in thisrticle 6is:

1. Certain specified waste shall cease to be waste.enwh has undergone a
recovery, including recycling, operation and comp Wvithspecific criteria to be
developedn accordance with the following conditions:

* The substance or object is commonly used...

* A market or demand exists.

* The substance or object fulfils the existing legisin and standards.

* The use of the substance or object will not lead ow@rall adverse
environmental or human health impact.

The criteriashall include limit values for pollutants wherecegsary anghall

take into account any possible adverse environnmefifiects of the substance or
object.
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The lines in italics indicate that new criteriallstiave to be developed. Those
developments are done by different Technical Coneest and the Joined Research
Centre. The JRC published the final report on EhdlVaste Criteria in 2008 This
report describes in detail what the criteria are@ arhat requirements have to be met.
The eye catcher in this report is the non-existasfcenvironmental requirements for
aggregates as a product, but nonetheless the adeffects should be avoided. To
achieve this, the report refers to developed latjmh or regulations of the Member
States to protect soil and groundwater. These doeldsed as criteria. However, each
Member State has its own leaching procedure andirergents. New leaching
requirements can be developed, but are time comgurinother way to determine the
End-of-Waste status is by adopting the inert wastieeria used in the Landfilling
Directive. Most Members use this criterion. The JR(S also published a final report of
a Study on the Selection of Waste Streams for Erllaste assessmettt. In the
published list, iron and steel slag is categorisétl ash and incinerator slag. GGBFS is
seen as a by-product with a positive value. Thersag types are not mentioned as
hazardous. But also here the environmental issoesecning leaching are key issues
and will need specific documentation. Discussiorth &uthorities and law makers are
important, here and elsewhere in the world. The&ag association has had extensive
discussions with the authorities in Brussels andtarcomments on the preliminary
report of the JRE? In the USA, long discussions with congress are'felo get slag
accepted as aggregate.

The above discussions make companies very craatiugding new ways of using slag
and how to get slag accepted as valuable aggredateoperation with the State
Environmental Department, companies in the USA vaoeking on building “Green
Highways”. Using slag and other types of materialsy highways are built to prove
these materials are GreBhAnother action in the USA is educating civil enagns at
technical colleges and universit@®.All too clearly ‘slag is something unknown,
therefore unloved. Another example of slag utilisedan inventive way is to clean
storm water. B. Bourket al.from Steel Serve Ltd. in Awaiuku, New Zealand dibszs
how different kinds of slag are tested for cleardregraded water from heavy metds.
In Canada, Dr Aleksandra Drizo from the UniversatfyVermont is doing research on
EAF slag as storm water purifier, especially foe tlemoval of phosphoroﬁ@.The
field tests are focused on rejuvenating the slag.

Harmonisation Committees

Within the EU, many committees are active on a widage of subjects. Those
committees are called Technical Committee (TC). Oh¢hese TCs is th&C 145
Aggregates This TC is divided in several subgroups. Onehafse groups, TG 13 is
concerned with Dangerous Substances. The scopsof € is to generate standards in
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regard to release of certain dangerous substanoes dggregates. Aggregates in this
case are:

* Natural aggregates;

* Ironmaking slags;

» Steelmakingslags;

» Defined of manufactured lightweight aggregates;

* Recycled aggregate from material previously usembmstruction.

The standards to be developed for these aggrewditdse compared with geologically
similar deposits to make the approach more roldust.so-called Regulated Dangerous
Substances (RDS) that can be released from thaseahand artificial aggregates are
compared and identified. For slag this means irctpe that the relevant RDS are
Mineral oil, metals like V, Cr, Zn, Pb, Mo, As, HGd, and certain other inorganic
substances such as chlorides and sulphates. As asotime standards are established
Classes of Release Potential have to be defif€d351is active in this area. They
developed the concept of Without Testing (WT), Wiah Further Testing (WFT) and
Further Testing (FT) for materials or substances: the RDS to stay within the
WT/WFT area, 3 classes have been defined basdueddutch column percolation test:

* Below the European regulated limit (probably Dutch)
» Declared class with maximum release, but abovemuin;
* No requirements for non regulated markets.

The mentioned WT, WFT/FT procedures were publisiveca technical report in
October 2008% If an aggregate is put on the market bound or untip natural or
artificial, it has to be tested. For bound aggregatif there is no leaching it goes
Without Testing. Process control is inevitable anBlactory Production Control (FPC)
certificate is necessary to supply. If, howevere dggregate is unbound, potential
leaching is present. If the Initial Type AssessméRisk assessments, exposure
scenarioetc) shows no leaching of RDS, the material can leel W¥ithout Testing. If,
however, there is potential leaching of RDS, a abled Initial Type Test (ITT) is
required. The ITT involves several tests to deteemivhat and how much RDS is
released. Many statistical procedures and a logffoirt are involved. In Figure 4 a
simplified outline of the WT, WFT, FT principle gven.
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Principle to classify WT/WFT/FT -Materials

Initial Type Assessment (ITA)
- Preparation of an Assessment Dossier -

MFWFT-l

Initial Type Test (ITT)

WT WFT FT
Factory Production Control (FPC) FPC incl.
FT-Tests

Figure 4: The classification principle for WT/WFT/FT of aggregates®

Looking at the above described procedures a res@mblwith the REACH legislation
cannot be denied. In all cases, extensive testis agsessments and exposure scenarios
are required. If the REACH registration documentilied in properly, a large amount

of the above required information is already a\xéda

Conclusions

Looking at the European and Member State laws agidlation, this really is a jungle.
Companies have to find their way through all thepgravork and different
interpretations. These seem all trade barrierboafih the EU devotes herself to level
the barriers. Nonetheless, slag is still a wantggieggate for very different purposes.
Slag is rock like and has similar properties, sames even better. As mentioned
before, GGBFS is very valuable for the cement aodcete industry. GGBFS is
transported all over the world: from Japan to theAlU from Finland to Spain, from
Holland to Irelandetc The material is sold as a product and importantéducing CQ
emissions. Air cooled BFS is used for road consioacn Europe, but mainly in the
USA. In its broken form it is very useful as an aohd slag mixture for road
construction. BOF slag is used as hydraulic mafesranour stone, sand replacement,
asphalt aggregates (high PSV values), in cemenistngd etc Improvement of the
stability (volume expansion due to free lime) giheekled value to slag. New angles of
use are needed. GGsequestration is one good opportunity. Using sfagvater
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purification is another. EAF slag is stable andyveuited for asphalt aggregate, road
foundationetc Secondary Steelmaking Slag can be used in msdamd stabilised with
for instance Borax.

Whatever the utilisation of the slag may be, compywith EU, Member State, US
law, State law or whatever legislation is a predimal However, these do not have to
be a barrier, but can give opportunities as wetlipdrtant is thorough research,
inventive new ideas, incorporate the authoritiepriojects and educate engineers and
civil servants. In the USA, governmental institutesl bodies are cooperating with slag
aggregate producers in road works and water fiftmatin Europe, trajectories are
known as well, but hard to start up. Valorisatidslag depends on the ingenuity of the
slag producers, slag processors and slag userse @leemany barriers, but also many
opportunities and reasons to add value to the Slag starts in the furnace through
process controlsge also Session on Hot Stage Slag ProcessingsirPtibceedings
Cool down the slag in the proper way. Handel iemftards and improve it if possible
during the process. Slag is a product with a future

References

1. Intemet site of the National Slag Association.

2. Euroslag, the European Slag Association. Daven f2006. Ed. Dr H. Motz Chairman,
located in Duisburg, Germany.

3. M. Nakagawa, “The current state of the use o iand steel slag products in Japan”, in
Proceedings'® European Slag Conference,"t21% September 2007, Luxem bougited
by Euroslag, Duisburg, Germany, 2007, 167-179.

4. Th. Merkel, “New field of application - Steehgl for railway tracks”, irProceedings 8
European Slag Conference, "91% September 2007, Luxembouigdited by Euroslag,
Duisburg, Germany, 2007, 65-76.

5. A. Rozman, J. Lamu, M, Debelek, M. Knap, “Slightion of ladle refining slags with
borax”, in Proceedings 8 European Slag Conference, "91% September 2007,
LuxembourgEdited by Euroslag, Duisburg, Germany, 2007, 13%-

6. IPCC Special Report on Carbon Dioxide Capture andre®e edited by B. Metz, O.
Davidson, H. de Coninck, M. Loos, L. Meyer, CambeidJniversity Press, 2005.

7. IPCC Fourth Assessment RepaWorking Group I, Climate Change 2007 Mitigatio
edited by B. Metz, O. Davidson, P. Bosch, R. DaveMeyer, Cambridge University Press
2007.

8. Proceedings of the "2 International Conference on Accelerated Camonatifor
Environmental and Materials Engineeringniversity of Rome “La Sapienza”, Rome,
Italy, October 1-3, 2008. Edited by R. Baciocchi,Gsta, A. Polettini, R. Pomi, 2008.

9. K. Lackner, “Climate Change: A Guide to £8equestration’Sciencel3 June 200300
(5626), 1677-1678.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 13C



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

K.J. Reddy, M.D. Argyle, A. Viswatej, “Captuead Mineralisation of Flue Gas Carbon
Dioxide (CQ)”, in Proceedings of the"? International Conference on Accelerated
Carbonation for Envionmental and Materials Enginag, University of Rome “La
Sapienza”, Rome, Italy, October 1-3, 20@lited by R. Baciocchi, G. Costa, A. Polettini,
R. Pomi, 2008, 221-228.

S.R. van der Laan, C.J.G. van Hoek, A. van ZemeR.N.J. Comans, J.B.A. Kobesen,
P.G.J. Broersen, “Chemical Reduction of CO2 to @arat Ambient Conditions During
Artificial Weathering of Converter Steel Slag Whiteproving Environmental Properties”,
in Proceedings of the"? International Conference on Accelerated Carbomatior
Environmental and Materials Engineering, Universdy Rome “La Sapienza”, Rome,
Italy, October 1-3, 2008Edited by R. Baciocchi, G. Costa, A. Polettini, Fomi, 2008.
229-237.

Draft Reference Document on Best Available héges for the Production of Iron and
Steel, draft February 2008, IPPC committee, JRC.

Directive 2008/098/EC of the European Parliamantl of the Council of 19 November
2008 on waste and repealing certain Directives.

N. Natscher, “Material management in the cdntexwaste framework directive”, in
Proceedings'® European Slag Conference,"t21% September 2007, Luxem bougited

by Euroslag, Duisburg, Germany, 2007, 13-24.

End of Waste CriteriaFinal Report, JRC Scientific and T echnical Repd?008.

R. Lehman, Report to Congress on Recoveredrili@mponents, presented at th& 90
Annual Meeting National Slag Association, Tampayigla, USA, October 2123 2008.
Study on the Selection of waste streams for End/asdte Assessmeriinal Report, JRC
Scientific and T echnical Reports, 2009

Final version of Euroslag’'s Comments on EoWbrepent to Ana Catarino, August 2008.
R. Dietrich, “Green Highway Partnership: RoagM@onstruction Demonstration Project”,
presented at the Y0Annual Meeting National Slag Association, TamphoriBa, USA,
October 21-23“ 2008.

NSA University Educational Program, presentieth@ 93" Annual Meeting National Slag
Association, Tampa, Florida, USA, Octobef'213“ 2008.

W.S. Bourke, M. Taylor, “The potential perfante of steel industry aggregates for the
removal of heavy metals from degraded water”, Aroceedings 8 Eumpean Slag
Conference, 1921 September 2007, Luxembourgdited by Euroslag, Duisburg,
Germany, 2007, 241-252

A. Drizo, “Steel Slag Filters for Water Polani Control: research to date and market
potential’, presented at the ™0Annual Meeting National Slag Association, Tampa,
Florida, USA, October 223 2008.

Committee CEN/T C 351, Construction productsssessment of the release of regulated
dangerous substances from construction producedbas the WT, WFT/FT procedures,
final draft, October 2008.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 131



1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009



Session 4

Slag cooling and energy/metal
recuperation

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009

133



1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 134



Visionary Outlook towards Dry Quenching of Slags an d
Heat Recovery

Michael KUEHN
FEh S Building Materials Institute, 47229 Duisburg, Germany

Abstract

The steel industry is a high energy consuming itrgusThe liquid hot metal is
produced mainly in blast furnaces, adding coal atfter reducing agents as well as
some slag forming agents to achieve the right yuali the hot metal and a liquid slag
with the desired composition. In the steelmakinggess, solid scrap and iron ore are
added to the hot metal while carbon in the melteisreased by blowing oxygen. Again
slag formers are added to perform metallurgicallknerd to take up impurities. After
finishing the steelmaking process, steel is cast Inllets ore slabs and rapidly cooled
into solid. The slags from iron and steel producttmre also cooled down into the
desired products. From both solidifying proces$esheat is generally not used. In this
article a vision on the possible use of parts @& hieat from the solidifying slag is
described.

Introduction

The steel industry is a high energy consuming itgusConsiderable amounts of coal,
coke oil, oxygen etc. are necessary to produce fsbee natural resources. In Fig. 1 an
overview on the input of energy resources intondagrated steel mill is showhFrom
Fig. 1 it is clearly recognisable that about oniedtlof the primary energy input is used
as reduction enthalpy.

Coal 61 ’5 g Reduction energy
: Potentials
)

Heating

Coke 14,8
oil [l 9,9
1 ,4 Lost energy
Electrical energy 1,5
o A 3,7 Slag

Figure 1: Energy balance of an integrated steel shop (Werner et al.”) [data in %]
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This part cannot be influenced or reduced. The npart is set free in the form of

sensible heat. Only about 4.5% of this sensiblet hi®aalready used for heating

purposes. Another 9% has a potential capacity, lwlictechnically useable, today.

More than 50% of the energy is lost. The reasoasranifold. Most of this waste heat

is at low temperature level, rendering its use ¢complex. A direct use of heat from

cooling steel and slag to solid material is algtialilt to handle. However, about 7% of

the lost waste heat stream is within the solidifyslags. There seems to be an
additional potential for heat recovery. Slags amppted at high temperatures into
granulation devices or slag beds due to the redjypmeperties of the producs. This
might be a prospective possibility for heat recgvend is another step towards more
energy efficiency in the steel industry.

Table 1: Enthalpy of iron and steelmaking slags (estimated values for further
calculations)?

Slag type Enthalpy of liquid slag

MJ/kg KwWh/kg
Blast furnace slag 2.093 0.581
BOF-slag 2.198 0.610
EAF-slag 2.303 0.639

Slag properties

Each process step on the way to final steel hasatsslag type. The main classification
is made accordingto the process step where thestaes frome.g. blast furnace slag
(BFS), BOF slag, and secondary steelmaking slagchware the slag types of all
follow-up process steps to casting. In Table 1 &ptks of some liquid slags are
given.z) With these data the heat content of liquid slagslee calculated. According to
Table 1 the amount of heat carried out of the Hlastace per tonne of iron, assuming a
specific slag volume of 280 kg/t HM, is about 063t HM or 0.163 MWht HM.

For steel production the specific slag amount suald00 kg slag/t liquid steel. Hence,
the heat content in the slag is about 0.22 GJdidigteel, respectively 0.06 MWh/t
liquid steel. Provided that 100% of the energyhe slags is used, about 0.16 MWh/t
liquid steel is bound in the liquid slags at tengperes between 1450°C and 1650°C.
These figures look very small, but considering thege amount of slags that are
produced every day, the energy from the productibra steelwork manufacturing
(about 6 million tonnes of steel) can be comparedthe production of a coal
combustion power station of 120 MW. Under theseuonstances it is worth to think
about heat recovery from slag.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 13€



Blast furnace slag

Blast furnace slag amounts to approximately 2/heftotal amount of slag generated in
an integrated steel works. To start with, the firstestigations on heat recovery have
been carried out for this type of slag. The slatgpged from the blast furnace together
with hot metal. The tapping temperature is betwb&p0°C and 1550°C, depending on
the requirements of the steel shop. As soon aslélgas separated from the hot metal in
the siphon, the slag cools down. At the end ofdllagy runner the temperature lost is
about 50°C to 100°C. This temperature drop inflesritie properties of the liquid slag.
Due to the increase of viscosity with decreasingperature of the slag the flow
patterns gets worse (Table 2). Even at high teniprsof 1500°C blast furnace slag is
very viscous compared to other metallurgical slags.

Table 2: Influence of temperature on properties of liquid blast furnace slag

Temperature decreases Influence on casting conditions, Influence on heat
product quality recovery
Viscosity increases Unfavourable casting conditions,
tendency to build up long flaments !
Tendency to form solids Loss of material, no uniform flow
conditions !
Heat conductivity isincreasing Additional heat loss, temperature
drop !
Lesstemperature difference for Less glass contentin the product
granulation low product quality

The temperature influence on the viscosity of bfashace slag is shown in Figure 2.
The viscosity data are calculated by a viscositydehaleveloped by FEhS-Institutett

is based on the models of Urbain and Rib8u@n the contrary to the model of Urbain,
the FEhS-Institute model uses Weymann constantendi#pg on the composition and
ratio of CaO/SiQ. By this, the model is notably applicable for irand steel slags. In
Fig. 2 the dependency of the viscosity from tempueeaand the slag CaO/Si@atio is
described.

The main point, however, is the quality of the blésrnace slag product. Glassy
granulated blast furnace slag is used as main itoest in blast furnace slag cement.
About 65% of the blast furnace slag generated ol is used for this purpo@eThe
quality demands on the product are high. It is s&ay to meet these quality demands
to guarantee the market for the slag. The demandganulated blast furnace slag are:
high latent hydraulicity which can be obtained bglass content higher than 98%, and
a basicity CaO/Si@> 1.
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Figure 2: Viscosity of blast furnace slag depending on basicity CaO/SiO, and
temperature

Alternative cooling and heat recovery processest mos lower the quality of the
product that is produced by water granulation, yod&@his is a must: otherwise
granulated blast furnace slag will come into cormjmet with flue gas dust from coal
combustion power stations. This demand forms atcans for the possible heat
recovery processes. A glassy slag is obtained joy @oling of the liquid slag, so that
crystallisation is inhibited. These conditions agwen during the slag granulation
process. The slag is cooled with a surplus of wa@lter to assure the high cooling rate,
necessarily. The disadvantage of this processoiwether, that the product is wet and
has to be dried prior to grinding it into cement.

In Figure 3 the energy demand of the different psscsteps to produce cement from
granulated blast furnace slag is represented. Tdwessary energy for drying the
granulated slag prior to grinding is depending e surrounding conditions.g.
transport, about 15 % of the total energy demaed Fsg. ¥ That becomes more clear
by calculation of the energy demand without grimglisince also clinker has to be
ground, Fig. 4. Besides transport the grinding gnetemand is high. This high energy
demand makes it necessary to think about othenigpobs for rapid cooling and heat
recovery at the same time.
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Figure 3: Energy demand to product cement from blast furnace slag
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Figure 4: Effects of the use of granulated blast furnace slag as main constituent in
cement on the energy demand for cement production

Heat recovery from blast furnace slag

In the past some proposals have been made to relceae from solidifying slags. A
comprehensive overview on the processes developtée iseventies of the last century
is given in the thesis of K.H. Lindn&rParts of this thesis are publisHeds far as
processes for heat recovery from blast furnacelslag been described, these processes
all suffer from the fact that the product is notgiessy as required for a good product
for cement production. The main problem of heabvety is in the temperature and
heat conductivity of the slag, Fig. 5. It is ne@gso rapidly dissipate the heat from the
solidifying slag in order to get glassy materialxp€riments have shown that
insufficient heat dissipation increases the crjiseabmount in the slag. Since the slag
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has miserable heat conducting properties, it i®ssary to produce small particles and
extract the heat by high temperature gradients. dxample, in the water quenching
process increasing water temperatures can resulbovirer glass contents in the
granulated slag product and thus worse cementifigagerties of the material. Based
on these facts new technologies have been publisheghtly®™® The main idea of
these processes is to achieve a rapid coolingeoEkg by pouring it onto cooled steel
plates in thin layers. By this a high heat fluxorthe metal can be achieved. Together
with the inventor, FEhS-Institute has carried aune first tests to confirm the expected
results. However, these tests show that the mitguality depends on the thickness of
the layer and the temperature of the steel plaiéss has to be considered when
constructing a cooling installation.

Heat conductivity according to St. Linka
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Figure 5: Typical heat conductivity of blastfurnace slags

Under the consideration of the slag product qualityis necessary to think about
possible ways and techniques to recover this Beashown in the visionary statements
before, considerable amounts of heat can be resdvelowever, the typical properties
of liquid slag have to be paid attention to. Slagapping temperature is liquid and has
high temperatures between 1450°C and 1650°C, kmthéat capacity of the slag is
critical. Viscosity changes occur very quickly witlecreasing temperatures. Thus the
flow patterns of a slag are instable. As soon asetls a solid phase around a liquid slag
particle, the heat cannot be conducted outside fitoeninner part. This is the main
difference on the solidification of slags compatedmetals. And if there is a slag lid,
the remelting of the lid is nearly impossible.
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The preliminary remarks give a very short overvigwthe requirements necessary to
achieve a material with sufficient quality for foer use as cement constituent. After
having solved these technical problems additioredt hrecovery is possible during

solidification by heat radiation. As soon as tlegss solid, it can be carried into a shaft
to cool it further by convection cooling, for exalapy air. The hot air can be used for
steam production or used directly to produce hasthilor the blast furnaces.

As already mentioned in the introduction, the hemttent in blast furnace slagis about
0,163 MWh/tonne HM. Concerning the production of0DD tonne HM per day, the
heat in the slagis 2.800 MWh/day. If only 50% loé slag's heat can be recovered, the
usable heat from only the blast furnace slag is W% 700 MW coal fired power
station. If the heat will be used as heating sotocéhe hot blast of a blast furnace, the
effects are much higher, since there is no addititwss by heat exchanging.

Steel slags

The use of heat from steel slags is not limitedlbgnands on glass contents. Due to the
higher basicity of the slag, it is nearly impossibb solidify steel slags glassy; the slag
is always crystalline. However, tests on rapid ioc@pshow advantages according to the
volume stability of slags. BOF slags have problesisegards to volume stability due to
the free lime content in the slags. Rapid coolifighe slag avoids the precipitation of
free lime from the disintegration of tricalciumsidite into dicalciumsilicate plus free
lime. Thus it can be observed that the amount ed fime in the slag is low, and the
slags are volume stable. This constitutes a mdjeargage for the latter use.

Some EAF slags have the tendency to disintegratemgdeooling according to the
conversion off-dicalciumsilicate intgsdicalciumsilicate at elevated temperatures. This
conversion can be avoided by rapid cooling. Thisiged in some EAF steel works
already. The slag is tapped on steel slabs and dimtedy cooled with water, avoiding
disintegration. This is the idea for further inugations on heat recovery by using the
slab as boiler. Thus part of the heat content eanded. Further cooling in a shaft will
deliver additional energy.

Conclusions

During iron and steel production a lot of energycamsumed. The liquid productiss.
steel and slag, have to be cooled to solidify. Bloidifying and cooling heat is mostly
unused and lost into the atmosphere or in thercgeliater with low temperature levels.
In the future it will be necessary to think aboeatrecovery. The first step should be
the investigation of heat recovery from solidifyistags. This step does not directly
influence the production patterns of the primargdarcts, being iron and steel.
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As shown in the visionary statements before, camalile amounts of heat can be
recovered. However, the typical properties of ligsiag have to be paid attention to. As
soon as there is a solid phase around a liquidsdaticle, the heat cannot be conducted
outside from the inner part. This is the main défeee on the solidification of slags
compared to metals.

Finally, heat recovery from slags will be availabhethe future. However, before
solving problems of heat recovery, an appropriaielicg system to produce solid
materials from the different slag types has todeetbped. Several proposals have been
presented in the past. However, none of these gatp @roduces slags that meet the
required product qualities. The newly generated) pleoduct must have the same or
even better product qualities compared to the potsdthat are produced today. To
summarise, heat recovery from slags presupposes kgomwledge of the behaviour of
the slag and its properties during solidificatién.slag melt is different to a melt of
metal.
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Energy Recuperation from Slags

Ji-Won MOON, Hyun-Soo KIM and Yasushi SASAKI
Graduate Institute of Ferrous Technology (GIFT), Pohang University of Science and
Technology (POSTECH), 790-784 Pohang, Korea (South)

Abstract

The sensible heat of slags produced in steel wcaksbe expected to be a valuable
source of energy in the future. At present, howetlez sensible heat of molten slags is
not recovered in practice. In order to develop f&cgve heat recovering from molten
slags, the technology for dry granulation processeslags, heat exchange processes
and chemical heat recovery processes are discussed.

Introduction

To meet the demand of the recent environmentalemedgy issues, many efforts have
been carried out in steelmaking industries. Howewvery few areas remain where €O
emissions or energy consumption can still be deesaconsidering that, from a
thermodynamic point of view, the iron and steelmakprocess has already been
optimised to a great extent. One of the few possibkas to further improve these
processes consists of the heat recovery from mglags. The sensible heat in molten
slags is a very useful heat source as its temper&wver 1673 K. High temperature
heat sources mean that the efficiency of the lezatviery process is greater and the heat
can be utilised in a greater variety of processes.

For every 4 tonnes of hot metal produced, aboutnhe of molten slag (about 1773 K)
is discharged, releasing subsequently about 1.8s@&dy of sensible heat on cooling,
which is currently not recovered. For example,Kloeean steel industry produces more
than 10 million tonnes of slags each year with w&stat up to 18 PJA. The combustion
of 1 tonne of carbon produces about 33 MJ of hEltis, the waste heat of 18 PJW is
equivalent to that produced in the burning of alox1G tonnes of carbon:

C + 0, — CO, : AHq = -394 kJ/mol CQ@ 1)
This carbon combustion produces about 7.3%bBnes of CQ which is equal to 10%
of the current C@production of the Korean steel industry. Namédlyhe sensible heat

of molten slags were effectively recovered, the amamf CG emissions from Korean
steel industry can be reduced by about 10%.
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Thus, the recovery and use of such high-grade wasae is a very attractive way to
meet the demands of environmental and energy issl@sever, further improvement
is still necessary to make it economically attraetHeat recovery from molten slags is
not a recent concern. Several attempts have beeadwl carried out to develop heat
recovery processé'ss.) Few industrial processes, however, have been |s$ied for
practical use. In this paper, the required techgolkor the effective heat recovery from
slags is discussed.

Previous works on heat recovery from molten slags

Dry granulation
For the development of the effective heat recoyemycess from slags, we must take
into account the following unfriendly propertiessihgs.

(1) The viscosity of slags very quickly decreases wigarease of temperature or
their fluidity is significantly decreased.

(2) Their latent heat and heat conductivity is quiteltabout 1 WritK ™ or lower).

(3) Generally, slag contains soluble gas which makelsloav hole during the
solidification process. This gas hole may creajle@d adiabatic layer so that the
inside can remain liquid.

For the improvement of heat recovery efficiencyisitessential to break up slag into
small droplets for fast cooling and solidify the dropgletvih gas. This process is

commonly referred to as “dry granulation”. Dry gnéation processes are already
industrially applied, especially in the non-ferrdield.” In these industrial processes,

the heat recovery was not attempted. Potentialbwever, high grade heat may be

recovered from slag droplets or solid granulestet several pilot scale attempts have
been attemptet?

Dry granulation processes can be carried out bgvaral means such as air blasting,
rotary drum and spinning cup. In a pilot scale ps3¢ heat is often recovered from solid
granules in a fluidised or packed bed to produdeghs. Some proposed processes are
summarised in Table 1.

Table 1: Proposed processes for heat recovery from slags

Process Developer Scale Slag Efficiency
Air Blast NKK & MHI (1984) Plant BF & BOF 45 %
Single Drum IHI & Sumitomo Metal (1980) | Plant BF 60 %
Twin Drums NKK & MHI (1984) Plant BF 40 %
Spinning Cup British Steel & Univ. Of Design BF 60 %

Nottingham (1985)
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In these attempts, about 40 to 60% of slag heatre@s/ered in the form of hot air of
over 873 K. These values suggest that the senséae recovery from slags is quite
promising. However, further improvement of the heatovery efficiency and higher
gas temperatures are required for economicallactitie heat recovery processes.

Thermal channelling

Proposed several processes applied a packed bemmsis recover the heat after the
granulation of slags. Packed-bed processes are aonimchemical and metallurgical
processes. The advantage of packed bed procesdes hgh potential of the heat and
mass transfer efficiency. However, it is also kndWwat some processes, particularly the
energy-intensive ones, can be inefficient in teohkeat transfer. A hot moving bed of
solids cooled by a cold gas is an inherently urstsystem and divides into steady state
regions of vastly differing mass velocity and temgtere. Heat transfer inefficiency can
be attributed to this non-uniform gas flow disttiom and is called “thermal
channelling’.

Wonchala and Wynnyckilfi) calculated gas temperature distribution as a fomobf
thermal flow ratio of gas and soli® as shown in Fig. 9.1t is noted that the gas
temperature profiles are very sensitiveRan the vicinity ofR = 1. The temperature
distribution atR = 1 is a special case. Theoretically, it is thestnefficient operating
point for a heat exchanger. It is, however, an afvistcondition in practical applications.

Bed height /m

] I
673 1073 1473
Gas temperature / K

Figure 1: Gas temperature profile for moving bed for various values of R
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They also calculated the bed pressure drop in éngdaed.lo) The results are shown in
Fig. 2. In the figure, the gas supply pressie,is plotted againsR over a wide range
of Rat two different packing densities,and fixedP, = 126 kPa. Intriguingly, the flow
ratio is not unique for a fixe® . At a constant, there are 3 possible values of flow
ratio, shown asR;, R, and R; in Fig. 2. The details of calculation can be found
elsewher& These results represent a most important propéityt moving beds being
cooled by counter-currently flowing gas.

For the effective heat exchange operation, the atjpgr condition must be carefully
selected to avoid the unstable conditions. Howeseveral parameters, such as bed
height, particle diameter and temperatures of swidl gas cannot be changed that much.
Potentially we may not avoid the thermal channgllifhe concurrent moving bed
system is widely used in an industrial practicewdwer, we still need some practical
expertise for the effective sensible heat reco¥ssyn molten slags. As an alternative
approach for the heat recovery, a fluidised bedcgge might be used. However, the
relatively high temperature and size of slag gresohay create another difficulty.

220 |-

200

180 |

P./kPa

160 |-

140

Figure 2: Gas pressure for a given thermal flow ratio”

Chemical heat recovery

Along with the sensible heat recovery from molt&ags, chemical heat recovery from
slags is also possible. Steelmaking slag containkigh fraction of CaO that
exothermically reacts with CQOto form carbonate. This carbonation reaction makes
slags an attractive and plausible way for sequigsiraf CO.. It is called “mineral C@
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sequestration process” and a lot of attention loa® tp this processée also Session 1
in this Conference Proceedings

The purmpose of these investigations is to captu@. Qust as mentioned before,
however, the carbonation reaction of CaO is a gtemthermic reaction. The energy
released in this reaction is substantial, and muglhalf of the value of the carbon
combustion reaction of (1).

CaO + CQ — CaCQ : AH,' = -179 kJ/mol ()

Namely, the carbonation reaction of CaO is veryaative for the recovery heat process
application as well as for GOsequestration. Therefore, the chemical heat pump
processes based on the CaO carbonation reactien biemn extensively investigated.
However, the interest of this research lies in rr@aming the reactivity of CaO during
the heat pump cycles since the O&@pture capacity of CaO gradually decreases after
the series of carbonation/calcination cycles. Qupjpse is the heat recovery from slags
so that the enhancement of the carbonation reactts is important, and not the
repetitive use of CaO.

The carbonation reaction with G@roceeds very slowly at room temperature. The
reaction accelerates with increase of temperaHweiever, if temperature is raised too
much the chemical equilibrium shifts so that fre®,Gs favoured over CaCQ By
comparing the free energies of the reactants adioa products, we can estimate the
highest allowable temperature that allows bindifigG®D,. This temperature is a
function of the partial pressure of the £@ the reactor. In Fig. 3, the equilibriupgo,

in the reaction (2) is shown.

The equilibriumpcpo, increases with temperature. For exampleptag in BF top gas is
about 0.2 atm. It means that €@ BF top gas cannot react with CaO at more than
1073 K. Thus, the carbonation reaction at high temajure is not preferable. Slags
actually consist of several minerals. The equilibripco, Or temperature can be easily
calculated in a similar fashion for direct carboomtof common minerals existing in BF
or BOF slags. Fig. 4 shows the free energy of foionaof calcium carbonates from the
minerals as a function of temperature, for twoedéht pressuré'g). If the free energy
difference is negative, which requires low tempamed, the reaction proceeds towards
the carbonates, whereas at high temperatures ¢beefrergy difference changes sign
and the reaction proceeds towards the oxides. Tdtyrmamic data are available for a
number of calcium bearing minerals, and have bes#d uo estimate the maximum
carbonation temperatures.
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Figure 4: The free energies of formation of carbonates and Ca bearing minerals.*®

Calcite: CaCOs, Anorthite: CaO-Al,05:2Si0,, Wollastonite: CaO-SiO,

As already mentioned, the exothermic nature otcenbonation reaction implies that all
the processes are net energy producers. Therdfogemain constraint for a cost
effective implementation is the rate of the cartbmmareaction. Since the carbonation
cannot be carried out at high temperature, thet@fee and possible way to enhance the
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reaction rate of carbonation of CaO bearing mirgeiglsimply to increase the reaction
area of reacting slags or the use of fine slag mowitl means that the granulated slags
need further grinding treatment for the fine powgesduction.

As the slag granulates communition is energy-intensve must pay attention to the
fact that the energy required to grind the slagukhmot exceed the energy recovery
benefit’ The accurate characterisation of the communitiorrgy to apply the

chemical heat recovery from slags is required. Tdevelopment of effective

communition process can be the key technologyHereffective chemical heat recovery
from slags. The practical and effective processtha heat recovery from fine slag
powder can be achieved by using a fluidised betiesy,sand is already well established.

Concluding remarks

The sensible heat recovery from molten slags cagffieetive at higher temperature. Its
efficiency will decease with temperature. Reverséhe chemical heat recovery from
slags is applicable at less than about 700 K. Tiue,can possibly maximise the
efficiency of the heat recovery from molten slagsthe optimal combination of the
sensible heat recovery and the chemical heat recgrecesses.
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Abstract

In the present study new sustainable processagdovery of metals from slags with a
microwave treatment, as developed by the authoo'spg are reviewed. Although some
steelmaking slags could be easily heated by 2.45 @igrowave irradiation, the effect
of carbon addition was considerably large. Furtloeenit also caused carbothermic
reduction of F®, P,Os and CrQ, which enabled the recovery of iron, phosphorous a
chromium from the steelmaking slags. The carbotleersduction behaviour of both

synthetic and industrial steelmaking slags by mweee irradiation was investigated.
The larger the carbon equivalenC.{ defined in text), the higher the fractional
reduction of iron and phosphorous became. An iseréa SiQ content of the slag led

to a considerable improvement of reduction for botim and phosphorous due to
increases in the fluidity of the slag and in thievély coefficient of BOs in the slag.

Introduction

Due to the recent economic development of the Astamtries, the annual amount of
steel production in Japan gained as much as 120omitons, which inevitably
generates more than 40 million tons of slags. Wimbsst of the blast furnace slags are
effectively utilised as resources for cement aratbeds, etc., steelmaking slags (more
than 10 million tons per year) are desired to lEsluss products with more added value.
Also, waste slags contain considerable amount afissolved CaO, iron oxde,
phosphate, etc., which are not well recovered. @a tther hand, we import
considerable amount of phosphorous as a resourdertdizers. Hence, more attention
has to be paid to the assessment of more effadtigation of steelmaking slags.

Microwave processing is a fast and efficient wayheéting materials which have high
dielectric losses or high electrical conductivitidsorita et al™? utilised microwave
processing in the treatment of incineration ash ewkstigated the possibility of
stabilisation of hazardous elements. The incin@nadsh was melted in a crucible under
microwave irradiation. The experimental setup isveh in Figure 1. Samples were cast
into glassy blocks as shown in Figure 2, wheredaggon reaction had occurred to
produce an iron droplet in oxide melts.
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Then this idea was translated to the treatmenttedlmaking slags. Using the same
apparatus, the heating behaviour of steelmakingssdad the possibility to recover iron,
phosphorous and chromium by microwave carbothemaduction reactions, were
investigated* In the present paper, most of the studies on metavery from
steelmaking slags by microwave processing arewede

2.45 GHz, 750 W

Microwav e
Oven

Insulating
Firebrick

Ceramic
Fiber
Insulation

Dual
Wavelength
Infrared
Pyrometer

Well- mixed
Sample

Figure 1: Schematic diagram of the experimental apparatus

lcm
Figure 2 : Molten ash and the cast glassy sample

Heating and reduction behaviour of synthetic steelm aking
slags **¥

Firstly, the heating characteristics of the ste&im@slags were clarified. Ten grams of
the synthetic CaO-SiFgO slags were treated in a microwave oven (1.6 kW5 2
GHz). Some samples contained phosphorous and cadsora reductant. Slag
compositions were adjusted to wt% CaO/wt% ,SiQL and wt% F© = 67 or 47. As
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shown in Figure 3, most slags were heated up tehithan 1273 K in 3-4 minutes,
which confirmed the microwave absorbance of stddimgaslags. The heating rate
strongly depended on E&=°® fraction and when B&F&*®equals 0.166 and 0.153, it
showed the largest for the slags with wt%JF&7 and 47, respectively. This was found
to be due to the largest amount of G&ksghase, whose dielectric loss was as high as
that of FgO,, that was contained in each slag.

1800~ FeO+FeOs
_ 67 mass pct
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Fee

No. T+ -
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& 13 0.165
o 14 0.180
¢ 15 0.195
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Processing time /s

Figure 3: Change in temperature of synthetic steelmaking slags w ith processing time

On the other hand, joule heat is generated wheroway es are irradiated to conductive
materials with large specific surface area, sucp@sders and fibers. When graphite
powder was mixed with ground slags, they were &ffely heated and Fe-C alloy was
formed at the bottom as shown in Figure 4, regasdté¢ slag composition. There was a
postive relationship between C equivale@t(= the ratio of the mixed carbon to the
amount theoretically required for the reductionF&O; to pure metallic iron) and
heating rate, and the recovery ratios of iron anosphorous increased wih, When
CeqWas 1.5, the recovery ratio of iron was as hig@%%. (Figure 5)

Figure 6 shows the relationship betwé&n and the material balance of phosphorous
after the microwave treatment for 3 min after tlmperature reached 1873 K.
Unknown amount is presumably due to the vapoudsadbi phosphorous because the
temperature at the surface of graphite particlelevbe locally higher than the average
temperature measured in the experiment. Extractiophosphorous from the reduced
Fe-C melt was also verified using carbonate fluxes.
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3 mm

Figure 4: Particles of Fe-C-P alloy reduced from slag by microwave carbothermic
reduction (Processing time =7 min, Carbon equivalent = 1.5)
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Figure 5: Effect of carbon equivalent on the reduction be havior of the synthetic slags
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Reduction behaviour of industrial steelmaking slags N

Based on the results obtained from the experimatise synthetic slags, the reduction

behaviour of the industrial steelmaking slag wasstigated in similar conditions. The

slag composition is shown in Table 1. The changeson, phosphorous and carbon
contents of the slag and metal and iron reductadio ffor C.q = 1.5 against processing

time are plotted in Figure 7. With the increasepiocessing time, both the iron and
phosphorous content of the slag decreased andameeduction ratio increased. This

was consistent with the decrease in carbon comettie slag, which was depicted in

the top diagram of Figure 7. Finally, the iron camtt of the slag was as low as 4 wt%
and the reduction ratio reached about 60%. Ontiner dnand, the phosphorous content
in the reduced metals reached as much as 9 wtbauagih the phosphorous content of
the slag decreased only by 50%. Figure 8 showgibe dependence of material

balances of iron and phosphorous in metals and sifigr the microwave processing.

Both iron and phosphorous in slags were graduallijpyced into the metallic phase with

processing time, and the fractional reduction ohiwas more significant than that of
phosphorous. The unknown amount for both elememtsonsidered to be due to

uncollectable fume and dust generated during thetio, and probably also due to
gasificating dephosphorisation for phosphorous.

Table 1: Chemical composition of the steelmaking slag (in w t%)

(T.Fe) (CaO) (SiO») (MnQO) (MgO) (P,0x) (Al,O5)
117 419 26.6 5.80 5.20 4.00 3.20
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Figure 7: Changes in iron, carbon and phosphorous contents of slag and metal and
iron recovery ratiow ith processing time

Figure 9 shows the effect of the carbon equivadenthe final composition of the slags
and metals after 7 minutes of microwave processikg. expected, the extent of
reduction was considerably affected by the amo@ineaductant. The reduction ratios of
iron and phosphorous increased with increasipg and they reached about 70 and
50%, respectively, whe@;qy was 2.5. The iron and phosphorous contents ofthg
decreased with increasir@, and did not change whé,, exceeded 1.5. This is also
compatible with the behaviour of carbon shown ie tbp diagram of Figure 9. The
carbon content in metal increased up to 4.0 wt%,taen decreased slightly aft€,
was higher than 1.0, whereas the residual carbslagincreased witQ,,

As seen in the middle diagram of Figure 9, the phosous content of the slag
decreased witlCy, and was lowered to 25% of the initial contentGat = 2.5.
Phosphorous content of the metal increased witheasingC., showing that the
reduction of phosphorous was affected by the amotiréductant. The distributions of
iron and phosphorous between slag and metal foerseminutes of microwave
treatment were plotted as a function of carbonvagjent in Figure 10. It is obvious that
the increase i, brings about increases in the distribution of iesval phosphorous in
the metallic phase, which is consistent with tlslts shown in Figure 9. Also it can be
seen in Figure 10 that the loss of phosphoroussigagicantly higher than that of iron.
As mentioned in the results for synthetic slagsisitconsidered to result from the
gasificating dephosphorisation during microwav ecessing.
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Figure 9: Effect of carbon equivalent on the reduction behaviour of iron and
phosphorous in slags
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For studying the effect of the Si@ontent of the slags on the reduction behavid, t
experiment with extra 10 wt% SjCaddition to the industrial steelmaking slag was
conducted. The processing time and carbon equivalere fixed at 7 minutes and 1.5,
respectively. Figure 11 shows the difference indis¢ribution of iron and phosphorous
after microwave processing with and without theitéold of SIO,. The material balance
of iron and phosphorous indicated that Si@dditions led to a considerable
improvement of the fractional reduction for botbnrand phosphorous. Especially,
phosphorous was reduced more effectively, andettisiation ratio reached as much as
74%, and only about 10% of phosphorous remainesdaig, the rest is considered to be
removed into the gas phase. These results cantdrpiiated by the change in the slag
composition after microwave processing as showkigare 12.

The original steelmaking slag composition movedaig the lower iron oxide region
and reached the 2Ca0O.Si€aturated two phase region during processing. [€hds to

a decrease in the fluidity of the slag, thus caysire decrease in the reduction rate.
However, in the case of the extra 10 wt%  S#Adition, slag remained as a single liquid
phase during the full processing time, which isofanable for the smooth mass transfer
in the reduction behaviour. Moreover, the activdyefficient of phosphorous oxide
(P-,Os) in the molten slag is significantly dependenttba slag basicity. A decrease in
the slag basicity brings about increases in th&vigctcoefficient of BOs. Thus, the
fractional reduction of phosphorous oxide was inmetbmore than iron oxide when an
extra 10 wt% SiQwas added to the steelmaking slag, as shown urd-idL.
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Figure 11 : Effect of SiO, content in the slags on the reduction behaviour of iron and
phosphorous from slags
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Figure 12 : Change in slag composition after microw ave processing

Reduction behaviour of industrial stainless steelma king slags ?
Two types of typical industrial stainless steelmakslags were subjected to microwave
carbothermic reduction. One is the slag “beforauctdn”, namely, the slag sampled
before reduction of chromium in the stainless sldw other is the slag “after reduction
by Fe-Si.” Their compositions are listed in Table 2
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Table 2: Chemical composition of tw o types of stainless steelmaking slag

(wt%) ,

T Ee) UKe) ALOY Ti0,) (Ca0)/(Si0y)
Before reduction 8.9 18.7 2.9 - 1.51
After reduction 0.7 2.9 2.2 0.5 1.33

Figure 13 shows the temperature behaviour of thgsshith various amount of carbon

addition. Both types of the slags were effectiviedated and the maximum temperature
of some slags was higher than 2400 K. Compared arilinary steelmaking slags, the

heating rate was considerably faster, probably tdude existence of chromium oxide

although this is not clarified.
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Figure 13: Change in temperature of stainless steelmaking slags w ith processing time

The reduction behaviour of chromium and iron in Ht@gs “before reduction” and
“after reduction” are shown in Figures 14 and ESpectively. The chromium and iron
contents in both slags decrease with processing tamd their reduction yield increase
correspondingly. In case of the slag “before reidntt more than 90% of chromium
and iron was reduced, whereas the reduction yikltloa in case of the slag “after
reduction” withCey = 2.5 reached only 20 %. In spite of the thermadigia priority in
the reduction of iron oxide to chromium oxide, fimal contents of iron and chromium
in both slags were found to be in the same ord& w@% Fe and 1.5 wt% Cr for the
slag “before reduction”, and 0.5 wt% Fe and 0.5 v@@égor the slag “after reduction”.
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Figure 14 : Changes in iron and chromium contents (as Fe,0O; and Cr,0;) of stainless
steelmaking slags “before reduction” and their recovery ratios w ith processing time
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Figure 15: Changes in iron and chromium contents (as Fe,0O; and Cr,0;) of stainless
steelmaking slags “after reduction” and their recovery ratios w ith processing time

Conclusions

Examples of microwave (2.45 GHz, 1.6 kW) applicatio the recovery of metals from
steelmaking slags were reviewed in the presentrp &ossibilities of the recovery of
iron, phosphorous and chromium from steelmaking@sslaere clarified. The results
obtained are summarised as follows:

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 161



1. The heating behaviour of the synthetic CaO,St@0O slag was considerably

influenced by the P&/(F&* + FE€") ratio. Microwave energy was absorbed most
efficiently when the value of BE(FE* + F€) was around 0.16. When
Fe'I(F€'+ FEY) in slags was far from this value (0.16), the meptrate
decreased considerably.

2. The experimental results of the synthetic slagsvstiat the slags were heated

up to over 1873 K and a lump of Fe-C alloy withianteter of 2-8 mm was
formed. Recovery ratio of iron from slags increaseth larger Ceq, and it
reached 90% &f¢,=1.5.

3. In the experiments with the industrial slags, theovery ratio of iron reached

about 70% aCgq = 2.5. The phosphorous in the slags decreasedQujffand it
was lowered to about 25% of the initial content w@g,was 2.5.

4. Anincrease in Si@content of the slag led to a considerable impra@remf the

reduction for both iron and phosphorous due todéerease in the fluidity of
slag and the increase of the activity coefficianit®,0s.

5. Chromium was recovered from stainless steelmakilagss The residual

chromium content of the slag “after reduction” vaaslow as 0.5 wt% after 10
minutes microwave irradiation wit@e, = 2.5.
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Slag Valorisation in China: an Overview

Guanggiang LI

Key Laboratory for Ferrous Metallurgy and Resources Utilization of Ministry of
Education, China (Wuhan University of Science and Technology), Wuhan 430081,
China

Abstract

The hot stage treatment processes for BF slag &t €ag and their application are
introduced in this paper. The focus lies on som& peocesses developed in China,
such as the HK process for BF and BOF slag graimnlaand the BSSF process for
BOF slag granulation. The status of granulated B#& BOF slags application in metal
recovery, cement production and the related ndtstamdards are also reported. Finally,
the research activities in valuable elements regoyeom special BF and BOF or
copper slag are reviewed.

Introduction

The Chinese metallurgical industries and esp ectalfy steelmaking industry have been
embracing great progress in light of the econom@vth that China is experiencing.
The crude steel production of China in 2008 is Bllon tons, which is 37.7% of the
total world crude steel producti&hOn average, the production of blast furnace slag i
346 kg/t hot metal. For steelmaking slag this valses 137 kg/t steel in 2002. The total
slag quantity (novel and accumulated) is quite hlgethermore, the valorisation of
ironmaking and steelmaking slags in China is maficdlt, considering that some
complex iron ores, containing either titanium, \diom, rare earth elements, or boron,
are used. The typical composition of some BF, EBBF slags, titanium or rare earth
containing BF slags and vanadium bearing BOF skadisted in Table 1 and Table 2,
respectively.

There is about 0.5% and 5% metal iron entrapp ecgpectively, the blast furnace slag
and BOF slag. It is the most valuable iron resourcesteelmaking slags. Other
components such as calciumsilicates can also beedtias fluxes or cement materials
etc. after suitable treatment. The titanium oxidestained in blast furnace slag are
valuable components as well. Furthermore, many faoous metallurgy slags contain

iron oxides and other valuable elements. Nowadtacing the rising prices of energy

and resources, it is getting increasingly diffictdt develop metallurgical industries
without taking into account the constraints on gmwironment and resources. The
Chinese metallurgical industries are seeking aasgle way of developing, which

will lead to more efficiency in resource utilisatjowaste reduction, clean production
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and a better life quality. The valorisation of slag China has progressed. As we can
see in Table 3, the recycling ratios of blast faealag and steelmaking slag gradually
increased In this paper, the recent developments on molanteeatment, valorisation
processes and scientific research are briefly nexde

Table 1: The composition of ironmaking and steelmaking slags in China (w t%)

f'yapge sio, | AlLO; | ca0 | Mgo | Fe,05 | FeO | Mno | TiO, P,O5

BOF| 13~19 | 1.4~5.3 | 34~45 |7.2~136(6.5~160| 12~21| 0.8~5.7]| 0.6~1.1| 1.2~1.5

EAF| 22~24 | 7.7-110| 25~35 | 4.96.6 [1.2~6.2 | 13~17] 1.3~3.4| 0.7-6.8| 0.3~0.5

BF | 32 ~35|11.6~14.4] 35~39 |9.0~10.6|0.9-3.1 0.1-1.2| 0.5~1.6 (0.01~0.02

Table 2: The composition of titanium/rare earth bearing BF slags and vanadium
bearing BOF slag in China (w t%)

Slag Type| Si0, [Al,0s| CaO | MgO| F |Fe,04 FeO [MnO| TiO,| V,05| C |RE,O,|P,0s
ggg:‘i'r‘:é“BF 10~ | 13~ | 20~ | _ o 0.2~| 0.3~ | 6~ [0.06~| 4.1~

olags 32 | 17 | 31 19 | 12| 31| 10|52

Rare earth

bearing BF | 32.04| 7.96 | 38.2 | 7.63 | 5.55 0.45| 1.75 | 0.98 | 1.23 3.86

slag

Vanadium

bearing | 10.1 | 2.2 |48.6 | 9.8 5.33 | 19.1] 2.15 1.7 0.95
BOF slag

Table 3: The utilisation ratios of ironmaking and steelmaking slags in China (w t%)

Slag Type 1995 2000 2001 2002 2006 2007
BF slag 84.32 86.18 89.10 89.52 92.72 91.1
BOF slag 79.36 82.14 77.20 86.92 89.75 88.82

The hot stage processing for BF and BOF slags

The hot stage processing for BF  slags

In China, different processes are used to grantit@&®F slags. The main processes are
OCP, RASA, INBA, TYNA and SG-MTC. These processa®lve pouring the molten
slag through a high-pressure water spray in a oo head, located in close
proximity to the blast furnace. The slag undergaeselerated cooling under controlled
water flow, thus forming vitreous solidified slagnsl. After granulation, the slag/water
slurry is typically transported to a drainage systeonsisting of horizontal filtering
basin (the OCP process), a vertical filtering hapgrea rotating de-watering drum (the
INBA process). In several cases, the slag/waterysia transported to a separation tank
prior to water drainage (especially RASA process)case of the TYNA process, the
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molten slag is granulated first by a water coolethting wheel mechanically and then
further cooled by water. Granulated slag sand imlgngold to the cement industry for
cement production. RASA process was adopted ind880Baosteel for the No. 1 Blast
furnace (4063 M.Y INBA and TYNA methods are popular in large scaieegrated
iron and steel works. INBA process was developedSiM AR and Paul Wurth in
1981. Due to its reliability, low sulphur emissiom@d limited water consumption, the
INBA process was first introduced in 1991 by Baekfer No. 2 Blast furnace (4063
m®).? After that, Wuhan, Ma’anshan, Benxi, and TaiyuseeScompanies adopted the
INBA process. Three sets of TYNA processes wereothiced from Russia by
Tangshan Steel in 1998 for its 2560 mast furnacé The improved TYNA process
(the so-called HK method) was operated in TaiyuaelSor a 1650 thblast furnacé)

In case of the SG-MTC method, the slag slurry aftater quenching is filtered by a
screw lift. It was designed by Sougang Group andOvdompanies and operated in
2002 for a 2536 frblast furnacé

The hot stage processing for BOF  slags
About 7 processes are being used in Steel workB@d¥ slag stabilisation treatment in
China.

Pyrolytic Self-slaking process he hot slag within a temperature range of 300~800°
is poured into a tank with a cover, while watespgayed into the tank and thus steam
will be generated that reacts with the free lime amgnesia in the slag. The slag is
stabilised and cracked to powder or small blocksis Process was designed by China
Jingye Eng. Corporation Ltd The time for one batch treatment is about 12 herAf
treatment, more than 60% of the slag grains ardlemmidan 10 mm, easy to be
separated or grounded further and the steel ergcappthe slag can be recovered with a
high yield. The metal remaining in the residualgshéter magnetic dressing is less than
1%. Free lime and magnesia can be fully slakeds phocess was applied in Valin Steel,
Special Steel Branch of Baosteel, etc., for moaa ttb years. Due to the good stability,
wide suitability of the treated slag, and the higbovery yield of steel grains from the
residual slag, this process is becoming populashan Steel introduced a steel slag
magnetic dressing line with a productivity of diags2.4 million tons slag per year in
1988% The magnetic component, which is about 40% ofktheg, can be separated and
recycled to the metallurgical processes. The ramgi60% of the slag is applied as
construction material. The ratio and T. Fe cont#himagnetic components separated
from treated slag are listed in Tabld 4.

The newly built Bayuquan steel works of An-Ben Sa#eo adopted this process. The
ability of this BOF slag treatment line is 700.G00s per year, service for 3x260 t BOF.
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Layer pouring processl'he molten slagis poured to a slag boxto be dlakespraying
water on the slag, layer by layer. The treatmertiseone week for one cycle. The No.
3 steel works of WISCO has been using this prosgge 19962 The limitation of this
process is its large requirement for space andibeand steam emissions.

Table 4: The ratio and T.Fe content of magnetic components recovered from steel slag

Items T.Fe (%) Grain Size (mm) Ratio in slag (%)
Steel block > 80 > 50 mm 10
Steel granule > 62 10-50 mm 10
Magnetic powder > 40 0-10 mm 20

Instantaneous slag chill process (ISC).he molten slag is poured onto shallow trays,
then chilled to 500°C by an interrupted water stre&he chilled slag will crack due to
the stress by water quenching. The cracked sldgis moved to a trolley and cooled to
200°C by water spraying, after which it is dumpribia water pool to be further cooled
down. This process was invented by Nippon Steelampidbrted by Baosteel in 19885s.
This process can only treat slag with good fluidity

Water-granulation process of steel slath China, Ma'anshan and Jinan Steel use a
water-granulation process to treat molten stealssldolten slag is quenched and
granulated by a high pressure water stream. Matan§heel used this process in the
1970s for open hearth steelmaking slag. Jinan Sasebeen using this process for BOF
slag granulation since 1978 for their 25 ton BOFTheir experience proved that the
water-granulation process for molten BOF slag &sitele if the slag fluidity can be
properly controlled. The grain size of 90% of thangilated slag is less than 6 mm. The
phase transformation of dicalciumsilicate and dggosition of tricalciumsilicate can be
restrained. To avoid explosion, the flow rate oémgehing water and molten slag must
be well controlled.

Air-granulation process of steel slag.he molten slag flowing out of the slag pot or the
tundish is quenched and granulated by a compresisgdt. NKK Fukuyama works
built the first Air-granulation system for steehgMith heat recovery. The merits of this
process are its safety, its low water consumpaod,the ease to recover part of the heat
of the molten slag. Chongging Steel and China Séésd use the Air-granulation
processl.z) But the Air-granulation system in Chongging Sté@ds not yet include heat
recovery. About 90% of the molten slag can be deded to grains with a size smaller
than 6 mm.

Wheel-granulation process of steel slaghis is a new process for molten steel slag

granulation. It is an improved version of the HKopess, which was originally used for
BF slag granulation. As shown in Figure 1, the ewlslag is poured to a launder and
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hit by a turning wheel and simultaneously quenchgdigh speed water stream, and
then further cooled in the water tank. The slusyfiltered and lifted out of the tank.

Part of the steam is condensed. Water for quendgkiimgcirculation. The parameters of
this process and the properties of the treatedakaghown in Table 5. This process
was first applied in Benxi Steel in 2004 for 3x120id 3x150t BOF. In total 4 units

were built. In 2006, Liuzhou Steel built 2 units fbeir 3x100t BOF.

Staam
Condenser

; b
= /
Back water s ¥
= 2nd queanghin
©  \Water pool :
L a4
Feedear —

Figure 1: llustration of the HK steel slag granulation process

Table 5: Operation parameters of the HK steel slag granulation process

An example of slag compositon (%) CaO SIO, | Al,O5 FeO T. Fe R
40.6 111 3.0 210 238 3.2-35

Temperature of taping slag (°C) 1550~1650

Water supply (in arculation, t/h) 430~485

Water pressure (MPa) 0.32~0.38

Rate ot granulation tor total slag (%) 80~85%

Water consumpton (t/tslag) 0.657

Granulation speed (t slag/min) 1.5-3

Size (mm) distribution ot granulated slag <1 1~-3 3~7 7~12.5 >125

5% 11% 36% 13% 5%
Water ratio In granulated slag (%) <10

Baosteel’s Slag Short Flow (BSSF) proceg&aosteel began to develop the BSSF slag
processing technology in 1995, based on an impgeednt from Russian Ural Steel
Academe during the Baosteel phase Il steelmakingpgheThe first BSSF slag
processing system was built in Baosteel 250 ton BOFks in May 19982 The BSSF
process treats molten slag of high temperaturespegxial rotating cylinder. Under the
co-effect of the mechanical forces by steel baltsng and water chilling, molten slag
is rapidly quenched and crushed. The slaking & fradcium and magnesia in the slag is
rapidly completed. The formed BSSF granulated ssagmall in size and stable in
quality, the slag and steel can be effectively aiyeseparated by magnetic separation.
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Figure 2 demonstrates the flow chart of the BSSFC¢H51.4) The molten slag from the
steelmaking plant is transported to the slag psiogdactory by the slag pot trolley.

(Charging System

\- e,

i Steam Exhausting '
| &DustRemoval Sys. |

|Processing Sys. |

: Slag-pot
itTransport Sys. |

& JJ'
ir Water ! Wo.ste water J’Slag
{ireaiment Lys )

| _Slag Transport Sys. |

Figure 2 : The flow chart of the BSSF process

Se pa ration Sys

A crane lifts up and pours the molten slag into B8SF equipment. A portion of the
highly viscous molten slag will be skimmed away thg slag skimmer and put into the
BSSF equipment. The molten slagis quenched ampnieated in the BSSF equipment,
and solid granulated slag that is normally smallean 15 mm is discharged. The
discharged granulated slag then falls onto a comveynd is separated via magnetic
separation. A spray removes the dust in the stemargted by the slag processing, and
the steam is discharged via a smokestack. The maxitreating ability of this process
is 3 ton slag/hour. Water consumption is 1 ton/stag and 60% of the water is in
circulation after being filtered. Free lime in tB&SF treated slag is about 1%. The
treated slag is applied in concrete mixture, cenramt material, building materials,
fluxes, and sintering additive. Currently, BSSF#da&8 SSF-B systems are developed
and are applied in Baosteel Branch, Stainless 8r@glch, Ma’anshan Iron & Steel Co.
Ltd., Nanchang Steel, Xuanhua Steel and JSW Siéedlia.

Slag Valorisation in China

As mentioned above the blast furnace slagis mairdier-granulated and the steel slag
is mainly the slaked BOF slag. Therefore, the imod steel slag valorisation in China
primarily implies the valorisation of these two @ of slags. The valorisation of slags
includes other fields as well. In the present paperare only concerned about large
scale valorisation processes.

BF slag valorisation

China had been using granulated blast furnaceaslagpment material since the 1950s.
The first national standard was issued in 1956.rd lage six strength grades of slag
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cement in the newly issued national common Portleement standard GB105-2007.
The slag cements divided into two types: A, B. The quantity ofagulated blast
furnace slag in type A is > 20% ard50%, that of type B is > 50% ard 70%.
Ferroalloy slag such as granulated carbon chroore stag, granulated chrome iron
refining slag, etc. is prohibited for using in slagment. Grounded granulated blast
furnace slag powder is included in the new stanftardlag cement material. Utilisation
of slags in the cement industry in a scientifi@s@able and safe way is emphasised by
the new standard. The ratio of slag cement in taisent production of China is listed
in Table 6 which corroborates that the ratio of Portland tfasnace slag cement in
China is quite high. The total cement productionGtfina in 2008 is 1388 million
tons!® The quantity of granulated blast furnace slag isedment is very large.

Table 6: Cement varieties ratio of large scale Chinese cement enterprises (%)

Year Portland Common Portland Portland Portland Composite
cement Portland BF-slag Pozzolan fly-ash Portland
cement cement cement cement cement
1985 4.79 45.99 38.02 1.52 0.9 8.78
1992 7.74 523 33.86 1.3 2.28 2.52
2004 5.1 54 36 0.9 2 2

Ground granulated blast furnace slag has a highifspsurface area (4202mkg), it can
be used not only to equivalently substitute 15 %06Gff cement in concrete, but also
serves as a necessary mineral additive of highopedance concrete. The research on
the properties and application of ground granul&iadt furnace slagin China started in
the 1990¢” A local standard of “ground granulated blast famalag for concrete and
mortar” was issued by the Shanghai city governmentl998. This standard was
accepted as a national standard (GB18046-2000pandme part of the newly issued
national common Portland cement standard GB105-28iD¢e then, the application of
ground granulated blast furnace slag is becomingim@aThe production of ground
granulated blast furnace slag on an industrialesstdrted from 1996. By the end of
2006, more than 20 ground granulated blast furrsdag production lines had been
established. Total ground granulated blast furisdeg production was 50 million tons
in China. Almost all the ground granulated blasinfce slag is applied in concrete
structures. The ground granulated blast furnacg efaBaosteel was successfully
applied in the construction of Shanghai levitatioad, Lupu Bridge, Shanghai Science
Building, and Yangshan deep water harbour. The redacmixture made by ground
granulated blast furnace slag of Baosteel was safudey applied in the Yangzi river
tunnel construction® In practical application, the ratio of granulatadst furnace slag
substitution for cement is 30%, thereby reducirg¢bst of concrete construction and
the CQ emissions due to the cement clinker production.
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Steel slag valorisation

The easy way of steel slag valorisation is to re-iisin ironmaking and steelmaking
processes. The other ways include its use as roadtraction material, building
material, fertiliser, and landfill material.

Re-use of steel slag in ironmaking and steelmakipgcessesThe granulated steel
slag has been used as sintering flux to recover Inme, iron oxides, manganese oxide,
and magnesia. The sintering process and sinteitygewah be improved. The sinter with
steel slag addition is also good for blast furnageration. Baosteel used steel slag for
sinter additives since 1996 and can stably consis@000 tons per year by adding
1.2% steel slag in the sint&!. The phosphorous enrichment in the hot metal shbeld
noted. By the experience of Baosteel, if 10 kglstkay is added into 1 ton sinter the
phosphorous will increase with 0.0038% and 0.0076%espectively, the sinter and
the hot metal. So the sinter with steel slag additannot be used continuously to avoid
the enrichment of phosphorous. Steel slag is &ased in the steelmaking process. As
an example, Baosteel re-uses the decarbonisatiorF B@g for hot metal
dephosphorisation pre-treatment to produce ste#l phosphorous less than 80 ppm
with the Baosteel BOF refining Proceds.

Steel slag used as road construction materi&sice the 1970s steel slag has been used
as aroad base material, civil engineering landifdterial or brick material. Most roads
with steel slag as a base material were built sezel plants. Several national highways
also used steel slag as base materials. After alewed O years, cracking or ridging was
found from these roads. The later strength oflslagk was found low and cracking was
observed. The problem was caused by the free Imdefrae magnesia resulting in the
volume instability of the steel slag. By improvirfge steel slag granulation technology,
this problem will be solved. The Chinese Ministiy@onstruction issued the criterion
for construction and acceptance of steel slag-$tabilised road base materials (CJJ35).
The technical criterion for road base layer cortom with steel slag mixed material
was issued in 1991 by the previous Ministry of Metgy (YBJ230). Anshan Steel
reportea) that their pyrolytic self-slaking steel slag fuffitthe requirements of the
national standard for road materials and isusepdréaluce three grades of road base
materials applying for bottom base layer, baserlapd surface layer of highways. Now
the national standards for steel slag used as mgaesistant asphalt concrete and the
test method of steel slag stability are being wnitfThe soaking expansion rate of steel
slag is required to be less than 2%.

Steel slag used in cementhe national standard for steel slag powder useztinent

and concrete was issued in 2006 (GBT 20491-2008)er8l new standards for steel
slag cement applied in road construction cemenitkwork cement, and low heat
Portland cement were issued in 2008 (JC/T 1087-2008T 1090-2008, and JC/T
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1082-2008). Many research works on steel slag powade its applications have been
reported in recent years in China. As a mineraita@dof cement and concrete, the
activity of ground steel slag powder is quite hégi close to blast furnace slag.

Li*Y studied the composition, structure and propertiessteel slag powder and
properties of cement and concrete with steel stagder. His results show that the
cementitious properties of steel slag powder areradened by the mineral composition
and treating process. The total content of actiieeral composition, &5, GS, GAF

and GA, and the content of Ca(OKletermine the cementitious properties of stegl sla
powder. Cementitious properties of steel slag powadeease with elevated special
surface. However, the increase of cementitious @t@s is not obvious when its
special surface is higher than 506/I(g. Free lime and metal Fe are the main factors
which cause volume instability problems of steaygpowder, so their content must be
strictly restricted. Content of free CaO must beaitkd within 3% and content of metal
Fe must be restricted to maximum 2%.

Zhu et al®” studied the application of WISCO steel slag firmvder, which is used as
blending material for several kinds of cement. Tewperimental results show the
powder can be used as blending materials to prdpghestrength common Portland
cement, composite Portland cement and iron-staglstment. The strength of common
Portland cement blended with 10% and 15% steel stagder does not decrease but
increase. Its strength grade can reach 52.5 k tliié blast furnace slag powder as 15%
or 30%, blending with 10%-30% steel slag fine porydbee strength of composite
Portland cement can attain 52.5 R, 42.5 R and 4Pk strength of iron-steel slag
cement simultaneously blended with 30% steel steggowder and blast furnace slag
powder is 42.5. The Portland cement blended onth 85% steel slag fine powder has
the strength of 42.5 R. The stability of steel slimg powder blended cement was
confirmed by the high pressure steam test. ItI$uifie national standard up to 45% of
the blending ratio. The hydrating heat of steefjdiae powder blended cement can be
decreased significantly, which makes large volumcrete structures possible. Using
steel slag powder in cement industry is a goodt®wiubecause the quantity of slag
consumption is large. Consider that the steelstmgent is developing rapidly in China.
There are more than 50 steel slag cement workswdriaually produce 3 million tons
of steel slag cement with this value continuouslyreasing.

Slag valorisation by recovery of valuable compongianadium-titanium magnetite is
smelted by the blast furnace in Panzhihua SteelpnaChAfter smelting, titania is

separated from the metal into the molten slag. ®ase several case studies in
laboratories and in a pilot plant, it has been ghtvat it is feasible to recovery titania
from the slag by a new process: the so-called BedePrecipitation Technique (SPT).
This process involves three continuous steps: jg) ¢elective enrichment of the
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dispersed valuable metal compound (VMC) into aghesd mineral phase in the molten
slag; (2) the selective coarsening of the designiral phase with large crystal grain
size; (3) the selective separation of the coarsese from tailing by mineral dressing or
hydrometallurgical processes. In case of titaniaring blast furnace slag, titania is
enriched in the perovskite phase and separateddtbar components from the treated

slag.zz)

The SPT process was also tried for copper smeltirgywlaich contains more than 40%
iron, which exists mainly in the forms of fayal{2FeOSiO,) and magnetite (R©,).
Experiments were carried out in laboratory scalstialy the precipitation and growth
of the magnetite crystal from the molten coppey &athe purpose of iron enrichment.
The experimental results indicated that the sloeamling rate, oxygen blowing and
lime addition into the molten copper slag is faveluifor precipitation and growth of
FeO,. Magnetic dressing is possible to separate magnétom treated slag after
milling. >

The precipitation behaviour of vanadium phasesanadium bearing BOF slag was
studied®® No vanadium enriched phase could be used to sepasaadium bearing
mineral from BOF slag when the,®s content is less than 3%, such as in received BOF
slag. Carbothermal reduction can be used to rethe®anadium-bearing BOF slag to
obtain a vanadium enriched phase by adjusting tmeposition of vanadium-bearing
BOF slag. The metal phases are composed s8i¥eFeSiP,, and FeC, while the
remained slag is composed of gehlenite ,AC&IO;), calcium aluminum oxide
(5Ca0.3A}05), and calcium aluminum iron oxide @AIFe)OS).24)

Conclusions

The hot stage treatment processes for BF slag &fel §ag in China were reviewed.
INBA and TYNA processes are becoming popular fogdascale BFs. For BOF slag
treatment, pyrolytic self-slaking, HK, and BSSF gaeses are being accepted. However,
until now there is no process that can recover Bratgy from molten slagin China.
The heat recovery from molten slag should be censil for molten slag granulation
processes. Large scale application of stabiliseel stag powder in construction is most
important. It is hoped that the processing abibfysteel slag fine powder will rapidly
increase. To be more successful, we believe treargs and development activities of
metallurgy and cement experts should be bettaredig
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Process Development of Solid By-products from Steel
Industry with High Added Value

Dagiang CANG, Hao BAI, Yanbing ZONG, Xiangli CHENG, Yunpu ZHEN
and Hua GUO

School of Metallurgical and Ecological Engineering, University of Science and
Technology Beijing, Beijing 100083, China

Abstract

For the problem of steel slag disposal and stegl @mplex utilisation, a modification
treatment of steel slag is an efficient methodmpriove the utilisation ratio of steel
slag. The effect and the mechanism of actions frave the application performance
through high temperature ingredient modificationreveesearched. With the new in-
process modification technology, the problems atahility, grindability and activity
can be effectively solved. Exploration of this teglogy can promote the bulk
application of steel slag and exploitation of hgglade steel slag. Meanwhile, new
technology concerning the production of steel flaged ceramics is introduced, and
pilot scale plant experiments show that steel bleged ceramics are qualified for use
and especially have excellent performance in streng

Background

At present, the steel production in China is mdrant 0.4 billion tons per year, and
accordingly, the steel slag production represe@tsilion tons, only 10% of which can
be effectively treated and turned into useful resest In China, many steel works are
focusing on the study of the application of theicsbly-products, based on the new
concept that the steel slag should never be regeaad @ waste, but rather as a resource
which should be in cyclic utilisation. Differentoim the traditional modification
procedures for steel slag, which involve processafitgr the slag is cooled and
solidified, in-process modification will reform tls¢eel slag when the slag is still in the
liquid state, at high temperature. This process laconic and effective treatment and
thus makes it possible for the design of advancatemals. In this paper, some research
on in-process modification of steel slag was cdroat and the development of a kind
of steel slag based ceramic was conducted.

In China, technology which turns steel slag intsorgces has been developed and steel
slag has, therefore, found wide use. However, themains a gap between China and
western countries in this field. There are stilingoproblems in the wider application of
steel slag, such as low efficiency in magnetic s&n, low grindability, low activity
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and poor stability. In this respect, developmenteiv technologies to improve the
performance of steel slag and make good use @cibrbe significant.

Wmocean itrace

lagriculture:trace|

OMetal Recovery. sw

mzinter and
irommaking. 4.46%

Shuilding [mEnvironment al:trace]
materials 5w

Figure 1: Current application of steel slag in China

The current processes to improve the steel slagesties, such as grinding aid, hot
disintegration, are called “after treatment techgg!. However, this kind of
technology cannot improve steel slag for wider uBkus, “in-process” technology,
which is aimed to solve above problems, is raisethis paper. This technology refers
to adding special modifiers into molten steel stagimprove its grindability and
stability, and to finally obtain qualitative slaggalucts. In this process, the sensible heat
in the molten slag will allow the slag to keep gttemperature and its liquid state,
which is a necessary condition for the in-procesattment.

Grindability improvement of steel slag by high temp erature in-
process modification

In-process modification experiment by adding fly as h to molten steel slag

Fly ash is a kind of anthropogenic ashy active nadfegenerally regarded as “solid

waste”. The main constituents of fly ash are,3@d A}LO; oxides, while it also contains

some unburnt fine granular carbon. The experimgm@edure is as follows: first, some
steel slag blocks were melted in molybdenum séididr furnace and during this liquid

state some fly ash was added. The added amourgddrgn 0-30% of the steel slag
amount. After sound agitation, the slag was cotdetthe normal temperature. Secondly,
after primary smashing, the blocked slag was gromr@dcompact globe mill. Under the
same grinding time and conditions, the size distiglms of the ground slag powder, to
which varying ratios of fly ash were added, arevaan Fig. 2.
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Figure 2 : Grain size distribution of different steel slag samples

The experimental results shown in Fig. 2 indicabatt under the same grinding
conditions, the percentage of fine particles (qum) in the total slag powder increases
from 13.3% in steel slag without any fly ash to®6.in the slag with 30% fly ash. For
the middle-sized particles (75-250 pum) the pergmtaaches 83.81% when fly ash was
added. In the reference case (without any addiibfly ash) the percentage is only
16.03%. With an increasing level of added fly astoithe steel slag, the more fine
powder can be found in the granular slag. Thisciatdis that fly ash can improve the
grindability of steel slag and, with the increasargounts of fly ash, the grindability of
the slag can be sharply improved.

Analysis of XRD and mineralogy

Mineralogical changes before and after steel sladification process were analysed by
XRD analysis. The results shown in Fig. 3 indi¢bi@ when the addition level of fly ash
reaches 30%, the mineralogical composition becosiraple, with GS and GS as the
main phases, and other phase levels decreasingkaha In other words, the
characteristic diffraction maximum of ferrous phéke Mg,.,FgO and Cage0s and
other metal oxide (RO) phases gradually diminishfalct, with decreasing in free CaO,
the slag becomes more conductive, therefore inngese magnetic separation efficiency
of the slag.
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Figure 4 : Micrograph of Steel slagwith no addition of fly ash: (10, dark grey) = C,S; (11) =
RO; (15,16) =free CaO
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Figure 5: Micrographs of Steel slag with 5% fly ash: (1,2,3,4) = CaSiO,; (5,7) =
CaSiO,; (6) = Ca0.Fe0.SiO,, (8) = RO phase

In order to further analyse the mineralogy and tketology, slag samples were
investigated by polarisation microscope and SEMe Bamples were embedded in
epoxy resin and polished to thin sections. Mineoahp ositions were identified through

SEM-EDS.
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As shown in Fig. 4 and Fig. 5, for the fly ash atldamples, new phases like CaO -SiO
and GS, some ferriferous oxide and olivine, and more affiet iron were found.
Importantly, free calcium oxide decreased drambyical his kind of mineralogy
promotes the grindability. The metallic iron in tslag would increase the efficiency of
magnetic separation and thus increase the recyaliirgn from the slag.

Close relations between phase changes in the dre&g and fly ash composition are
noticeable. The free CaO and MgO in the slag nedtt SiO, and AbO; in the fly ash,
resulting in a decrease of the free CaO in the stegefore improving the slag stability.
The carbon in the fly ash can serve as a reducgegtato turn weak-magnetic iron
oxide in the slag into magnetic iron protoxide oetallic iron, which will help the
recycling of iron by increasing the magnetic sepana In addition, the adding of fly
ash will promote the emergence of grinding-sustépphases and the formation of a
glass phase with potential activity.

Development of new technology on the production of steel slag
based ceramics

The composition of stainless steel slag mainlyuidets various oxides, and it can serve
as a raw material for the production of high vahaeled ceramics. The experimental
results show that the principal crystalline phasediopside, which is the main
contribution to the making of high strength andhhegensity ceramics in relatively low
temperature. The analysis of the microstructurethef samples indicated that the
properties of the ceramics have a close relatipnstitih the firing temperature and time
control.

The determination of exact batch formulation is fingt step to produce slag based
ceramics. In this research, the compaosition ohtdss steel slag was compared with
that of ceramic paste. And then according to tealtef the comparison, the powder of
the steel slag was mixed with certain chemicallyepmnaterials, in order to prepare
standard ceramic formulations. The next importasearch is the determination of the
firing temperature schedule. In this part, differ@nthermal analysis of ceramic
formula material was conducted and a DTA curve wlatsined, which is the key data
for the determination of the firing temp eratureestiie.

Experimental results show that if the ceramics @ astludes 30% of stainless steel slag
and other necessary chemical materials, the piliegest the ceramic samples, such as
water absorption, apparent porosity and acid r@st&t, can meet the demand of general
ceramics.
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A pilot scale plant test was performed to produesntess steel slag based ceramics. In
this test, 45% of the stainless steel slag wafhenceramic paste and low-temperature
sintering was tried, and high strength structueahmics were obtained. The test results
show that all the properties of the ceramic samptegorm to national standards. The
comparison of the experimental results and thet gilant scale test results (Fig. 7)
shows that more gas pores can be found for the ki sample with respect to the
experimental sample. This is because the sintdéing was too short (55 min) to
guarantee full crystalline phase transformationysga crystal undergrowth. This
indicates that there is still potential for the ther strength improvement of the
ceramics.

Figure 6 : Ceramic sample from pilot plant scale test

Figure 7 : SEMimages of the experimental sample (left) and the pilot test sample
(right)

Conclusions
The following three conclusions can be derived fibmpresent work:
(1) Adding fly ash to molten steel slag can promote thedability. The

grindability is improved with increasing levelsadded fly ash.
(2) Mineralogical changes before and after the slagification process were
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analysed. It was shown that there are close ramtietween phase changes
in treated slag and fly ash composition. The additaf fly ash will promote
the emergence of grinding-susceptible phases amdarimation of a glass
phase with potential activity.

(3) Stainless steel slag can serve as raw materiathierproduction of high
added value ceramics. The experimental results sti@aw the principal
crystalline phase is diopside, which is the maintgbutor to making high
strength and high density ceramics.
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Overview of Residue Utilisation in Sweden: Focus on
By-products from the Iron and Steel Industry

Bjorn HAASE
Chairman Committee on Residue utilisation at Sw edish Iron and Steel Association,
Manager Sponge Iron production, Hoganas AB, SE-263 83 Hoganas, Sw eden

Abstract

The production of by-products in the Swedish iron ateel industry is approximately 2
million tonnes per year, where the slags stancgypproximately 75%. One major issue
in Sweden regarding these by-producs is whetheretimaterials are waste or products.
Even if most of these by-products have been consilas waste, some of them have
been sold and used externally, mainly as constmchaterial. But still there are a lot of
by-products disposed as waste that could be seknsed as products. In Sweden there
is a lot of work going on in this field in order show, and get an acceptance for, that
many of these by-products are a raw material sothz¢ can be used in an
environmentally friendly way.

Background

The iron and steel industry produce much more fhsniron and steel. The iron and
steel are of course the primary products, but [earfa these products there are also
other secondary products and materials producethatsame time. Some of these
secondary materials are today considered as pmdactby-products) and others are
considered as waste. In Sweden the volume of tresmndary producds are
approximately 2 millions tonnes. As a thumb rulday, approximately one third of
these secondary materials are sold as productghwdes used internally and one third
is discarded. To this could also be added the armh steel scrap that also come out as
by-products in the different processes. These maesre normally not calculated as
secondary materials and almost 100% of the ironséeel scrap is reused and remelted
within the steel industry. This material will no¢ Burther considered in this paper.

Normally when working with by-products we have fb#owing priorities (not always
in this order):

» Decrease or prevent the appearance of the by-pisiduc

* Internal reuse;

» External usage (need of commercial handling, gpal@émands and environmental
issues);

» Disposition (according to the regulations of today)
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The utilisation of residue materials from the irmmd steel production has a long history
and is not a new issue. Already in the beginnintie iron and steel production, many
hundreds years ago, the iron producers took camspécially the slags. Even if the
priority over the years has gone up and down, st édevays been an important thing to
keep the eyes on. Today this is considered asyaimgrortant objective and the priority
has been enhanced.

The figures in the following text are, if not mesried in another way, based on an
internal evaluation within the Swedish Iron andeSt&ssociation that started in 2008
and will be published sometime this year (203699” these figures should, therefore,
be seen as estimations. Nevertheless, they witldse to the final results from the
evaluation.

By-products — waste or products?

The definition of waste and by-products and théetihces is very important in order to
ensure both the usage of the secondary produatsa good and healthy environment.
In many cases the interpretation is not a problBot when coming to secondary
products from different industries and maybe esilgdrom heavy industries with high
volume of secondary products, the intempretation ba difficult. In Sweden, the
authorities normally have considered many of tloeséary products from the iron and
steel industry as waste (slag, mill scale, detsf). This has been a general problem
when trying to develop applications and usage efsdrtondary products. Since this is a
general problem within the European Union, the Casimn has come with tools that
help regarding the interpretation of waste and bydpds.

The general conclusions of the interpretation arfmbows: to ensure that the secondary
material (or production residue as it is namedha interpretation) is a product, the
material should have a defined usage, should bayréar usage and it should be
produced as an integral part of the production ggsgee also paper by H. Kobesen in
these Proceedings Another important part is of course that thehewd also be a
market for the material.

But even if the producer of a by-product considdre material as a product, the
authorities might still consider the materials a@mnlg a waste. This will in some cases
lead to very long discussions and negotiations m&sitioned above, the authorities in
Sweden consider a lot of the by-products as wasii. is also the fact regarding by-
products that in other countries are seen as ptedten materialetc, e.g. slag for

construction purposes. The Swedish Iron and Stesbgiation, among other Swedish
branch organisations, are, therefore, spending affome lobbying for a change in the
view of by-products and waste. The objective iggéb an acceptance for interpreting
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many of the by-products as products, raw mategiglanstead of waste. For all the by-
products we also consider the need of registratdREACH. More information about
that is shown below.

Raw materials

Production Product

|

Production
residue

Processing 4’| By-product

Waste

Figure 1: Production chart for products, by-products and waste

Production and usage of by-products from Swedish ir on and
steel industry today

Production of by-products

The Swedish iron and steel industry produce appwabely 1.5 million tonnes of
different slags. The absolute major part of themeeas from the blast furnaces and the
following processes such as B@E In total these slags represent about 70% ohall t
produced slags in Sweden. How all these slags iatabdited is shown in the figure
below.

13%

O Blast Furnace slag

38% @ BOF slag

O EAF slag (carbon steel)
0O EAF slag (stainless steel)
B AOD slag

O Ladle slag

@ Other slags

9%

™%

22%

Figure 2 : Slags from Sw edish iron and steel industry (2007)
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Even if the slags stands for the major part oftth@roducts, there are of course a lot of
other materials coming out of the iron and steebcpsses. In Sweden there is
approximately 300 kton of these other by-produstside these by-products there are a
lot of smaller groups of by-products. Some of them@ regarded as waste, others as by-
products. This depends very much on possible narked if the by-products are
harmful or not. Normally, very little effort is speon these materials.

49 4%

O Blast Furnace dust

B Sludges Cthers

0O MEOH sludges

O BOF dust

B EAF-dust

O Mil scale (carbon steel)
@ Vil scale (stainless steel)
O Metal dust

11% 5%

Figure 3: Other by-products fromthe Sw edish iron and steel industry 2007

Usage of by-products in Sweden

In Sweden there has been a change in the usage diytproducts, and specially the
slags, over the years, but still there is a loglaf disposed. When looking at the figures
below, it is important to understand that all tlegsised as slag former is BOF slag that
is internally recirculated within the blast furngekants. Another thing is that some of
the slags used for construction purmposes are also internally within the iron and steel
plants and that some of the slags are used whestroating disposal areas. In the latter
it can be difficult to define if the material shdube considered as a construction
material or waste that is disposed. Some of thgs skoould probably not be able to be
used fore.g.road construction, due to high concentrationsaofriiul substances or high
leaching levels of these elemesets
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Slag usage today
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Possible future usage of slag
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Figure 4 : The usage of Sw edish slags today and possible usage in the future

The slags that are today used as construction iadaterme mainly from the blast
furnaces and the BOF processes. Most of the steg #AF processes (both carbon
steel and high alloy production) and AOD processesin general, disposed today. But
there is a lot of research goingon in this arehtés situation will probably change in
the future, given that most, but not all, will dE&ato be used for construction purposes.

Usage today Possible future usage

3% 1% 5% %
b

B Reuse 35% 0 Reuse

1
40% B Depasit
209 .
O \ariousproducts O \ariausproducts

O Metalrecovery 279

O met drecovery

@ Const ruction ® Construdtion

26% 22%

Figure 5: The usage of other by-products from Sw edish iron and steel industry

The metal recovery in the figures above comes mdnoim the EAF-dust. These dusts
contain either high levels of zinc (from the carlsieel production) or high levels of
metal alloys (from the high alloy production). Thes a significant value in the
different metals as well as high costs for dispgsirese dusts, depending on if they are
classified as harmful. Therefore, the recoveryh& tlusts has been going on for many
years in Sweden, and almost all dust is recoverdedyt. The material for reuse comes
mainly from different dusts created at the blagh&ge plants that go back to the
process again.
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The future possible usage of the slags (and in stases for the other by-products)
depends a lot on the research and develop menteamdterials that is carried out today.
But is also depends on the future regulationsimalea and the interpretation of them.

Usage of slags in Europe

There are some significant differences how thesstéag used in Sweden compared with
the major part of Europe. According to figures fr@®06, there is approximately 45
million tonnes of slag produced every year in E@of lot of these slags goes to the
cement industry. In Sweden this is not the casegtdeast very little. This might be
slightly changed in Sweden in the future, but pbdpanot in the nearby future. In
Sweden we dispose approximately 35% of the sladaytowhereas in Europe only
about 7% is disposed. This will change in Swedemwafwill get an acceptance for a
wider use of the slags. We also use a lot of B@F-sls slag former in the blast
furnaces, which does not seem to be the fact imasieof Europe. But this application
might be hidden behind the figures for reuse ofousr products. When looking at the
figures regarding usage of slag for constructiorppses, they are quite similar, but the
vision is to significantly increase that part in &len. This seems also possible since
there are a lot of possible applications, espgadfathe R&D regarding the slags run as
planned (more about this below).

Usage of slags in Europe 2006

2%3%

@ Comstruction
@ Slagfamer
O Deposit
ORewse

@ Cement

O Fertiliser

@ Variousproducts

7% 795 0%

Figure 6 : Estimated usage of slags in Europe®

Regulations — Possibilities and Obstacles

In Sweden there are a lot of regulations regardisgge of secondary products. This
depends on the general view from the authoritieé thost of the secondary products
are considered as waste. One thing that has besmgeth the last year, is that the blast
furnace slag in some areas and for some applicaionot considered as waste. The
problem is that not all the Swedish authoritiesehagcepted that yet.
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To our hep in the future we will have the new hanising regulations regarding
products for building purposes. These regulatioiswake it possible to use all kind of
products as raw material in the building industrgedpective of the origin of the
material. But there is of course a need of showlirag the material is not harmfetc
The material has normally also to be CE-marked.

For materials that today are considered as waste thill be new possibilities. Under
the revised Waste Framework Directive there isgget sup porting the development of
the End of Waste criteria. One of the planned ketcames of this project is to give a
general framework methodology as a guidance tmé¢fie end of waste criteria.

The Swedish Environmental Agency (SEA) has sugdestehandbook regarding
“Guidelines for using waste for construction puresis This is something the industry
has asked for in order to help both the industry téuwe local authorities to decide how to
use the by-products. But the SEA has in the wotk whiese guidelines decided that the
“Non toxic environment” overrules other goals lk&g.“Reduced climate impact” and
“A good building environment”. As a consequencdlwdt, this has led to very limited
guidelines (and possible usage), which focus only tbe total contents and the
leachability. The proposed guidelines do not reike into consideration the function
of the material or the actual quantity used compam@ what it replaces. These
guidelines are still only a proposal, and the Setedindustry is now working for more
usable guidelines.

Another set of regulations that will have an effentthe by-products is REACHsde
also Contribution by H. Motz in these ProceedngSince REACH only includes
products and not wastes, our interpretation is iftematerial is registered in REACH it
can not be a waste, at least as long as therelésireed market for the product. Since
slags will be registered in REACH, the Swedish ieonl steel industry hopes that this
will open the door to a wider usage of slags in &meas well. The same goes for other
by-products such as mill scaigc All materials that are (and will be) consideresl a
waste will be controlled by the waste regulatiansbme cases this might still be the
best solution, especially if the volume of the bypguct is rather low, or if there is a risk
(environmental, unstable marketc) involved with the material. To our help we also
have the interpretations of differences betweertevasd by-products mentioned above.

On-going research and development

The research and development in the area of byyatedfrom the iron and steel
industry has been carried out since the first and steel was produced. But it has been
an area with a relatively low focus for a long timeSweden in the common research.
However, during the last years this has changedtaddy there is a lot of common
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research and other activities and projects goinmpd®weden regarding the by-products,
with the highest focus on slags. One importantghéggarding R&D of the by-products
is that there is almost no competition in this aidéds then easy to be open about
problems, solutionsetc in the different common projects. The competitiommes
instead from other branches.

Most of these projects are in one way or the otitvemwithin the Swedish Iron and Steel
Association, in cooperation with several companidg projects include:

* Increased yield of metals from the slags by varimeshods;
» Stabilisation of slag;

» Slag as construction materials;

» The environmental impact of the slag;

* Eco-loop of slagetc

The institutes involved in these projects are nyainlled University and MEFOS, both
in Luled, and the Royal Institute of Technology ()Tin Stockholm. In total the
amount spent on these projects is approximately€9 With a high contribution from
the involved companies. To this should also be @dale R&D that is carried out
regarding slags within the different companiesisidifficult to get a figure for the
amount spent on these internal projects, butpradably also a very high figure. Most
of the R&D for other by-produci®,g sludges, dusts, mill scadtc, are also carried out
within the respective companies rather than in commrojects. This depends on the
fact that these materials are very often quiteetsiit between the companies or that
there is a relatively good solution for the by-pudd today, requiring a low need of
external or common R&D.

The main objective with all these on-going actestiis to decrease the disposition of
by-products. To reach this, the different projegtsshow the possible use of the slags,
the impact on the environment, the cost benefitubing these by-products instead of
other raw materialetc The plan is that all these activities will leanl & changed
opinion from the authorities, as well as the rddhe society, regarding the possibilities
in, and usage of, by-products.

Process control

As long as there has been a relatively small vialdbe by-products, there has also been
relatively little effort spent onthe process cohtor controlling the by-products. But as

soon as the by-products represent a high valuehdssbeen changed. The high value
can be direct, as a high income when putting thieema& on the market, or indirect, by

avoiding high costs for disposing or recovery bgding an alternative use for the
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materials. One good example is the process comtreh producing blast furnace slags.
By an increased process control in the blast fentes possible to produce both the
iron and steel, and the slag within specifications.

The more the usage of the by-products will be, higher will be the demand for a
process control for the production of these by-piot&l There will also be demands for
other raw materials used in the production of themary products. This will also have
an effect on the R&D for product development asl alfor process development. If,
for example, new alloying elements are introdudeelyt might have an effect on the
slag, the dust, the sludgetc If this is not considered from the beginning than
destroy the whole usage of the by-products.

Future possibilities

By working together in the R&D in the area of byepucts, we will be able to find
more examples of how to use these products in aeaffisient and environmentally
friendly way. Cost efficient means here both focheaompany but also for the society
in general. In Sweden we also have a lot to leaymfthe rest of Europe regarding the
use of by{products in general and especially tagssIThe other very important thing
for the future is to work more together with theharities in order to have regulations
that are accepted by all parties. If both thesegehare achieved, there will be a very
high possibility for an increased usage of the bgdocs. This will then give a low
demand for disposition, increased income for theganies and a low impact on the
environment.

Conclusions

In Sweden the usage of slags and other by-prodikmtsthe Iron and Steel industry is

rather low and different compared to the rest abfga. This means that much more of
the slags are disposed today compared with Euipeeusage is also different. There
are a lot of by-products (mainly slags) that in 8are go towards construction purposes,
just as in the rest of Europe. But in Sweden vétie lof the slags goes to the cement
industry. Instead a lot of the slags are used ag fermer, which does not seem to be
the case in most of Europe.

In Sweden there are very strict regulations regaydine usage of by-products. Usages
that are possible and even recommended in othentwes are in many cases not
allowed or demand a lot of work with permét in Sweden. Forthcoming regulations
and directives within the European Union will prblgachange this and increase the
usage of by-products in Sweden.

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 192



There is a lot of research going on in this figldSweden. The main focus is to ensure
that the by-products will be able to be used astraation materials. A lot of these
projects are run as common projects, with many h&f Swedish iron and steel
companies involved. The Swedish Iron and Steel éiagon is also very much
involved in many of these projects, as well ashm lbbbying for these materials.
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Abstract

Stony thermal residues such as metallurgical dlagsbottom ashes from waste incine-
rators are valuable substitutes for natural ressurin Flanders, their reuse is regulated
by VLAREA. This regulation mainly focuses on thevieanmental impact. In recent
years however, users and customers posed queatons the long term impact of the
reuse of slags and ashes. Parallel to the growirayemess, the European Commission
launched its strategy on the prevention and reogahf waste. The strategy aims to
replace the traditional holistic view on waste nggmaent by an approach that focuses
on applications and products. This asks for aroetdbd evaluation of the physical inte-
grity and environmental impact of the applicati@nsl products over their entire life-cy-
cle. In the present article we demonstrate how snobvaluation can be organised.

Introduction

In August 2003, the Flemish parliament voted therek on surface raw materials [BS
25.08.2003]. The decree defines the framework toecto a rational, sustainable ex-
ploitation of surface raw materials such as clandsand gravel in Flanders. The legis-
lator recognises that the natural resources aigetimFurthermore, competitive land-
use and stringent environmental exploitation resments limit the access to the natural
resources. To guarantee the availability of thes®ary resources to future generations,
both the exploitation and the use of the valualdeural raw materials have to be
optimised. One of the mechanisms to reach this igdalpromote the use of substitutes
in applications where it is technically and enviroentally feasible. The natural raw
materials can then be primarily preserved for highre application for which
substitutes are presently unavailable.

For example, secondary aggregates derived fromllorgiaal and incinerating proces-
ses can serve as substitutes for natural gravébasaénd. Optimising their reuse in
construction works hence will help to meet the gsat by the Flemish government. In
2008, the administration of Land and Soil protattiSubsurface and Natural resources
ordered an update of the inventory of the amousiags and ashes currently generated
and reused in Flandets.The inventory indicates that about 2.8 million goof
secondary aggregates are generated annually (TabElightly less than 2.4 million
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tons of these secondary aggregates are currentiyede In total 950.000 tons are
directly used as substitutes for surface raw nadseeixploited in Flanders.

In Flanders, the legal framework for the reuseemosdary aggregates is written out in
the Flemish Regulation on waste prevention and gement, in short VLARER) The
regulation mainly focuses on the environmental iualf the substitutes. In order to
qualify for reuse as a secondary raw materialcasgary aggregate has to comply with
stringent criteria with respect to the leachingld heavy metals: As, Cd, Cr, Cu, Hg,
Ni, Pb and Zn. Moreover, the concentrations of #gearganic pollutants have to be
below certain limit values.

Table 1: Overview of the current reuse of secondary aggregates as substitutes of
primary raw materials in Flanders."

Slag Production Reuse Clay/loam Sand Gravel Other
tonly tonly tonly tonly tonly tonly

Non-ferrous

Pb 150.000 76.000 45.000 31.000

Cu 151.000 151.000 80.000 40.000 31.000

FeMo 22500 17.000 16.750 250
Steel

LD slag 381.000 380.000 128.000 27.000 225.000

Stainless 330.000 230.000 75000 | 155.000

Others 1.200.800 | 1.126.300 2.800 1.123.500
MWI

Bottom ash 210.000 55.000 55.000

Fly ash
Power (E)

Bottom ash 46.000 46.000 46.000

Fly ash 285.000 285.000 8.000 277.000

The criteria for leaching were derived from an emgal model that estimates the
increase of the heavy metal concentrations in fipeetl m of a soil over a period of
100 years due to a (construction) work in whicloseary raw materials are usBd he
model directly relates the impact on the soil te &#mission of heavy metals from the
work. However, the emissions tell little about timpact of the work on the deeper sub-
surface and the groundwater. These impacts canbengssessed by taking into account
the chemical interactions and transport behaviduhe heavy metals in the soil. This
asks for much more elaborated models.

In recent years the regulator, the industry anatimsumers became progressively more
aware of the potential risks of the use of secondagregates that contain elevated
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levels of heavy metals. As a consequence, theyedtasking for more elaborated
evaluation schemes. This trend is clearly refleatethe increased use of geochemical
models for the actualisation of existing regulasiomith respect to waste management
and prevention. Also in Flanders, the VLAREA isremtly being adapted. Within this
context, a risk-based methodology that takes istount the impact on the subsurface
and the groundwater is used to define new |leactriteyia for secondary raw materials.

At the same time, industry is looking into the etfeof the use of secondary aggregates
on the long-term quality of their products. Indetide slags and ashes can have an
impact on the environmental and physical integafyproducts in which they are used
and their applications. The use of secondary aggesgin construction materials is a
relatively recent evolution. Producers and usetsnoflo not have the experience, nor
the appropriate tools to assess the potential fermg-impact. They are, however, well
aware of the financial and public consequencesfailiag application.

The fear for negative consequences on the longitenot imaginary. In 2004, the reuse
of slags and ashes in concrete has been contesgeetb @roblems with pop-outs. The
cases led to a series of negative articles in Inealspaperse(g Het Belang van Lim-
burg 2.11.2004 Het Nieuwsblad12.05.04). The fact that industrial residues hadnb
used, made people wonder about the risks that firesieict pose to both human health
and the environment. As these questions could earnswered at that time, producers
of concrete products became more hesitant to thslags and ashes. New regulations,
adapted measurement protocols and quality criteaia help to build confidence in the
use of secondary aggregates as substitutes faahaiw materials.

Waste management and prevention strategy

Since the publication of Communication 666 on 2X<ddber 2005 [COM (2005) 666],
the European Commission has been actively purshieglevelopment of a new the-
matic strategy on the prevention and recycling aétg. The strategy sets out guidelines
for action by the Member States and describes #ysvin which European waste mana-
gement can be improved. The main goal is to rethie@egative impact on the environ-
ment that is caused by waste throughout its lif@sgrom production to disposal, via
recycling. This approach means that waste is seenmy as a source of pollution to be
reduced, but also as a potential resource to bleieegb.

Waste management is big business in the Europe@anlUaince the publication of the
first Waste directive [75/442/EEC], the drive tcabeith waste in a rational and envi-
ronmentally sound manner has created various asiopportunities. The efforts paid
by companies put them ahead of foreign competos opened markets all over the
world. As a result, the European waste manage mamtrecycling industry gradually
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rose to an estimated turnover of over 100 billiemos in 2005, creating between 1,2
and 1,5 million jobs. Moreover, the recycling inthysis providing increasing amounts
of resources to the manufacturing industry. Formga at least 50% of the steel and
about 40% of the non-ferrous metals produced inEbein 2005 were derived from

recycled materiald.

In order to pursue the goals with respect to wastgention and to further optimise the
sustainable reuse of waste resources, the Commigsied a new framework Directive
on waste. The basic objective of the new diredsvio lay down measures with a view
to reducing the overall environmental impacts, tethto the use of resources, of the
generation and management of waste. For the sammopas, it also makes provision
whereby the Member States are to take measures mstter of priority, for the
prevention or reduction of waste production, arsdharmfulness and, secondly, for the
recovery of waste by means of re-use, recycling athgr recovery operations"
[COM (2005)667 Atticle 1].

The results of the new legislation should be lesslfilling, more and better recycling,
and more energy and compost production from waste.framework directive also sets
out a procedure to define boundaries for when demMaas been adequately treated and
should be considered a product. To determine whetheaste can be reclassified as a
secondary product or material, end-of-waste caterill be defined for specific waste
streams and specific applications. Stringent enwrental criteria will be set to reduce
the environmental risk and health impact of reusesoycling of waste. In addition, it
will also be necessary to set finess-for-use riaite ensure that the recycled products
can find a viable market. Such fitness-for-useeost could be derived from existing
CEN standards or other similar sour®es.

The implementation of the new waste directive deksn integrated, multi-disciplinary
approach to evaluate the technical and environrhegotaities of candidate secondary
products and substances and to set proper endsibwaiteria. The evaluation will
always start from a specific application. It wilhte to take into account all relevant
technical as well as the environmental and heskhas (Figure 1). In case the environ-
mental and health requirements associated witlptbeuct legislation are not enough to
control the risks associated with the secondargpety additional end-of-waste criteria,
e.g, limit values for pollutants or limit values ft@aching, will have to be defined.
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Product quality

Technical evaluation Environmental evaluation
Evaluate quality and stability Evaluate impact on soil, water,
over life-span of product or air and human health over
application life-span of product or
application
1
Meets product Meets health and environmental
standards? [~ standards of product legislation? ]
N N
Y Y
Evaluate limit values and Evaluate limit values and
boundary conditions to boundary conditions
guarantee technical quality for safe application
Use product technical Define material specific Use product legislaion Define addtional EoW criteria
standards as technical requirements and conditions as EoW criteria to guarantee safe application
EoW criteria of use as additional
EoW criteria
Technical requirements Environmental requirements

Figure 1: Schematic evaluation chart to set end-of-w aste (EoW) criteria

At the moment, specific end-of-waste criteria aeenly considered for the use of slags
and ashes as secondary aggregates. The use oflascaggregates is not without risk.

As discussed below, the properties of the seconaiggye gates can have a negative im-
pact on the technical qualities of the end-prodoctshe application. In addition, the

chemical properties of the secondary aggregatealsarpose risks to human health and
the environment. An elaborated evaluation of ea€hthese risks and a proper

understanding of the underlying processes is neamledsure safe reuse of the thermal
residues. This will also help to improve their gad@nce by users and customers.

In the next three sections, we give a brief ovewa how the impact of the reuse of
secondary aggregates in construction works andygtedan be evaluated. We do this
by means of three case studies.

Evaluation of the impact on technical properties

A well-known property of several secondary aggregas their swelling behaviour. In
case the swelling is too vigorous, it can negagiadfect the physical integrity of the
application. One of the most visible examples aihadge due to swelling are the so-
called “pop-outs” in concrete applications. Popsoate holes formed at the surface of
concrete due to pressure build-up around an aggregain. The underlying mechanism
can be physical or chemical. In general, pop-outs generated by three types of
processes:

1%'Intemational Slag Valorisation Symposium | Leuven | 6-7/4/2009 19¢



Frost damage: Water that penetrates pores witkigbregates can freeze. At free-
zing, water expands, causing stain in the condretecan lead to cracks and pop-
outs.

Physical processes: Many of the secondary aggre ate a heterogeneous compo-
sition>) They generally consist of a mixture of amorpharrgstaline and metallic
phase§’? The different phases have specific expansion icoefits. When the
expansion coefficients differ too much, large tenapure variations will cause strain
in the concrete matrix or within the heterogeneaggregates themselves that can
lead to cracks or pop-outs.

Chemical reactions: Most ashes and slags contaasgsithat are chemically reacti-
ve. Examples are amorphous glass and silica, metdi$ree lime. These phases are
unstable under atmospheric conditions. They digsotvare gradually transformed
into more stable phases, often oxides and hydrexidemost cases the reactivity of
the unstable phases is even further increased éyigh alkalinity within the con-
crete. As a result, the unstable phases will reditt cement paste. The interaction
can lead to an increase in volume or the formatiomew, expansive minerals. Both
alkali-silica reactions and the formation of expaaesminerals such as ettringite,
thaumasite and hydrocalumnite have been descritmed doncrete blocks in which
slags and ashes have been usedther expansive reactions that can be triggered
by the use of slags and ashes in concrete areddlatthe hydration and carbonation
of free lime and magnesium oxide, and to the okdadf metallic particle8§.

Standard expansion tests can be used to measuesgtiesive behaviour of secondary
aggregates. These tests, however, do not gve nidoon about the underlying
mechanisms that cause the expansion. Knowing tineshanisms may help to define
the conditions under which the aggregates can fedysased. The type of secondary
aggregate and the application will, to a large mbtdetermine which tests are needed to
study the mechanisms that may cause expansionciidiee of the tests will strongly
depend on the expansive processes that are li&agdur when a certain type of slag or
ash is used (Table 2).

Table 2: Potential causes of pop-outs in concrete made w ith MWI-bottom ashes.®

Process Risk Remark Tests
Frost damage Moderate | Porous grains NBN TS 12390-9, petrography
Physical strain Low Metallic particles Swelling, petrography
Free lime & MgO Low NBN EN 1744-1, swelling
ASR Low Amormphous glass RILEMTC 106-1, petrography
Ettringite a.o. High Related with oxidation | NBN EN 1744-1, petrography
of Al
Oxidation of metals High Al and to lesser extend | Chemical (not nomalised),
Fe and Zn petrography
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Knowing the mechanisms that may cause expansieasiential to assess the physical
integrity of an application over time. Moreovercén help to define quality criteria for
the secondary aggregates and to delineate thetmorsdunder which the concrete pro-
ducts can be used safely. Figure shows images &gmtrographical study of MWI
bottom ashes used in concrete blocks. The studgtgzbbut that in this case metallic
aluminium was the main cause of pop-outs. Oxidatibaluminium sets free Al that
interacts with Ca and S from the cement paste tm fettringite and similar hydro-
silicate phases. Both the oxidation and the foromatf hydro-silicates will result in a
volume increase that can cause pop-outs and cfaikse 2).

After we identified aluminium as the main causstsewere set up to study the impact
of pop-outs on the compressive strength of therevadlocks. This test program was
defined in such a way that we could also use tbealt® to determined the critical
amount of Al in the blocks. As the formation of popts under normal conditions typi-
cally takes months to years, VITO developed an gagimocedure to accelerate the
process. The blocks are partly submerged in watérhaated to 80°C at 100% relative
humidity . Under these conditions, pop-outs are lisf@med within 1 to 2 days.

Figure 2 : Ettringite formed at the surface of aluminiumgrain in a MWI bottom ash.

Concrete blocks were prepared that contained éifttamounts of Al. The blocks were
subjected to accelerated aging. The test showedkacritical amount of Al in the
bottom ashes varied between 1 and 2.4% dependinlgeosize of the Al-grains. Below
the critical Al-content, no pop-outs were obserMdaasurements of the compressive
strength after 7, 14 and 90 days showed no clgaelation with the amount of Al in
the blocks. These observations allowed us to defimémal quality criteria for bottom
ashes to be used in this particular application #mdevelop a procedure to test the
quality of the bottom ashes at entrance of therebadactory.
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Figure 3: Cracks formed due to the expansion of elemental aluminium. The expansive
reaction was accelerated by partial submersion of the concrete samples in water at a
relative humidity of 100% and a te mperature of 80°C.

Evaluation of the impact of the environment

Driven by European framework directives on the @ation of the soil [2004/35/EC]
and groundwater [2006/118/EC], new approaches a@rgyliested to assess the impact
of the reuse of industrial stony residues on theioua compartments of the
environment. These approaches bear on chemicalrangport modelling. The last 15
years significant progress has been made in thelajement of advanced models that
allow simulation of chemical processes and trartsploenomena in both the application
and the soil.

In general we can discriminate between three tybhesodels. The first group are semi-
empirical process-based transport models sudhitmogmethodiekVITO), HYDRUS
and PEARL? The second group consists of geochemical spetiatiodels. Examples
of this group are PHREEQC and ORCHESTRAT he third group consists of coupled
geochemical and transport modéls, HP-1, PHT3D:: 2

Models of the first two types are frequently usedeigulatory studies.e. the deduction
of new leaching criteria for secondary raw matsrial Flanders. In these cases, it is
very important to know the limitations of the modisled. Contrarily, the third category
is better suited to study long-term effects of céemp applications. Coupled
geochemical and transport models can also be usedssess the impact of an
application under varying boundary conditiorsg. changes in redox conditions or
changes in the ionic strength of the soil pore wite
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Figure 4 : Schematic top view of the lysimeters used by VITO to study the impact of
heavy metal leaching from secondary aggregates on soils and ground w ater. The study
is partly funded by the Research Committee of the Grindfonds (project OC/GF/08-06).

The European standard EN 12920 defines the metbgdaohat should be used when
applying models to assess the long term impachdapgplication of industrial residues
in a work on the long term. An important preregeiss that the model has to be valida-
ted against pilot or field tests. Field tests, hegveare complex and expensive to set up.
As an alternative, field conditions can be simuate large lysimeters (Figure 4).
Lysimeters allow detailed analyses of the pore wabel the soil conditions. They also
have the advantage that the boundary conditionbeatcurately controlled.

Evaluation of the impact on human health

In 2004, the observation that secondary aggregaees used in concrete raised ques-
tions about the health risks of such applicatioksthat time, objective information
about the possible health risk was very limitederehwas, and still is, even no clear-cut
methodology available to assess this risk. Suclethadology is indispensable to prove
that the applications are safe. The Research Cdeendf theGrindfondstherefore
launched a project to develop a sound methodologyssess the potential health risks
of the use of secondary raw materials as substitistegravel in construction works
(projectOC/GF/07-02).
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The potential risk is related to the amount of lyemetals in the applications, the toxi-
city of the metals present and the way people gesed to them. The amount of heavy
metals in the application varies with the type #nel amount of secondary aggregate
used. Limit values for exposure to toxic substanaes derived from the Belgian
regulation for the protection of employees (ARAB)daEuropean regulations on the
protection of health, the environment and on qigalibf products used in construction.

Table 3: Existing and potential applications of secondary gravel substitutes in
construction works (Grindfonds project OC/GF/07-02).

Slag Ready mix | Concrete - Concrete Asphalt Unbound
concrete roads & elements & applications
infrastr. blocks
Non-ferrous
Pb-slag -(+%) - -
Cu-dag - + + - -
FeMo-slag - + + - -
Steel
LD slag - + + - +
stainless - + + + -
MWI bottom ashes - + + - +
E bottom ashes - + + - -

*possible but of secondary importance

An essential element in assessing the healthgigke way people can become exposed
to the toxic elements present in the applicatiar.this purpose it is important to iden-
tify the possible exposure routes. This must beedon each application individually.
The starting point for this exercise is a matrigtteummarises all existing and potential
applications of secondary gravel substitutes irstmction works (Tabl8). In the next
step, the life-cycle of the application is examinedrder to identify all processes that
could lead to exposure of humans to heawy metaishifthis context it is essential to
know how the heavy metals can be set free and hew ¢an become dispersed over the
different environmental compartments.

Exposure of humans to the dispersed heavy metalbealirect or indirect. Examples
of direct exposure are inhalation of fine dust jgkes from the air, drinking of contami-
nated water and swallowing of soil particles. Iadirexposure can occur in case the
heavy metals enter the food chain. From a toxicol gpoint of view, it is also impor-
tant to discriminate between the ways of expostine. health risks of inhaling or swal-
lowing dust patrticles is not the same. Indeed,gheicles enter the body in a different
way and consequently will affect other organs.
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To identify all possible exposure routes, each mppdn is described in detail. The first
step is to describe all processes that, over thefian of the application, can lead to
exposure. In the next step, the conditions undéchwiine processes take place are defi-
ned. This includes a full inventory of the workiognditions, the time of exposure and
the risk mitigation measures that are or can bertakinally the persons that are expo-
sed during each of the process are identified.

70000 |—inhaeerbare fractie|

10:42h start zeven en breken
11:42h stop zzvenenbreken, deur
60000 open

14:22h start zeven en breken
15:23h stop zvenenbreken, deur
open

50000

40000

30000

stofconcentratie (ug/ms3)

20000 A

L
8/03/2007 8/03/2007 8/03/2007 8/03/2007 8/03/2007 8/03/2007 8/03/2007 §03/2007
10:00 11:00 12:00 13:00 14:00 1500 16:00 17:00

Figure 5: Example of dust measurements of a worst-case exposure scenario during
the saw ing of concrete blocks in a test chamber.

The exposure routes are then used to set up aisgnaptd modelling program. To run
the models, select measurements of the magnitutieeoéxposure must be performed
(Figure 5). The experiments can be done in tesinsoor in situ. Test rooms are suited
to simulate simple processes, to create worstsm@E®arios or to conduct measurements
that are for practical reasons difficult to perfotmsitu measurements are necessary in
case of complex processes that can lead to vaexussure routes or that affect several
groups of persons in a different way.

Conclusions

In Flanders about 2.8 million tons of secondaryraggtes are produced each year.
About 2.4 million tons of these secondary aggregjate being reused. In total, 950.000
tons are directly used as a substitute for graaaid, loam or clay.

In Flanders, the reuse of secondary aggregatesassaitute for sand and gravel in con-
struction works or building products is regulatgd VA AREA. This regulation mainly
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focuses on the environmental quality of the sulis#t#. However, due to negative
experience with a few applications, users of tlewséary aggregates as well as their
customers have posed questions about the longd#etis and health risks associated
with the use of these industrial residues.

Parallel with the growing awareness of users arstiotners, the European Commission
pursues a thematic program to improve its wasteaggament policy. The thematic stra-
tegy on the prevention and recycling of waste vaasdhed in 2005. It aims at replacing
the traditional holistic view on waste managementab approach that focuses on indi-
vidual applications and products. This asks foelatorated evaluation of the physical
integrity and the environmental impact of the apgilons and products over their entire
life-cycle.

The implementation of the new waste policy asksaforintegrated, multi-disciplinary
approach to evaluate the technical and environrhguiaities of candidate secondary
products and substances and to set proper endsiteveateria. An evaluation will al-
ways start from a specific application, and wilveao take into account all relevant
technical as well as the environmental and humaaitinéssues. A variety of measure-
ments, tests and models will have to be combinedriter to evaluate the long-term
impact of the application or product on human Heafttd environment, and to define its
long-term technical integrity. As is shown by theses discussed above, the tests can
also be used to set adequate criteria for reuse.
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Non-ferrous Slag Valorisation at Umicore: an Overvi  ew
and a Visionary Outlook

Stijn FOERIER and Maurits VAN CAMP
Pyrometallurgical Competence Center, Group R&D, Umicore, Kasteelstraat 7, 2250
Olen, Belgium

Abstract

In today’s world, the awareness towards the enwmemtal effects of industrial
operations has grown tremendously. In Umicore’'sciBus Metals Refining facility,
located in Hoboken, Belgium, 300.000 tons of a clemprecious metals feed are
processed annually to recover 17 different met&khough the main purpose of our
activities is the valorisation of the feed in terofsprecious metals, the complexity of
the feed gives rise to different outputs. Theselmwrlassified as precious metals, base
metals, chemicals and slags. The slag is a FeO&l@slag, produced at the lead
blast furnace. Due to the complexity of the feethtaf trace elements are collected in
this slag. Since this slag is used as an aggrégateoncrete applications, continuous
care has to be taken regarding its environmenthbwieur. Our slags fulfill all
necessary legal requirements including environnheapglications and I1SO certificates
to be used in concrete applications.

Next to that, Umicore has committed itself to atamsble development strategy,
aiming to make its economic, environmental and aoobjectives coherent. This
strategy was translated in a sustainable developragreement, signed in 2007,
explicitly stating that continuous improvements widdoe sought to improve Umicore’s
environmental performance. As a consequence, amaadwas developed which
enables us to valorise our slags in an environrfignfaendly way. Apart from
supporting the current slag application as concreesv routes are explored. These
include the minimisation of the amount of produsks, enhancing the stability of the
produced slags to lower the metal losses and istrgdahe metal recovery efficiency
from slags, recovering heat from the produced sldgveloping new metallurgical
processes to reduce the metal losses, aligningitheess operations with our “closing
the loop” philosophy and continuously search fow repplications. From a political
point of view, we try to put slag valorisation ohet funding agenda of different
agencies, for example through joint programs.
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In 2000 slag producers and processors in Europee ltmme together to form
EUROSLAG, the association of organisations and comgs concerned with all aspects
of the manufacture and utilisation of slag products

—_ 0>

Seeks to

* Promote and develop the utilisation of slag inaglpropriate situations;

* Ensure slag products are made by the best pogsitesses using suitable quality
control testing and inspection procedures giving liilghest level of consistency of
performance;

* Provide and encourage communication between sladugers and processors in
different countries such that technical advancesbeamore readily understood and
adopted by the whole of Europe;

» Co-ordinate technical working parties and reseanld development into slag
processing and use;

* Bring together people from both the supply andsatilon side of the industry to
foster a greater understanding of slag and itsflbene

* Provide a co-ordinated approach to European Stdisddion.

The bodies eligible for EUROSLAG membership are
National organlsatlons which are representativeébeproducers and/or processors
of slag from the iron and steelmaking industryhgit country;

* Individual companies significantly involved in proxtion, processing, marketing
and/or selling of slags, as far as they are natessgnted by national organisations;
» Associated members.

Contact.www.euroslag.org; Bininfo@euroslag.org
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