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The Fines2EAF project aims to increase the value of Electric Arc Furnace steelmaking residues by their

internal recycling and reuse in form of cement-free briquettes. The project sustainability for a profitable
fines’ recirculation pass through the conservation of steel and slag quality in terms of chemistry, physics
and eco friendliness. To do this, industrial trials have been conducted by the charging of self-reducing and
slag-former briquettes made by primary and secondary fines materials. Several slag samples supplied from
three different European EAF steel shops have been analysed. The specimens have been characterized by
XRF, XRD and SEM to thoroughly define their crystallography, morphology and microstructure. The com-
parison with the corresponding reference samples (i.e., slag produced without the fines recirculation) also
allowed to highlight the differences present. Leaching tests have been conducted on reference and bri-
quette-added slag according to EN 12457-4 standard to assess the compliant with the local environmental
regulation. The obtained results highlighted that the slag obtained using cement-free briquettes made by
steelmaking fines exhibits crystallographic and morphological properties very similar to the reference
samples, with limited differences attributed to slag and scrap feedstock intrinsic heterogeneity. No rele-
vant increase in the leachate concentration could be detected when compared to reference samples and
the influence of raw-material fines recirculation into the EAF could be considered at worst negligible, if
not positive for some elements like Ba (—22.86%), V (—13.19%) and W (— 14.83%). Considering all the
analyses performed, no adverse effect on slag quality could be detected.

KEY WORDS: cement-free briquettes; EAF slag; leaching behaviour; side-stream materials; LF-slag; spent

refractories; recycling.

1. Introduction

The steelmaking sector is a pillar of industry and eco-
nomic development on a global scale, and its proliferation
is intimately linked to a growing and successful economy.!?
As a result of the increasing request of metallic materials
on the global scale, the production of steel has grown con-
tinuously during the years, and with it the environmental
impact of this industrial sector.” The steelmaking industry
is one of the largest on the planet due to favourable material
properties like strength, durability, workability, and cost.”
Moreover, iron and steel, can be considered green materials
to all intents and purposes.” Steel production is 15 times
greater than the production of all other metallic materi-
als.® While being one of the largest and most fundamental
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industries on the global scale, steel production is also well
renowned for its negative impact on the environment.”

During the last few decades, the EU steelmaking indus-
tries have increased their attention to the by-products
recovery and increased their quality, not only focusing on
the technologies available at the time but also developing
new options for future applications in order to reduce the
environmental impact and promote resource savings always
aiming at the zero-waste goal.®)

One way to increase the sustainability of the steel indus-
try, not only on a European level, is the saving of primary
raw materials and the costs related to the traditional disposal
of the by-products of steelmaking and steel working (land-
filling). This was also encouraged by the increase in landfill-
ing costs and growing stringent regulations and initiatives
in the EU for what concerns the reduction of steel industry
environment impact.”'?
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The two main routes followed by the countries which are
more active in protecting the environment from steel mills
co-products are the development of new ways to reduce the
emissions (solid, liquid, gaseous) and the valorisation of the
by-products following a zero-waste philosophy.'®!!

The solid wastes that are generally produced during
steelmaking are composed of slag, dust, sludge, and mill
scale produced among during metallurgical operations,
metal working and emission reduction processes.'? The
main disposal route is landfilling but this has proved to be
poorly efficient due to the growth in steel production and
the subsequent increase of waste generation. In particular,
steel slag represents the major solid waste produced by a
steelmaking facility and it can contain quantities of heavy
metals, metalloids, alkalis, and anions that can be released
in the surrounding environment.?

With the aim of maximizing the internal recovery of
secondary raw materials from steelmaking wastes and sav-
ing production costs linked to the landfill disposal of waste
materials, the European Union financed the Fines2EAF
project through the RFCS (Research Fund for Coal and
Steel) program.'” The aim of the project is to investigate
how and which by-products can be profitably recirculated
inside the EAF process itself as well as evaluate the effects
of internal recycling of fine residues from EAF steelmaking
onto the process performances and the quality of steel and
slag. This is pursued in order to increase the intrinsic value of
the by-products, stimulate the efficient use of resources, and
possibly generate revenues via reducing the employment of
virgin raw materials in the production cycle and the landfill-
ing operations that are normally required to dispose of the
by-products. To achieve these goals the path of reinsertion in
the production cycle of primary and secondary raw material
fines by formulation of cement-free briquettes was selected
and investigated. Briquette formulation is potentially a reuse
route that permits to exploit the co-product on site, reduc-
ing costs for disposal or transport of the co-products, also
reducing the indirect CO, connected to these operations.
Moreover, no modification of the EAF plant layout would
be necessary in order to exploit the by-products that can be
prepared by simple presses situated in the shops. The choice
of cement-free briquettes was made in order to reduce the
quantity of water present in each briquette (decreasing risks
of damage in the EAF), reduce the amount of SiO; in the slag
and avoid the need for expensive modifications to the steel
shops layout. In addition, cement-free briquettes do not need
of long period of curing under controlled atmospheric condi-
tions, and thus, this maximizes the payload of each briquette.

In order to evaluate the sustainability of the project,
one of the most important aspects is that the recirculation
of fines materials and by-products into the EAF does not

been investigated to come to the definition of suitable
recipes to obtain satisfactory cement-free briquettes in
term of mechanical and metallurgical properties.'>!¢18)
The most promising formulations, in accordance with the
need of the industrial partners took part in the project, were
experimented through industrial trials. The most of these
side-stream materials are waste or by-products obtained
because of the whole steelmaking process within the steel-
shop. In the case of grinding sludges, they are supplied
from a third company that machines the products of shop
A. An extensively characterization of the materials utilized
for manufacturing the self-reducing briquettes employed
in the shop A is published elsewhere.'® Furthermore, the
main properties of LF slag and spent refractories employed
in slag-former briquettes are reported in the recent publica-
tion of Abdelrahim er al.'® Thus, the effects of briquette
recycling on steel slag have been researched conducting
analyses on slag specimens obtained from three steelmak-
ing shops which carried out the trials. Each plant adopted
different strategies for the use of the briquettes to better
identify if the substitution of raw materials can influence
the slag behaviour.

Steel shop A is specialized in the production of special
steel long products and it is an important supplier of cold
finished products. Steel shop A conducted trials focused on
the use of self-reducing briquettes that could, through the
re-incorporation in the production cycle, increase the steel
yield through reduction of by-products that have been oxi-
dized during the production steps. In Table 1 are reported
the recipes that have been concocted to reach this objective
and have been proven to possess sufficient mechanical and
stability properties to allow a safe storage and handling.

In steel shop B and C, the trials have been focused on
the investigation of slag forming briquettes in order to sub-
stitute virgin slag formers reducing the emissions linked to
their production and the magnitude of landfilling required
per steel heat. In Table 2 are reported the various recipes
that were employed. More specifically, steel shop B is spe-
cialized in concrete reinforcing steel bars production while
steel shop C has the capability to cover both the production
of high-quality and special steel grades for the automotive
industry and its subcontractors, seamless pipes and tubes,
as well as concrete reinforcing steel thanks to the two full
equipped steel mills active in the same site.

2.2. Charging Profiles
Steel shop A performed a total of 12 heats in two sepa-
rate trials to obtain reference specimens (without briquette

compromise the quality of both steel and slag. In particular, Table 2. lﬁem%es ?if éh(e Sla%‘/ )formmg briquettes tested in steel
the final properties of the slag must be kept as constant as SA0p B and & (massvo).
possible in order to exploit their exceptional performances , ] Ladle  Spent .
as replacement of natural stone materials without harm to Recipe Binder slag  refractories Starch Fibers Water
human health and environment. In particular, the recircula- MH 31 R/6 Wheat starch 85,6 3 oo 3
tion of fines in form of briquettes must not modify the leach- cat stare : - : : :
ing behaviour of the slag and, to a lesser extent, its chemical MH31 R/4 Wheatstarch ~ 91.7 - 37 09 3.7
composition. For this reason, a survey of the 6134ffle§t of fines MHS2B  Potato starch  69.3 20.8 36 09 54
reinsertion on the slag quality is fundamental.™
MH 52 B/4 Potato starch ~ 46.4 46.2 3.6 0.9 2.9
2. Experimental Procedures MI31 R  Wheatstarch  53.1 38.5 7.7 0.77 9.9
2.1. Materials and Briquettes Mis2c T Otat?”}:heat 534 38.7 78 02 101
Along the project, several side-stream materials have stare
Table 1. Recipes of the self-reducing briquettes tested in steel shop A (mass%).
Recipe Binder Oxycutting fines Combustion chamber Grinding sludges Carbon powder Binder Water
CC Sugarcane molasses 40.9 40.9 - 15.25 3.0 <3
MA Polymeric 34.5 - 46.5 13.40 1.4 4.2
2611 © 2022 ISIJ
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addition) and slags obtained by addition of the MA and
CC recipes in the EAF. However, since steel shop A mixes
the slag in the slag pit every three sequences of heats, the
samples that will be further characterized by SEM and by
leaching test are only two per trial, labelled B for trials and
R for reference, respectively. Table 3 summarizes all the
information relative to the charging operations performed
in shop A.

Steel shop B, in which slag forming briquettes were
tested, produced 9 slag samples during two trials with dif-
ferent quantities and recipes of briquettes employed per
heat as highlighted in Table 4. The slag is tapped into a pit,
excavated and collected in containers, where finally samples
were taken for investigations.

Steel shop C conducted two trials as well for a total of
29 heats and the same number of slag specimens. The effect
of briquette addition was tested on the production of con-
struction steel (C1 specimens) and high-quality steel for the
automotive industry (C2 specimens). This shop also pres-
ents the peculiarity of performing a stabilization treatment
on steel slag after the pouring operations in the slag pits.
This leads to a generally better behaviour if compared to
the other shop due to a modification of the crystallographic
components of the slag generated. The charged quantities
for each performed heat are summarized in Table 5.

2.3. Slag Characterization

available.

In order to perform XRD analysis the samples were
grinded at a size below 100 um in a 100 ml zirconia grind-
ing jar with a total mass of 100 g zirconia balls at 250 rpm
at intervals of 5 min in order to avoid powder compaction
in the jar. XRD analyses were performed by means of a
Rigaku SmartLab SE equipped with copper tube (Cu Ko
radiation, A= 1.54 A) in 9-9 Bragg-Brentano configuration
scanning the sample from 5 to 90°29 at 1°/min, 0.02° step
size and collecting the diffracted beam by a 1D D/TexUltra
250 detector with XRF suppressor filter. The sample was
rotated at 30 rpm to minimize the texture effect. SEM analy-
sis was performed by means of a Field Emission Gun SEM
(FEG-SEM) Zeiss Sigma 300 equipped with Inca Oxford
Ultim Max 65 EDS probe on slag fragment moulded in an
araldite-base resin, polished and sputtered with Au to grant
the conductivity necessary for imaging. The leaching behav-
iour was investigated following the procedures described in
EN 12457-4:2002 standard on non-finely ground materials
(0.063 mm < d < 10 mm). A test portion was prepared
by placing 0.090 kg of slag in a 1 000 ml PE bottle with
0.900 kg of deionized water (liquid-to-solid ratio = 10
I/kg) and rotating it for 24 h at 10 rpm. After the test, the

Table 5. Charged materials for steel shop C.

The specimens obtained have been characterized by erats d Briquette Chtafg,ef Spelcgne“
X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD) and performed  recipe matenia’s
Scanning Electron Microscopy in Back-Scattered Elec- Ist trial
trons mode (SEM-BSE) coupled with Energy Dispersive , wisig 1000 kg dolomitic lime + CLRL
Spectroscopy (EDS) analysis in order to gain information 0 kg briquettes
regarding the chemical composition, the mineralogy and the o
microstructure of the slag. Moreover, leaching tests have 4 MI3IR L 00(5) é‘ogkdoi)omltlc lime + Cl-BI
been performed to evaluate the leaching behaviour of the g briquettes
specimens and the effects of fines recirculation. Average 4 MI 800 kg dolomitic lime +
. o . X 31 R . C1-B2
chemical composition, by XRF technique, was supplied 500 kg briquettes
directly by the steel shops A and B and measured by the 500 ke dolomitic lime +
specific internal procedure. Data for steel shop C are not 4 MI3IR 500 kg briquettes C1-B3
5wk Ofbiielnes o,
Table 3. Charged materials for steel shop A. ’ £onq
2nd trial
Heats performed Briquette recipe ~ Charged materials  Specimen ID .
- 5 MI 52 C 1 000 kg dolomitic lime + C1-R2
Ist trial 0 briquettes
3 - tandard d A-R1 itic li
standard procedure 4 MI52C Ozkg(;iooifmﬁtfc '”Se + Cl1-B4-2
3 cc 5000 kg of briquettes ~ A-Bl g briquettes
ond trial 5 MI 31 R 1000 kg dqlomltlc lime + C2-R
0 briquettes
3 - standard procedure A-R2 , VI3l R 0 kg dolomitic lime + .
3 MA 5000 kg of briquettes A-B2 2 000 kg briquettes
Table 4. Charged materials for steel shop B.
Heats performed Briquette recipe Charged material Use of the briquettes Specimen ID
Ist trial
1 - - standard charge (900 kg CaO + 300 kg dololime) B-R
1 MH 31 R/6 500 kg as additional charge (+900 kg CaO, +300 kg dololime) B-B1
1 MH 31 R/6 1000 kg as replacement of dololime (+900 kg CaO) B-B2
1 MH 31 R/4 500 kg partly replacement of lime (+700 kg CaO +300 kg dololime) B-B3
1 MH 31 R/4 500 kg partly replacement of lime and dololime (+800 kg CaO +250 kg dololime) B-B4
2nd trial
1 MH 52 B/4 500 kg partly replacement of lime (+700 kg CaO +300 kg dololime) B-B5
1 MH 52 B 500 kg partly replacement of lime and dololime (+800 kg CaO +250 kg dololime) B-B6
1 MH 52 B 500 kg replacement of dololime (4900 kg CaO) B-B7
1 MH 52 B 1000 kg replacement of dololime (4900 kg CaO) B-B8

© 2022 1SIJ
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solution was vacuum filtered using 0.45 ym membrane
filter and the leachate was analysed by means of the ICP-
OES spectroscopic technique (Induced Coupled Plasma
Optical Emission Spectrometry) in order to determine the
concentration of leached elements and compare such val-
ues with the threshold values fixed by the regulations of
the respective producing countries of the slag specimens.
The concentration of each element in the leachate (x) were
elaborated to quantify the percentage variation from refer-
ence values (R) by means of Quantile-Quantile plots method
(Eq. (1))."” The shift of the distribution apex was calculated
to statistically evaluate the effects of briquettes addition on
the slag leaching behaviour compared to the refence slag.

.. X—
Variation % =

3. Results and Discussion

The chemical composition, mineralogy and microstruc-
ture of the slag relayed by the analyses are in good agree-
ment with the reference specimen values. In the following
paragraphs the comparison among these salient parameters
is presented. Every comparison must be intended between
reference and briquette-added samples within the same steel
shop and the same set of heats.

3.1. Chemical Composition

From a chemical point of view, the slag obtained after
briquettes loading are in good agreement with the refer-
ence samples obtained following the standard production
procedure (Tables 6, 7). A slight reduction in iron oxide
concentration was observed for the A slag samples when CC
briquettes are charged (Fig. 1(a)). The use of self-reducing
briquettes seems able to reduce the oxidation of the slag, due
to their reducing capability, while increasing the amount of
available lime into the slag. This is reflected in the phase
arrangement and morphology, as will be seen later. The
same trend is visible for the most of B slag samples (Fig.
1(b)) with few exceptions (i.e., B-B4).

In this case, this effect seems more related to a dilution
effect promoted by the recirculation of LF slag and refrac-
tories, that notoriously are free of oxidized iron. Still in B
samples, the SiO, and CaO concentration appears slightly
higher than the reference. This is again associated to the
recirculation of LF slag and spent refractories into the EAF
that allows a higher availability of SiO, and CaO. To better
visualize this effect, the LF fraction of the briquettes share
ratio to the slag-former materials addition was calculated
(Eq. (2)) and presented in Fig. 2. Unfortunately, the analysis
was possible only for shop B slag samples, since for shop A
samples briquette share ration could not be calculated due to
a lack of the virgin raw materials amount used for the trial

Table 6. Comparison among the average chemical composition of the 12 heats (one is missing) performed in steel shop
A (mass%).
Heat SiO, FeO AlLO; CaO MgO MnO Cr,0; P,Os V,0s K,O Na,O Other' Slag sample

Ist trial

1 7.41 4233 576 2537 491 540 247 030 022 000 0.07 576

2 9.11 3927 593 2563 534 643 254 037 026 000 0.08 5.04 A-R1

3 8.07 3833 737 2635 550 693 243 031 022 000 0.06 443

4 6.45 4022 497 2943 513 598 1.70 030 0.22 0.00 0.05 5.55

5 1090 3429 490 3008 505 621 173 031 023 001 0.06 6.23 A-Bl1

6 10.17 2830 6.47 3579 560 694 189 044 0.18 0.00 006 4.16
2nd trial

7 771 4484 463 1967 6.2 795 337 029 028 0.0l 0.10 503

8 794 4373 568 1947 626 806 3.14 028 0.26 000 0.10 5.08 AR

9 6.81 4641 4.60 1980 6.13 787 3.02 027 028 0.00 0.10 471

10 723 4485 528 1955 6.57 839 334 026 029 000 0.10 4.14 A-B2

11 620 48.58 4.16 1846 6.18 781 283 023 029 000 0.09 517

'Ti0,, SO;, SO, Zr0,, BaO, NiO, CuO, ZnO, PbO, HfO,

Table 7. Comparison among the average chemical composition of the 9 heats performed in steel shop B (mass%).

Heat SiO, Fe,03 ALO; CaO MgO Mn;O4 Cr,0; P,Os V,0s K,O Na,O Other'  Slag sample

Ist trial

1 13.11 4140 1344 21.11 587 5.16 3.01 035 012 003 022 120 B-R

2 1798 36.24 12.81 2355 539 455 2.04 030 0.09 006 030 124 B-B1

3 17.25 34.64 1505 24.16 541 471 197 029 0.12 0.04 024 129 B-B2

4 1246 47.05 1339 2045 576 482 1.94 030 008 003 0.16 1.08 B-B3

5 16.54 37.69 12.16 22.78 5.68 4.92 225 030 0.09 0.05 0.26 0.92 B-B4
2nd trial

6 1636 3791 13.01 2459 521 496 251 056 0.15 0.07 036 1.23 B-B5

7 13.8 42,65 1035 2381 724 550 259 028 0.19 0.03 023 0.99 B-B6

8 16.69 36.47 13.04 2498 6.09 5.65 250 043 0.14 0.04 0.21 1.17 B-B7

9 1593 41.17 1332 2342 553 492 2.18 038 0.13 0.04 023 124 B-B8

'Ti0,, SO3, SO, Zr0,, BaO, NiO, CuO, ZnO, PbO, HfO,
2613 © 2022 ISIJ
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(Online version in color.)

®Si02 ©Fe203 ©Al203 ©Ca0 © MgO Table 9. SEM-EDS general chemical composition of steel shop B
50 | - slag surface (mass%).
Kas k
fao > Slag ne Al Si ca Ti Cr Mn Fe  Ba
E 35 i °e ¢ sample &
o0
=30 Ist trial
€25 o e % ~ .
S ¢ e B-R 390 11.32 11.78 19.82 0.53 3.59 5.44 4330 0.36
® °
£15 & . o e~ B-Bl  4.64 1141 1411 23.09 050 228 3.97 40.00
0110 'Y
g 5 7[ | B-B2 482 1428 17.21 27.85 0.80 2.28 5.88 26.90
0 B-B3 426 17.05 1343 28.04 0.88 2.79 6.22 26.50 0.80
0 10 20 30 40 50
LF slag fraction in briquette share ratio [mass%] B-B4 475 1227 1519 2494 047 232 494 35.00
Fig. 2. Qualitative effect of LF slag fraction on the average chemi- 2nd trial
cal composition of shop B slag (mass%). (Online version in B-B5 6.40 13.66 13.63 31.00 0.75 4.15 7.35 2295
color) B-B6 3.77 1091 1612 29.77 043 036 473 33.89
) o B-B7 5.17 12.86 1549 34.6 0.72 232 6.55 2231
Table 8. SEM-EDS general chemical composition of steel shop A
slag surface (mass%). B-B8 323 10.62 10.65 22.54 0.37 225 4.99 4535
Slag  \io Al Si Ca Ti V. Cr Mn  Fe
sample Table 10. SEM-EDS general chemical composition of steel shop
Ist trial C slag surface (mass%).
A-R1 393 348 3.03 17.79 0.16 0.16 4.61 8.68 58.06 SaSrlr:lagle Mg Al Si Ca Ti v Cr Mn  Fe
A-B1 571 847 542 29.69 039 0.10 293 9.17 38.12 p
2nd trial Ist trial
AR2 373 804 713 2166 043 — 202 69 501 CI-R1 336 7.63 2239 2136 047 - 2.89 592 36.00
AB2 383 673 599 1954 045 — 268 739 5338 CI-B1  4.04 6.06 1998 32.83 047 0.17 2.11 6.40 28.25
Cl-B2 483 740 20.75 2833 045 - 294 6.44 29.00
CI-B3  4.03 690 29.03 2524 049 022 3.04 6.68 24.13
tests, while the natural chemical composition of the shop C CI-B4 413 886 2400 2660 059 020 305 740 2500
samples is unforecastable modified by the quartz addition
during slag tapping. 2nd trial
LF faction = CI-R2  3.11 790 2137 2191 0.59 0.08 4.82 7.40 32.84
in briquettes Cl-B4-2 341 5.14 19.28 30.17 0.41 0.10 1.56 8.58 31.29
share ratio
[ ] ) L (2) C2-R  4.01 5.65 19.70 29.29 0.26 0.11 2.17 7.18 31.49
LF fucion lmass%1- Briquette amount [kg] C2-Bl 262 1091 2401 2124 073 0.10 2.54 600 3193

in briguettes

/100

slag former materials[kg]

From Fig. 2, it is possible to see that the amount of LF
slag circulated as briquettes in the EAF of the steel shop
B contributes to a decrease in iron oxide and a parallel
increase in CaO, SiO, and Al,O;, too. MgO concentration
remained quite constant, and this is another significative
aspect because the right saturation in MgO is fundamental
to avoid fast refractory corrosion.?”

The same conclusions can be stated by observing the
general chemical composition of the slag surface analysed
by SEM-EDS (Tables 8-10).

However, SEM-EDS analysis better highlight the reduc-
tion in FeO concentration in the slag B samples than the

© 2022 1SIJ

XRF analysis. A similar behaviour is depicted also for the
slag sample belonging to steel shop C. For instance, due to
the same type of slag-former briquettes, the slag produced in
the shop C is characterized by higher CaO than the reference
samples. In detail, the reduction in iron oxide concentration
for sample A-B1 was of roughly 35 mass% in face of an
increase of CaO and SiO; of 65 and 75 mass%, respectively.
For samples B, the reduction in iron oxide was averagely
of 25 mass% in face of an increase of CaO and SiO, of 40
and 20 mass% respectively, while for sample C, the saving
in iron oxides accounts averagely for 18 mass% in face of
a rise of lime of 23 mass%. In this latter case, SiO, concen-
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tration remained practically constant due to the stabilization
treatment performed by quartz addition before slag tapping.

3.2. Mineralogical Composition

XRD spectra of both Ist and 2nd trial for slag samples
from shop A are reported in Fig. 3(a), together the 1st trial
slag samples belonging to steel shops B and C (Figs. 3(b)
and 3(d), respectively). From the graphs some small relative
oscillations in the intensity of the peaks can be visible, but
the main crystalline compounds characterizing both the slag
group remained the same. Also, the proportion within the
crystalline phases remains in the same range from sample to
sample. Similar results were obtained also for the samples
of 2nd trials among the three groups. The crystallographic
composition of the different slag groups reflects their chemi-
cal composition. Slags from shop A are characterized by
wustite, larnite and brownmillerite, and to a lesser extent of
chromite, being characterized by high binary basicity index

(from 2.5 to 3.5) and significant iron oxide fraction.?'*?

This is also confirmed by the SEM analysis presented
in the next paragraph. Samples B are mainly formed by
akermanite-gehlenite, kirschsteinite and wustite. Significant
amount of chromite is detected, while larnite is practically
absent (Fig. 3(b)). This is in agreement with the less basicity
of these slag (averagely 1.5) if compared to slag A.***¥ For
the C group, the samples analysed by XRD showed good
agreement in their respective subgroups and among their
totality. The core phases are the same for all the samples and
are: wustite, chromite (in its various forms), kirschsteinite-
monticellite (in solid solution), anorthite and quartz that
has not melted completely (Fig. 3(d)). Kirschsteinite and
anorthite are promoted by the low basicity if compared with
traditional EAF slag. This is due to the addition of quartz
carried out outside the EAF and before the slag tapping in
the yard.>?® The difference between spectra is generally
not very pronounced and can be attributed to the different
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Fig. 3. Examples of XRD spectra: (a) comparison between reference and briquette-added samples for shop A for both
the trials; (b) comparison of Ist trial slag samples from steel shop B; (¢) comparison of two B slag samples with
wheat-starch briquettes and potato-starch briquettes (d) comparison of 1st trial slag samples from steel C.
(Online version in color.)
2615 © 2022 IS



ISIJ International,

conditions experienced during the heats and mainly due to
the quartz correction.

Since in plant B and C two different starches have been
used as binder, a comparison between slag obtained by the
use of potato and wheat starch was carried out (Fig. 3(c)).
The results show no influence of the starch source on the
slag quality, as these are organic compounds, consisting of
various hydrocarbons, they evaporate immediately during
the melting process in the EAF. Indeed, the same crystal-
line phases were identified in both wheat and potato-starch
briquettes slags although their amount differs due to the dif-
ference in chemical composition of the charge (scraps, flux
and briquettes itself). This is also true for the slag sample
produced by shop A where the two recipes used molasses
(A-B1) and polymeric binder (A-B2), respectively (Fig.
3(a)).

3.3. Morphological and Microstructural Characteriza-
tion

For what concerns the microstructural and morphological
analyses performed by SEM, no significant difference has
been highlighted between slag samples after briquettes addi-
tion and the respective reference sample, as well as can be
seen by some sample images in Fig. 4. An important result
obtained by all the analyses performed is that no difference
between the samples can be directly associated to the quan-
tity of briquettes that were added during steel production.
This entails that from the constitutive aspect of the slag
specimens examined, the briquettes act as virgin raw materi-
als would. Compared to the XRD analysis shown above, the
microstructural investigation is in good agreement about the
phases’ arrangement. In addition, it helps to identify minor
crystalline compounds that are below the detection limit of
the XRD, like perovskite in A and B slag.

3.4. Leaching Behaviour

To inspect if the fines recirculation is also neutral on the
environmental properties of the slag, leaching tests have
been performed. The results obtained for each steel shop are
reported in Table 11.

For all specimens, in addition to the released com-
pounds, pH measurement and electrical conductivity are
also reported even if not explicitly required by national
legislations. It is quite evident that the release behaviour of
slag obtained from shop C are quite different in magnitude

A-R2 A-B2 B-R B-B4

Fig. 4. Example of SEM analysis on two slag samples after bri-
quettes addition and their comparison with the relative
reference sample (W = wustite, B = brownmillerite, G =
gehlenite-akermanite, H = hercynite, K = kirschsteinite,
L = larnite, P = perovskite, Sp = spinel (chromite)).
(Online version in color.)

© 2022 1SIJ

Vol. 62 (2022), No. 12

compared to the other two even if most of the specimens
come from the re-bar steel line of production. This is
not due to the use of the briquettes or any internal vari-
able of the process but to the stabilization treatment, as
described before. Deliberately, the local maximum admit-
table concentrations are not reported for privacy reasons.
However, typical leaching limits in force in some EU
countries can be found in.***"*” The results are referred
only on Ba, Cr, F, Mo, V and W, which are the six elements
known in literature for causing problems and, in this case,
are also present in relevant concentrations.” Their con-
centration in the leachate, the electrical conductivity (EC)
and the pH of the leachate, have been represented in some
graphs where on y-axis is reported the leached values from

Table 11. Leaching test results for specimens from shop A, B, C
according to BS EN 12457-4:2002. All data in ppmpm
(mg/kgpm), where DM = dry matter.

Parameter pH EC Ba Crror F- Mo \% \\%
Unit —  uS/cm ppmpy ppMpym PPMpy PPMpy PPMpym PPMpym
Slag Heat

sample number

Ist trial

A-RI 1 11.67 1106 58 <0.5 9.4 1.5 <05 -
A-Bl 1 11.19 337 20 <05 10.8 0.9 1.9 -
B-R 1 11.28 445 138 <0.5 10.0 0.5 1.4 1.8
B-B1 1 11.08 293 7.1 <05 107 0.5 0.9 2.3
B-B2 1 11.14 353 112 <05 10.8 0.3 0.5 3.0
B-B3 1 1136 426 73 <05 9.8 <0.5 0.8 1.1
B-B4 1 1126 399 7.7 <05 106 0.6 1.0 37
1 1122 329 1.0 <05 9.7 <0.5 0.7 0.9
C1-R1
2 11.04 226 1.1 <05 11.5 <05 <05 1.2
3 1133 430 12 <05 159 <05 <05 1.0
C1-Bl1
4 11.02 238 1.1  <0.5 9.5 <0.5 0.8 0.9
1 11.05 254 0.7 <05 107 <05 0.6 09
Cl1-B2
2 1138 500 1.0 <05 122 <05 <05 0.6
1 1123 302 0.8 <05 109 <05 <05 1.1
Cl1-B3
3 11.17 301 0.7 <05 115 <05 <05 0.5
1 10.43 76 <0.5 <0.5 93 <05 <05 0.5
C1-B4 2 11,53 560 13 <05 141 <05 <05 0.7
3 1092 205 53 <05 9.8 <05 0.5 1.0
2nd trial
A-R2 1 11.61 755 1.2 26 121 0.5 1.3 -
A-B2 1 11.52 594 1.0 0.7 11.6 <0.5 1.4 -
B-B5 1 1140 542 6.2 06 11.7 0.6 1.1 3.6
B-B6 1 11.50 642 72 <05 11.1 0.7 1.6 25
B-B7 1 11.34 420 6.7 <05 122 <05 1.3 14
B-B8 1 1131 409 48 <05 116 <0.5 1.3 1.4
1 11.04 203 24 <05 132 <05 <05 1.0
CIl-R2
2 1136 430 1.0 <05 128 0.5 0.8 1.2
1 1094 191 1.3 <05 11.7 <05 <05 1.0
C1-B4-2
4 1093 180 0.7 <05 11.6 <05 <0.5 0.5
1 11.40 449 1.0 <05 133 1.1 0.8 0.8
C2-R
2 11.19 331 1.3 <05 112 0.6 0.7 20
1 11.29 431 .1 <05 11.0 <05 <05 2.0
C2-B1

11.18 320 2.7 <05 112 1.1 05 26
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briquettes-added slag sample and on the x-axis the leached
values of the reference ones (Fig. 5).

Examining the graphs, it can be evaluated that for Ba
leaching, the briquettes-added samples leachate generally
lower concentration and no samples were over the specific
threshold values. Cr behaved as well in a favourable manner
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and only two specimens had releases above their limit. F is
the only parameter that seems to have gotten slightly worse
and only samples from shop B are above threshold. For Mo
no clear effect could be detected and only a small number
of specimens were above the limitations. V has generally
a favourable behaviour, like Ba, with only few specimens

leachate EC
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that present leached concentration increased compared to
the reference. For W there is a relative high scattering of
the data, and no trend can be visualized and hence no com-
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ments on the slag behaviour can be done considering only
these graphs. pH and EC both present a balanced behaviour
around the bisectrix and no critical effect seems to take
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Fig. 6. Q-Q probability plot (on the left) and normal distribution (on the right) for (a) pH, (b) EC, (c) Ba, (d) F, (e) Mo, (f)
V, (g) W. (Online version in color.)
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place.

In order to have a clearer interpretation of the effects
caused by the use of briquettes during the steelmaking
activities, the relative difference in element concentration,
compared to the reference ones, has been considered (Eq.
(1)). More specifically, the comparison procedure took into
account the following parameters and chemical elements:
pH, EC, Ba, W, V and F. Other element such as Cr have a
high number of values below the limit of detection (LOD)
of the ICP-OES, for both reference and briquette-containing
slag specimens. Therefore, creating a probability distribu-
tion for such data would lead to many null values that could
pollute and greatly alter the resulting set. For this reason,
data with an abundance of values below the LOD were not
considered.

The overall data obtained appear to follow a normal distri-
bution. To verify this assumption, Q-Q plot were generated
to visibly assess whether a set follows a normal distribution.
Outliers’ data have been neglected due to their anomalous
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nature compared to the other values obtained and their
potential polluting effect on the probability distributions of
the relative variation percentages. The Q-Q plots reported
in Fig. 6 show that for all the investigated parameters, the
data effectively distribute like a Gaussian. Normality test
performed according to Anderson-Darling method*®3"
confirmed this assumption, since a p-value higher than 5%
was obtained for all the parameters. Thus, all the data sets
can be effectively considered normal distributed, even with
some differences. For instance, pH, F, V and W adhere bet-
ter to a Gaussian distribution (high p-value) than EC, Mo
and Ba (low p-value).

The probability distribution function (PDF) obtained
helps visualize that the use of additional briquettes does not
lead to a considerable variation in pH (Fig. 6(a)) and a slight
decrease in EC (Fig. 6(b)) compared to the reference val-
ues. For pH, the average variation is slightly less than zero
(—0.127%), however the margin is so low that for all intents
and purposes no positive or negative effect could be consid-
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ered. For conductivity, an average reduction of —5.13% is
obtained and can be considered as a positive effect.

For what concerns the barium leaching (Fig. 6(c)), the
probability density highlights a positive effect of briquettes
addition to the leaching of barium. For instance, the aver-
age value (—22.86%), and consequently the apex of the
PDF, are shifted toward negative values of relative variation
percentage. Therefore, the probability of having higher Ba
leaching for briquettes-added slag samples is lower than
the one of reference slag samples. This effect appears to be
much more significant on Ba rather than on pH, confirm-
ing the qualitative observation made during the discussion
of Fig. 5. The direct influence of briquettes loading on Ba
leaching was directly investigated for shop B samples, by
comparing the briquette share ratio (i.e., the ratio between
briquettes charged and raw materials charged) and the leach-
ate concentration itself. As can be seen in Fig. 7, as the
briquette share increases, the leached Ba tends to decrease.
This is probably due to a diluting effect that briquettes oper-
ate into the slag. Since the primary source of Ba is the scrap
painting, the addition of higher fraction of briquettes as slag
former contributes to dilute the BaO oxide concentration
and hence, its leaching.

The probability distribution of F (Fig. 6(d)) is slightly
translated toward the positive value with an average of
+2.12%. However, this positive increase is very limited
and will reasonably slightly affect the overall behaviour of F
leaching; especially since the allowable emission threshold
is quite far from any leaching values observed during the
trials. Overall, the effect of the briquette usage with respect
to F release could be considered practically unvaried.

Despite of the low number of data relate to Mo leaching,
the data distribution can be considered normal (Fig. 6(e)).
The effect of briquettes addition to the EAF charge appears
to be favourable for slightly reducing the leachability of
this element. For instance, the mean of the distribution is
minimally shifted towards negative values (—0.6%) thus
implying a null or slightly beneficial contribution of bri-
quettes addition to Mo leaching remediation. In addition,
the statistical distribution of the available data helps resolve
the interpretation of qualitative behaviour reported in Fig. 5.

Vanadium leaching (Fig. 6(f)) seems to be influenced in
a similar way compared to Ba since a considerable transla-
tion of the values toward the negative values (—13.19%)
is present. The overall employment of briquettes seems to
yield favourable results and confirm the qualitative trend
observed in Fig. 5.

Analogously to Ba, the leaching of F, Mo and V was cor-
related to the briquettes charged into the EAF. In particular,
the LF fraction of the briquette share ratio seems able to
explain the observed statistical trend of the three above ele-
ments. In detail, V and Mo leaching can be reduced by the
recirculation of LF slag since the secondary metallurgy slag
are free of oxidized metals, being the treatment at the LF

© 2022 1SIJ

performed in non-oxidizing conditions. On the other hand,
F leaching could be slightly increased if during the LF treat-
ment, slag flux based on CaF, is used. These hypotheses,
even if qualitatively, seem to be confirmed by the trend
depicted in Fig. 7(b).

Tungsten leaching (Fig. 6(g)), however, seems to be less
influenced by the briquette use than Ba and V. It is still
present a considerable translation of the PDF values toward
the negative values (—11.13%) that entails how the effect
of the briquettes could be considered overall positive for the
leaching behaviour for this element, too.

4. Conclusions

In this paper, the effect of fines recirculation in form of
briquettes on the quality of slag was evaluated. Several
slags were sampled from three different EAF steel shop
and characterized from the chemical, crystallographic and
microstructural point of view. Leaching behaviour was also
investigated and the results compared with slag samples
produced following the standard smelting procedure.

The examined specimens are characterized by the same
chemical, crystallographic, and morphological properties of
the reference ones. Briquette addition seems to not cause
significant negative effects on the steelmaking processes.
Furthermore, the results highlighted a neutral or a slightly
positive effect has been obtained after the addition of vari-
ous degrees of charged materials and briquette typology.

The occasional increase in the leaching behaviour of
some specific elements and the slight differences in XRD
spectra or chemical compositions can be attributed to the
heterogeneous nature of the slag and can be considered as
aleatoric.

The statistical analysis has highlighted how briquette use
has, at best, a quite positive effect for the leaching behaviour
of Ba, V and W, which concentration in leachate decreased
of —22.86%, —13.12% and —14.83%, respectively. For
some other parameters (pH, EC, Mo) there is a slightly
beneficial or neutral effect, whereas F leaching is worsened
(+2.12%) by briquettes addition.

In addition to the previous considerations, thanks to
internal evaluations at the three steel shops participating in
the trials, the benefits of substitution of virgin raw materials
by internal side-stream materials briquettes was determined.
For instance, a comparison of total CO, emission from pro-
duction (indirect) to use (direct) of the different slag forming
materials shows an unambiguous advantage for the cement-
free residues briquettes even though the typical operation
profile of 1 000 kg/charge of dolomitic lime must be substi-
tuted with 2 000 kg/charge of slag forming briquettes This
substitution offers the opportunity to strongly reduce the
CO, emissions by more than 90% and even by more than
50% compared to cement bonded briquettes. In a similar
way, by evaluating the Fe balance between input (scraps, hot
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heel, self-reducing briquettes) and output (tapped steel, hot
heel, Fe in slag and dusts) from the EAF, a recovery rate of
iron of 62% can be stated when self-reducing briquettes are
employed in comparison to the standard operating practice.

Finally, no significant influence on furnace operation and
product quality was observed by the three industrial partners
while performing the trial heats.

Author Contributions

Conceptualization, D.Mu., C.S., LF.A., T.E., T.G. and
S.S.; methodology, D.M., M.Q., C.M.; formal analysis,
D.M, M.Q.; investigation, D.M., M.Q.; data curation,
DM., D.Mu,, C.S., LF.A,, T.G.,, S.S.; writing—original
draft preparation, D.M., M.Q.; supervision, C.M.; project
administration, C.M., T.E.; funding acquisition, C.M., T.E.
All authors have read and agreed to the published version
of the manuscript.

Funding

This project has received funding by the European Com-
mission from the Research Fund for Coal and Steel under
grant agreement No 754197. This paper reflects only the
author’s view and the Commission is not responsible for
any use that may be made of the information it contains.

The present research was also supported by the Italian
Ministry for Education, University and Research (MIUR)
through the project “Department of Excellence LIS4.0”
(Integrated Laboratory for Lightweight and Smart Struc-
tures).

Acknowledgments
The Authors would like to acknowledge Ing. Umberto Di
Landro (Dilab, Crema (CR), Italy) for perfoming ICP-OES.

Conflicts of Interest

The authors declare no conflict of interest. The funders
had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

REFERENCES

1) Y. Liu, H. Li, S. Huang, H. An, R. Santagata and S. Ulgiati:
J. Clean. Prod., 269 (2020), 122239. https://doi.org/10.1016/j.
jelepro.2020.122239

A. Di Schino: Handbook of Environmental Materials Management,
Springer International Publishing, Cham, (2018), 1. https://doi.
org/10.1007/978-3-319-58538-3 101-1

E. C. Dragna, A. Ioana and N. Constantin: /OP Conf. Ser.
Mater. Sci. Eng., 294 (2018), 012017. https://doi.org/10.1088/1757-
899X/294/1/012017

P. T. Teo, S. K. Zakaria, S. Z. Salleh, M. A. A. Taib, N. Mohd
Sharif, A. Abu Seman, J. J. Mohamed, M. Yusoff, A. H. Yusoff,
M. Mohamad, M. N. Masri and S. Mamat: Metals, 10 (2020), 1347.
https://doi.org/10.3390/met10101347
J. Szekely: ISIJ Int., 36 (1996),
isijinternational.36.121

G. Andersson, A. Ponzio, A. Gauffin, H. Axelsson and G. Nilson:
Miner. Process. Extr. Metall., 126 (2017), 81. https://doi.org/10.108
0/03719553.2016.1274550

C. Mapelli, G. Dall’Osto, D. Mombelli, S. Barella and A.
Gruttadauria: Steel Res. Int., 93 (2022), 2100631. https://doi.
org/10.1002/srin.20210063 1

K. Marukawa, S. Hara and M. Sano: ISIJ Int., 41 (2001), Suppl., S36.
https://doi.org/10.2355/isijinternational.41.Suppl_S36

L. Kerr, C. A. Buckley and S. Barclay: Proc. 20th WasteCon Conf.
and Exhibition (20th WasteCon), Institute of Waste Management of
Southern Africa, Johannesburg, (2010).

T. A. Branca, V. Colla, D. Algermissen, H. Granbom, U. Martini,
A. Morillon, R. Pietruck and S. Rosendahl: Metals, 10 (2020), 345.

2)

3)

4)

5) 121. https://doi.org/10.2355/

6)

7

8)
9)

10)

2621

11)
12)
13)

14)
15)

16)

17)

18)

19)

20)
21)

22)

23)

24)

25)

26)

27)

28)

29)

30)
31)

https://doi.org/10.3390/met10030345

T. Nakamura, H. Mabuchi, E. Okada and H. Uesugi: ISLJ Int., 40
(2000), 212. https://doi.org/10.2355/isijinternational.40.212

M. A. Sellitto and F. K. Murakami: Aestimum, 77 (2020), 127. https://
doi.org/10.13128/aestim-9025

T. Echterhof, T. Willms, S. Preil, M. Omran, T. Fabritius, D.
Mombelli, C. Mapelli, S. Steinlechner, I. Unamuno, S. Schiiler, D.
Mudersbach and T. Griessacher: Metall. Ital., 111 (2019), 31.

1. Jonczy: IOP Conf. Ser. Earth Environ. Sci., 261 (2019), 012017.
https://doi.org/10.1088/1755-1315/261/1/012017

World Steel Association: Steel industry co-products, https://www.
worldsteel.org/publications/position-papers/co-product-position-
paper.html, (accessed 2021-10-28).

T. Echterhof, T. Willms, S. Preiss, M. Aula, A. Abdelrahim, T.
Fabritius, D. Mombelli, C. Mapelli, S. Steinlechner and I. Unamuno:
Appl. Sci., 9 (2019), 3946. https://doi.org/10.3390/app9193946

T. Willms, T. Echterhof, S. Steinlechner, M. Aula, A. Abdelrahim,
T. Fabritius, D. Mombelli, C. Mapelli and S. Preiss: Appl. Sci., 10
(2020), 8309. https://doi.org/10.3390/app10228309

A. Abdelrahim, M. Aula, M. Iljana, T. Willms, T. Echterhof, S.
Steinlechner, D. Mombelli, C. Mapelli, M. Omran, S. Preiss and T.
Fabritius: Steel Res. Int., 93 (2022), 2100472. https://doi.org/10.1002/
srin.202100472

M. B. Wilk and R. Gnanadesikan: Biometrika, 55 (1968), 1. https://
doi.org/10.1093/biomet/55.1.1

E. Pretorius and R. Carlisle: Iron Steelmaker, 26 (1999), 79.

1. Z. Yildirim and M. Prezzi: Proc. Int. Foundations Cong. and
Equipment Expo 2015 (IFCEE 2015), (San Antonio), American
Society of Civil Engineers, Reston, (2015), 2816. https://doi.
0rg/10.1061/9780784479087.263

D. Mombelli, G. Dall’Osto, G. Villa, C. Mapelli, S. Barella, A.
Gruttadauria, L. Angelini, C. Senes, M. Bersani, P. Frittella, R.
Moreschi, R. Marras and G. Bruletti: Steel Res. Int., 92 (2021),
2100083. https://doi.org/10.1002/SRIN.202100083

D. Mombelli, C. Mapelli, S. Barella, C. Di Cecca, G. Le Saout and
E. Garcia-Diaz: J. Environ. Chem. Eng., 4 (2016), 1050. https://doi.
org/10.1016/j.jece.2015.09.018

D. Mombelli, C. Mapelli, S. Barella, C. Di Cecca, G. Le Saout and
E. Garcia-Diaz: Process Saf. Environ. Prot., 102 (2016), 810. https://
doi.org/10.1016/j.psep.2016.05.027

S. Barella, A. Gruttadauria, F. Magni, C. Mapelli and D. Mombelli: IS/
Int., 52 (2012), 2295. https://doi.org/10.2355/isijinternational.52.2295
D. Mombelli, C. Mapelli, S. Barella, A. Gruttadauria, G. Le Saout
and E. Garcia-Diaz: J. Hazard. Mater., 279 (2014), 586. https://doi.
org/10.1016/j.jhazmat.2014.07.045

Bayerisches Landesamt fir Umwelt: Umweltfachliche Kriterien zur
Verwertung von Elektroofenschlacke (EOS), (Bavarian State Office
for the Environment: Environmental Criteria for Utilization of Electric
Furnace Slag), (2013), https://www.1fu.bayern.de/abfall/mineralische
abfaelle/schlacke aschen sande/doc/verwertung_elektroofenschlacke.
pdf, (accessed 2022-02-03).

Gobierno Vasco, Department of the Environment, Land-use Planning
and Housing: Draft decree establishing the legal framework applicable
to the recovery of black slag deriving from the manufacture of steel
in electric arc furnaces and its subsequent use as a steel aggregate,
(2018), https://ec.europa.eu/growth/tools-databases/tris/hr/index.cfm/
search/?trisaction=search.detail&year=2018&num=618&dLang=EN,
(accessed 2022-02-03).

Bundesministerium fiir Land- und Forstwirtschaft, Umwelt und
Wasserwirtschaft: Verordnung des Bundesministers fiir Land- und
Forstwirtschaft, Umwelt und Wasserwirtschaft iiber die Pflichten
bei Bau- oder Abbruchtitigkeiten, die Trennung und die Behand-
lung von bei Bau- oder Abbruchtitigkeiten anfallenden Abfillen,
die Herstellung und das Abfallende von Recycling-Baustoffen
(Recycling-Baustoverodnung — RBV), (Federal Ministry of Agri-
culture, Forestry, Environment and Water Management: Ordinance
of the Federal Minister of Agriculture and Forestry, Environment
and Water Management on the Obligations in the Case of Construc-
tion or Demolition Activities, Separation and Treatment Waste
Resulting from Construction or Demolition Activities, the Produc-
tion and Disposal of Recycled Building Materials), (2016), https://
www.ris.bka.gv.at/GeltendeFassung.wxe? Abfrage=Bundesnormen&
Gesetzesnummer=20009212, (accessed 2022-02-08).

M. A. Stephens: J. Am. Stat. Assoc., 69 (1974), 730. https://doi.
0rg/10.2307/2286009

T. W. Anderson and D. A. Darling: Ann. Math. Stat., 23 (1952), 193.
https://doi.org/10.1214/a0ms/1177729437

© 2022 1SIJ


https://doi.org/10.1016/j.jclepro.2020.122239
https://doi.org/10.1016/j.jclepro.2020.122239
https://doi.org/10.1007/978-3-319-58538-3_101-1
https://doi.org/10.1007/978-3-319-58538-3_101-1
https://doi.org/10.1088/1757-899X/294/1/012017
https://doi.org/10.1088/1757-899X/294/1/012017
https://doi.org/10.3390/met10101347
https://doi.org/10.2355/isijinternational.36.121
https://doi.org/10.2355/isijinternational.36.121
https://doi.org/10.1080/03719553.2016.1274550
https://doi.org/10.1080/03719553.2016.1274550
https://doi.org/10.1002/srin.202100631
https://doi.org/10.1002/srin.202100631
https://doi.org/10.2355/isijinternational.41.Suppl_S36
https://doi.org/10.3390/met10030345
https://doi.org/10.2355/isijinternational.40.212
https://doi.org/10.13128/aestim-9025
https://doi.org/10.13128/aestim-9025
https://doi.org/10.1088/1755-1315/261/1/012017
https://www.worldsteel.org/publications/position-papers/co-product-position-paper.html
https://www.worldsteel.org/publications/position-papers/co-product-position-paper.html
https://www.worldsteel.org/publications/position-papers/co-product-position-paper.html
https://doi.org/10.3390/app9193946
https://doi.org/10.3390/app10228309
https://doi.org/10.1002/srin.202100472
https://doi.org/10.1002/srin.202100472
https://doi.org/10.1093/biomet/55.1.1
https://doi.org/10.1093/biomet/55.1.1
https://doi.org/10.1061/9780784479087.263
https://doi.org/10.1061/9780784479087.263
https://doi.org/10.1002/SRIN.202100083
https://doi.org/10.1016/j.jece.2015.09.018
https://doi.org/10.1016/j.jece.2015.09.018
https://doi.org/10.1016/j.psep.2016.05.027
https://doi.org/10.1016/j.psep.2016.05.027
https://doi.org/10.2355/isijinternational.52.2295
https://doi.org/10.1016/j.jhazmat.2014.07.045
https://doi.org/10.1016/j.jhazmat.2014.07.045
https://www.lfu.bayern.de/abfall/mineralische_abfaelle/schlacke_aschen_sande/doc/verwertung_elektroofenschlacke.pdf
https://www.lfu.bayern.de/abfall/mineralische_abfaelle/schlacke_aschen_sande/doc/verwertung_elektroofenschlacke.pdf
https://www.lfu.bayern.de/abfall/mineralische_abfaelle/schlacke_aschen_sande/doc/verwertung_elektroofenschlacke.pdf
https://ec.europa.eu/growth/tools-databases/tris/hr/index.cfm/search/?trisaction=search.detail&year=2018&num=618&dLang=EN
https://ec.europa.eu/growth/tools-databases/tris/hr/index.cfm/search/?trisaction=search.detail&year=2018&num=618&dLang=EN
https://www.ris.bka.gv.at/GeltendeFassung.wxe?Abfrage=Bundesnormen&Gesetzesnummer=20009212
https://www.ris.bka.gv.at/GeltendeFassung.wxe?Abfrage=Bundesnormen&Gesetzesnummer=20009212
https://www.ris.bka.gv.at/GeltendeFassung.wxe?Abfrage=Bundesnormen&Gesetzesnummer=20009212
https://doi.org/10.2307/2286009
https://doi.org/10.2307/2286009
https://doi.org/10.1214/aoms/1177729437

