Article

A Holistic and Experimentally-Based View on
Recycling of Off-Gas Dust within the Integrated
Steel Plant

Anton Andersson 1*, Amanda Gullberg ?, Adeline Kullerstedt ?, Erik Sandberg 2,
Mats Andersson 3, Hesham Ahmed 400, Lena Sundqvist-Okvist ' and Bo Bjérkman !

1 Department of Civil, Environmental and Natural Resources Engineering, Lulea University of Technology,

97187 Luled, Sweden; hesham.ahmed@ltu.se (H.A.); lena.sundqvist-oqvist@ltu.se (L.S.-O.);
bo.bjorkman@Iltu.se (B.B.)
2 Swerea MEFOS, 97125 Luled, Sweden; amanda.gullberg@swerea.se (A.G.);
adeline.morcel@gmail.com (A.K.); erik.sandberg@swerea.se (E.S.)
SSAB Europe, 97437 Luled, Sweden; mats.andersson@ssab.com
Central Metallurgical Research and Development Institute, Cairo 124 22, Egypt
*  Correspondence: anton.andersson@ltu.se; Tel.: +46-920-493-409

check for
Received: 4 September 2018; Accepted: 20 September 2018; Published: 25 September 2018 updates

Abstract: Ore-based ironmaking generates a variety of residues, including slags and fines such as
dust and sludges. Recycling of these residues within the integrated steel plant or in other applications
is essential from a raw-material efficiency perspective. The main recycling route of off-gas dust is
to the blast furnace (BF) via sinter, cold-bonded briquettes and tuyere injection. However, solely
relying on the BF for recycling implicates that certain residues cannot be recycled in order to avoid
build-up of unwanted elements, such as zinc. By introducing a holistic view on recycling where
recycling via other process routes, such as the desulfurization (deS) station and the basic oxygen
furnace (BOF), landfilling can be avoided. In the present study, process integration analyses were
utilized to determine the most efficient recycling routes for off-gas dust that are currently not recycled
within the integrated steel plants of Sweden. The feasibility of recycling was studied in experiments
conducted in laboratory, pilot, and full-scale trials in the BF, deS station, and BOF. The process
integration analyses suggested that recycling to the BF should be maximized before considering the
deS station and BOF. The experiments indicated that the amount of residue that are not recycled
could be minimized.

Keywords: recycling; cold-bonded briquettes; blast furnace; desulfurization; basic oxygen furnace;
dust; sludge; fines

1. Introduction

The production of steel in integrated steel plants generates a considerable amount of solid residues,
such as dust, sludges, slags, and scales. Some of these residues have chemical compositions reflecting
the raw materials charged to the process, whereas other residues (mainly slags) have properties suitable
for external applications. Recycling of the residues within the process or via utilization in other areas
is essential for sustainable steel production from the perspective of raw-material efficiency. However,
the recycling has to be economically justified and compatible from a process-technical standpoint.

The residues generated within the integrated steel plant differs between sites, depending on things
like gas-cleaning equipment, hot metal treatment (e.g., dephosphorization and/or desulfurization),
and rolling operation. In crude steel production, the major residues generated in the treatment of
off-gases are BF dust, BF sludge, BOF dust, and BOF sludge.
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The off-gas dust generated in the production of crude steel contains useful elements, such as iron,
carbon, and calcium, as stated in Table 1. Therefore, recycling of these residues within the integrated
steel plant has been thoroughly studied, and industrial use has been developed. In pellet-based BF
operation, in-plant residues can be included in cold-bonded briquettes that are top-charged into the
BF [1]. If the BF operates on sinter, residues can be included in the sintering mix [2]. Furthermore,
BF dust injection in the tuyeres has also been reported as an industrial operation practice [1].

Table 1. Typical composition in wt.% of selected off-gas dusts from the blast furnace (BF) and basic
oxygen furnace (BOF) [3].

Residue Fe C CaO §iO, MgO Zn S
BF dust 15-40 25-40 2-8 4-8 0.3-2 0.1-0.5 0.2-1.3
BF sludge 7-35 1547 3.5-18 3-9 3.5-17 1-10 2.4-2.5
BOF coarse dust 30-85 14 8-21 - - 0.01-0.4 0.02-0.06
BOF fine dust 54-70 0.7 3-11 - - 3-11 0.07-0.12
BOF sludge 48-70 0.7-4.6 3.0-17 - - 0.24.1 0.03-0.35
BOF primary dedusting 38-85 0.1-6.5 5.7-40 - - 0.1-15 0.02-1.3
BOF secondary dedusting 32-63 1.0-8 3.7-35 - - 0.5-13 0.1-1.1

Although thoroughly studied, complete recycling of these residues has not been achieved.
The challenges of recycling off-gas dusts to the BF arise when levels of tramp elements, mainly
zinc, reach undesired levels. Which levels are considered undesirable differs between sites. However,
150-400 g of zinc per ton of hot metal (HM) are typical values reported as acceptable in operations [4].
In the BF, zinc compounds are reduced to metallic zinc vapor by CO-rich gas in the lower regions
of the shaft. The zinc vapor follows the ascending gas and is reoxidized to zinc oxide in the colder
parts of the furnace. The zinc reoxidizes and condenses on the walls, the burden material, coke,
or fines carried by the gas phase. In the latter case, zinc may exit the BF through the off-gas. The zinc
deposited on the burden travels down to the lower region where it is reduced and volatilized again,
thus forming cyclical behavior. This means that the BF has a circulating load of zinc. The negative
effects of high-circulating loads of zinc in the BF includes increased consumption of reducing agents,
reduced carbon-brick-lining life, and scaffold formation, which may ultimately lead to disturbances in
the burden descent [4].

The main output of zinc from the BF is via the top-gas [5], i.e., the BF dust and sludge. If the dust is
recycled internally to the BF, the sludge cannot be recycled, as this would reintroduce the main output
of zinc from the BF back to the BF. Furthermore, as there are no external industrial-scale operations
utilizing BF sludge, this fraction would be landfilled within the integrated steel plant. This has been
recognized and the removal of zinc from BF sludge and recycling of the low-zinc fraction via the
sinter [6] or cold-bonded pellets [7] to the BF has been implemented in full-scale operations. However,
on-site recycling of the high-zinc fraction generated in the dezincing process has not been reported.

Recycling of the off-gas dust from the BOF to the BF has been successfully achieved using both
cold-bonded briquettes [1] and sinter [8]. Again, one of the limiting factors in recycling the dust
generated in the BOF process is the zinc content. In the case of BOF dust, the main input of zinc is
via the cooling scrap charged to the converter. The zinc content in BOF dust has been addressed by
hydrometallurgical approaches [9-12] and by employing a coke breeze-less sintering operation [13].
Also, as zinc evaporation mainly occurs early in the converting process, the possibility of in-process
separation of zinc has been suggested [14]. In-process separation of zinc has also been addressed by
optimizing the design of the gas-cleaning equipment [15,16]. Another way to enable recycling of a
major portion of the BOF dust back to the BF is by avoiding the use of scrap qualities containing zinc
by minimizing the zinc input to the BOF [1].

The challenge of zinc mainly applies when considering recycling of off-gas dust to the BE.
Thus, if other recycling routes are considered, the raw-material efficiency within the integrated steel
plant can be improved. The BOF has been acknowledged as an alternative route for recycling off-gas
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dust [8,17-20]. In one publication, recycling to the BOF by replacing the sinter coolant was recognized
to be limited in tonnage [17]. However, full-scale trials have shown that off-gas dust can successfully
be recycled via cold-bonded agglomerates to the BOF in amounts of 23 [18] and 40 kg/tHM [19].
Furthermore, cold-bonded briquettes were shown to be suitable for the recycling of all BOF sludge
back to the BOF [20]. In addition, hot briquetting has been employed to recycle the BOF dust back
to the BOF in industrial practice [8]. Nonetheless, adopting the BOF recycling route still requires
considerations of zinc, especially when BOF dust is recycled to the BE. If the BOF dust is recycled in a
closed-loop system to the BOF, zinc can be concentrated in the BOF dust [14]. When the zinc content
reaches a certain level, zinc producers can utilize the dust [14].

Based on the above, means for on-site recycling of off-gas dust from the integrated steel plants
have already been far-developed. However, there are still residues difficult to recycle, and a holistic
view of recycling within the process chain is required in order to find solutions to this issue. The present
paper sets out to develop such a holistic approach. Utilizing process-integration analyses, considering
the effects on raw materials and energy consumption for steel production, and different recycling
scenarios were studied. Based on the results of these analyses, experiments were conducted to analyze
recycling approaches that maximize the raw material and energy efficiency while addressing the
challenges of zinc. The approach included recycling of cold-bonded agglomerates to the BF, deS station,

and BOF.
2. Materials and Methods

2.1. Process Integration Analyses

The reference case used in the process integration analyses was the present scenario of in-plant
recycling at the two integrated steel plants in Sweden. The change in energy consumption for a fixed
crude steel production was considered in different recycling scenarios. These scenarios are presented
as the five cases shown in Figure 1. In the figure, the leftmost column presents the annual generation of
non-recycled off-gas dust generated at the BE, deS station, and BOF. The process integration analyses
were performed using the Excel spreadsheet-based model, TOTMOD. This model is based on the
spreadsheet model Masmod, presented by Hooey et al. [21]. The BE, deS station, BOF, and upgraded
method of BF sludge were included in the calculations. In addition, the calorific value of the BF gas
and the consumption of gas in the hot stoves were considered. Furthermore, an estimation of the
change in energy consumption corresponding to the reduced or increased charging rate of coke and

pellets were included.
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Figure 1. Annual generation of residues not recycled as of 2012, as well as recycling considered in cases

1 through 5. All weights are given in dry weights.
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Case 1 through 5 in Figure 1 includes recycling of the BF sludge to the BF. Therefore, the BF
sludge has to be dezinced prior to recycling to avoid the accumulation of zinc in the BE. The BFs
in Sweden operate on pellets, and use cyclones recovering approximately 80% of the off-gas dust
as dry BF dust in the primary gas-cleaning equipment. Research on dezincing of sludges collected
under those conditions when only the finest particles are collected in wet gas cleaning were missing.
Therefore, experiments aiming at upgrading the BF sludge by generating a low-zinc and high-zinc
fraction were performed.

2.2. Upgrading of BF Sludge

In order to upgrade the BF sludge, physical separation methods and a hydrometallurgical
approach were tested on a sludge sample, with a dgp of 25.0 um, provided by SSAB Merox.
Hydrocycloning and tornado-processing were employed as the physical separation methods.
The hydrocycloning of BF sludge has been presented in a previous publication [22]. The tornado
process is a high-velocity dry cyclone utilizing pre-heated air, as described by Tikka et al. [23,24].
The hydrometallurgical process employed was leaching in sulfuric acid at different pH levels at 80 °C,
as described previously [22]. After generating two fractions of the BF sludge, recycling of the low-zinc
fraction to the BF was studied.

2.3. Recycling to the BF

2.3.1. Experiments in Laboratory Scale and Pilot-Plant Scale

Recycling of the low-zinc fraction of upgraded BF sludge to the BF via cold-bonded briquettes
was studied in laboratory-scale and pilot-plant scale experiments. The iron, carbon, and zinc content of
the low-zinc fraction was 38.1%, 27.1%, and 0.24%, respectively. The different recipes for the briquettes
are presented in Table 2. The reference recipe represented a briquette composition used in industrial
practice at SSAB in Lulea. Upgraded BF sludge from the tornado process was used in the B1 and
B2 recipes.

Table 2. Recipes of the briquettes used in the laboratory scale and pilot-plant scale BF experiments.

. Upgraded BOF Coarse BOF Fine  Briquette
Recipe BF Sludge deS Scrap Sludge Sludge Fines BF Dust Cement
Ref. 0.0 36.0 18.0 12.0 12.0 10.0 12.0
B1 10.0 314 15.7 10.5 10.5 10.0 12.0
B2 20.0 26.8 13.4 8.9 8.9 10.0 12.0

After briquetting, the tumbling index (TI) was determined after 24 h and 28 days of curing in
ambient room conditions. The measurements were made in accordance with a modified version of ISO
3271, the modification being the final sieving performed using a 6.0 mm instead of a 6.3 mm sieve.

The reduction of the different briquettes in BF shaft conditions were studied using a
laboratory-scale BF shaft simulation experiment. The equipment has been described previously
by Robinson [25]. Two programs were run, one representing the descent of the briquette along the
wall of the BF and one of the descent in the center. The two programs are depicted in Figure 2. A total
gas flow of 50 NI/min was used in the experiments. The mechanical pressure applied on the sample
did not affect the total pressure of the gas phase, as shown in Figure 2.
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Figure 2. Heating profile, gas profile, and mechanical pressure during the (a) wall program and
(b) center program of the laboratory-scale BF experiment.

Briquettes produced using the recipes of Table 2 were also charged as basket samples to the LKAB
(a mining company in Luled, Sweden) Experimental Blast Furnace (EBF). A thorough description of
the LKAB EBF has been provided previously [26]. The weight of the briquettes was recorded when
preparing the cylinder-shaped steel-wire baskets. At the end of the campaign, the baskets were charged
in eight different coke layers. All baskets contained one briquette of each type. The baskets descended
together with the burden material until the EBF was quenched with nitrogen gas. Subsequently,
the excavation was carried out by carefully measuring, examining, and photographing the different
layers. During the excavation, baskets in six out of the eight layers were retrieved and analyzed.

The laboratory and pilot-plant scale experiments were evaluated by crushing, grinding,
and splitting the briquettes and analyzing the sub-samples for the chemical composition and
mineralogy. The chemical composition was determined using X-ray fluorescence (XRF) analysis
(Malvern Panalytical, Almelo, The Netherlands). Furthermore, the oxidation degree of iron was
determined using ISO 2597 and the carbon and sulfur content was determined with a LECO combustion
C5444 analyzer (LECO, St. Joseph, MI, USA) with an infrared detector. X-ray diffraction (XRD)
(Malvern Panalytical, Almelo, The Netherlands) was used to study the mineralogy.

2.3.2. Full-Scale Trials in the BF

The results of the laboratory-scale and pilot-plant scale experiments were verified in full-scale
trials in BF No. 3 at SSAB Lulea. The upgrading of BF sludge, presented in Section 2.2, was done
in laboratory-scale experiments. Therefore, non-upgraded BF sludge was utilized in the full-scale
trials. Two briquette recipes were studied: one reference briquette (RB), and one briquette containing
BF sludge (BSB). In the latter recipe, part of the deS scrap was substituted with BF sludge, Table 3.
The briquettes were produced in industrial scale according to the standard method employed at SSAB
Luled. The strength of the briquettes was evaluated after one day and after three weeks using the same
TI method as previously described.

After approximately three weeks of curing, the BSBs were charged over three days to BF No. 3 in
SSAB Luled, using a charging rate that averaged at 97.3 kg/tHM. A reference period with three days of
stable operation was selected, during which the RBs were charged at an average rate of 99.6 kg/tHM.
The evaluation of the full-scale trials was conducted by studying changes in generated sludge and dust
amounts and their compositions. Also, the effect on the BF process was analyzed using operational
data, direct reduction rate, and mass and energy-balance calculations, deducing things such as the
carbon consumed by the process.
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Table 3. Recipes of the BF sludge briquette (BSB) and reference briquette (RB) used in the full-scale BF
trials (wt.%).

BOF Coarse BOF Fine Briquette

Recipe Steel Scrap deS Scrap Sludge Sludge Fines Mill Scale
BSB 10.0 22.5 6.6 6.6 20.6 2.0
RB 10.0 26.3 6.6 6.6 20.6 2.0
Recipe BF Dust BF Dust .
Cont. (Stored) (Fresh) BF Sludge Filter Dust Cement Water
BSB 4.0 7.6 3.8 1.9 11.6 29
RB 4.0 7.6 0.0 1.9 11.6 29

2.4. Recycling of Off-Gas Dust to the Steel Shop

2.4.1. Experiments in Laboratory Scale

As only the low-zinc fraction of upgraded BF sludge can be recycled to the BF, the high-zinc
fraction has to be recycled in the steel shop. The iron, carbon, and zinc content of this fraction was
29.6%, 19.5%, and 2.18%, respectively. The high-zinc fraction of the tornado-treated BF sludge was
incorporated in cold-bonded briquettes and pellets using the recipe presented in Table 4. The mixture
was designed to form a self-reducing agglomerate. Screening of the pellets was performed to achieve a
narrow fraction between 9.5 and 10 mm.

Table 4. Recipe of the briquettes and pellets used in the laboratory-scale smelting reduction experiments (wt.%).

High-Zinc Fraction of
BF Sludge

25 50 15 10

deS Scrap Secondary Dust Cement

The briquettes and pellets were subjected to lab-scale smelting reduction experiments to study
the melt-in behavior in conditions similar to charging the agglomerates in a ladle with hot metal.
The experiments using the briquettes were performed in an induction furnace with 80 kg of hot metal.
A smaller induction furnace with 10 kg of hot metal was used in the experiments for testing the pellets.
In both cases, the hot metal was taken from SSAB Luled and the temperature of the melt during the
experiments was 1350 °C. The principle of the tests was the same in both setups: an agglomerate was
added to the surface of the melt and removed after predetermined times and quenched in nitrogen gas.
XRF analysis, titration, and LECO analysis were employed to analyze the chemical composition of the
agglomerates. Furthermore, XRD was used to determine the mineralogical composition. The mass loss
of the agglomerates was also recorded.

2.4.2. Full-Scale Trials in the deS Station and BOF

After the laboratory-scale experiments were performed, full-scale trials in the deS station and
BOF were executed. Again, the upgrading of the BF sludge was made in laboratory scale, meaning
that the high-zinc fraction of BF sludge could not be included in the cold-bonded briquettes used in the
full-scale experiments. Instead, fine and coarse BOF sludge were used, shown in Table 5. The upgraded
BF sludge was assumed to have sufficiently similar characteristics to the BOF sludges to partly replace
these residues in future recipes. The steel scrap fines shown in Table 5 comes from the BOF process;
it consists of material from the treatment of skulls and material from slopping during the blowing.
In order to balance the water content of the mixture prior to briquetting, dry-cast house dust from the
BF and water were added.
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Table 5. Recipe used for the briquettes used in the full-scale trials in the steel shop (wt.%).

Steel Scrap  BOF Coarse BOF Fine Mill Scale from  Cast House
Fines Sludge Sludge Cont. Casting Dust

44 22 18 4 1 1 10

Water Cement

Prior to charging the briquettes to the deS station and BOF, the briquettes were dried to 1.2 wt.%
moisture to avoid incidents of smaller explosions. In the deS station, the briquettes were added in ten
different trials in amounts ranging from 100 to 300 kg per heat. The additions were made to a ladle
holding small amounts of hot metal in the bottom. After adding the briquettes, hot metal from the
torpedo car was tapped into the ladle. The melt-in was studied visually and the effect of the addition
on the final steel quality was evaluated. The charging of the dried briquettes to the BOF was made
together with the steel scrap. Nine trials with an amount of 600 to 1250 kg of briquettes per heat
were performed.

The results of the process integration analyses and feasibility for recycling methods based on
experimental procedures were used in developing a holistic approach towards the recycling of the
off-gas dust.

3. Results and Discussion

3.1. Process Integration Analyses

The category labeled non-recycled in Figure 1 illustrates the annual generation of the residues
considered in the analyses. The remaining categories in the figure illustrates the increased raw-material
efficiency corresponding to each calculation case. The first two cases consider recycling of BOF fine
sludge and upgraded BF sludge to the BE. In addition to these residues, the second case considers
increased recycling of BF dust back to the BF as well. Based on the second case, the third and fourth
case considers the additional recycling of the high-zinc fraction of upgraded BF sludge to the deS and
BOF, respectively. The fifth case considers a different scenario where the majority of the residues are
recycled to the BOF. In this case, the BF sludge is not upgraded—instead, part of the sludge is recycled
to the deS station while the rest is recycled to the BE.

Case three through five have the highest recycling rates. The fine-grained residue not recycled
in these cases is the secondary dust. All materials cannot be recycled from a technical point of view
due to the accumulation of tramp elements in the process. The secondary dust is a feasible stream to
recycle outside the integrated steel plant, as the tonnage of this residue is, by far, the lowest of these
fine-grained residues.

Figure 3a illustrates the change in energy consumption in the process system corresponding to
the different calculation cases. By summarizing the effect of each individual process, the net change in
energy consumption was calculated for each case, shown in Figure 3b. The net change consistently
decreases from case one to case four. The energy savings stem from the decreased specific consumption
of coke and iron ore pellets connected to the recycling of the iron and carbon in the residues. The most
efficient decrease in the net energy consumption was calculated for case four, where a total decrease of
126 GWh/year was estimated.

Unlike cases one to four, case five mainly considers the recycling of the residues to the steel
shop. The calculations suggest that recycling the residues in this manner would generate an increased
net energy consumption of 26 GWh/year. This can be explained by the fact that the addition of
agglomerates to the BOF will decrease the scrap capacity due to the excess heat required for melting
and reduction. To maintain the fixed crude steel production used in the calculations, the hot metal
production needs to be increased. This results in a higher energy consumption at the BF, as compared
to the reference case.



Metals 2018, 8, 760

8of 17

2) B BF EABOF 0OUpgrading OGasbalance b)
150 40
& 100 -‘% 0
g 3
‘-E_ = 50 3 20
c
3 2 S ~ -40
e 0 5 ©
g § 80 £, -60
> 2 g =
80 & 50 g 2 -80
£ gL
v g o -100
£ 5100 &
8 & 120
= [
= 150 T -140
o) z

Case1l Case2 Case3 Cased Case5

Casel Case2 Case3 Cased Case5

Figure 3. Results of the process integration analyses: (a) Change in energy used in each process; (b) net
change in energy consumption.

The calculations suggest that the residues not recycled as of 2012 should primarily be recycled to
the BF prior to considering the steel shop. Case four considers recycling of the remaining BF dust to the
BE. Furthermore, BOF fine sludge and the low-zinc fraction of upgraded BF sludge are also considered
for the BE. The BOF is considered for the recycling of the high-zinc fraction of the BF sludge.

3.2. Upgrading of Blast Furnace Sludge

In order to achieve recycling for the most promising cases shown in Figures 1 and 3, the BF sludge
has to be upgraded, creating a low-zinc and high-zinc fraction. Table 6 presents the results from
the upgrading methods applied to the BF sludge of the present study. Considering the performance
of the different methods, the leaching in sulfuric acid at pH 1 and 80 °C was most promising in
terms of removing zinc. However, leaching in sulfuric acid at pH 3 and 80 °C resulted in a higher
recovery of iron and solids in the low-zinc fraction. The leaching time at pH 1 and 3 was 30 min
and 6 h, respectively. Nonetheless, the sampling during the leaching process indicated that the zinc
was successfully leached within 15 min at pH 1 and 1 h at pH 3. After the leaching process, the zinc
in the solution can be precipitated by adding alkali carbonates forming zinc carbonate. Thermal
decomposition of the zinc carbonate can be applied to form zinc oxide, which may be used by zinc
producers to produce metallic zinc [22].

Table 6. Results of the upgrading of BF sludge.

% of Total Zinc in % of Total Iron in % of Total Carbon in % of Total Solids in

Method High-Zinc Fraction Low-Zinc Fraction Low-Zinc Fraction Low-Zinc Fraction
Leaching, pH 1 95 91 100 86
Leaching, pH 3 80 96 100 93
Hydrocyclone 74 66 37 59

Tornado 81 37 39 31

The results of the leaching experiments suggest that 80% of the zinc in the BF sludge was
distributed in weak-acid soluble phases, such as zincite (ZnO) and smithsonite (ZnCO3). The remaining
20% of the zinc was distributed as franklinite (ZnFe,Oy).

Using physical separation methods, the results were promising with regard to the removal of
zinc. Both the hydrocycloning and the tornado treatment of the sludge proved to be less efficient
as compared to the leaching, with regard to recovering the iron, carbon, and solids in the low-zinc
fraction. Using ultrasonic sieving, the sludge was separated into narrow size-fractions and analyzed
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for zing, iron, and carbon. The finest fraction, less than 5 microns in size, carried the majority of the
zinc; namely, 73.6% of the total zinc content in the sludge. In addition, this size fraction carried 49.2%,
47.2% and 43.6% of the solids, iron and carbon, respectively. Therefore, the efficiency of these methods
were limited by the distribution of zinc, iron, and carbon in the different size fractions.

The results of the upgrading experiments presented in Table 6 illustrates that BF sludge generated
by a BF operating on 100% pellets as ferrous burden and utilizing a cyclone as the primary gas cleaning
equipment can be upgraded, creating a fraction containing the majority of the zinc.

Although superior in performance, leaching has not been reported in full-scale operation.
However, a mobile pilot plant utilizing hydrochloric acid as a leaching agent has been developed and
tested [27]. Nonetheless, continuation of the present study was made based on the tornado-treated
sludge. The choice was made based on three principal reasons: (i) the zinc removal was satisfactory;
(ii) during the upgrading, the material was simultaneously dried to below 1 wt.% moisture; and mainly,
(iii) this process was the only one handling enough BF sludge required for the subsequent experiments.

3.3. Recycling to the Blast Furnace

3.3.1. Experiments in Laboratory Scale and Pilot-Plant Scale

The cold strength of the cold-bonded agglomerates is essential when determining whether the
agglomerates can sustain the conditions inside the BF. Inadequate cold strength leads to breakage
during material handling and charging, which results in increased dust formation from the BF.
Furthermore, low cold-strength may cause the agglomerates to disintegrate and impair the gas
permeability in the furnace. The tumbling indices of the reference Bl and B2 briquettes were
determined as 78%, 84%, and 81%, respectively. Thus, including up to 20 wt.% of the low-zinc
fraction of the tornado-treated BF sludge to the cold-bonded briquette recipe, shown in Table 2,
resulted in briquettes with sufficient tumbling strength to be top-charged into the BE.

The laboratory-scale BF shaft simulation experiments were used to study the reducibility of the
three different briquette types. Figure 4a,b shows the diffractograms of each briquette after the wall and
center program, respectively. In all cases, metallic iron was the only iron phase, as hematite, magnetite
and wiistite were reduced to a level below the detection limit of the XRD. Furthermore, the briquettes
with added upgraded BF sludge were consistently less disintegrated and harder to break. These visual
observations are in agreement with the tumble indices. Furthermore, the observations are in line with
the results presented by Singh and Bjérkman [28,29], who reported that cold-bonded briquettes with
coarser particles had a greater tendency to disintegrate in the LKAB EBE. The ds( of the reference,
and B1 and B2 recipes in the present study were determined to be 255, 185, and 145 um, respectively.

The results of the laboratory-scale BF shaft simulation experiments were considered promising
and the briquettes were charged as basket samples to the LKAB EBF.

The mass loss of the three different briquettes with respect to the descent in EBF is presented
in Figure 5. The reactions presented in the figure were based on the diffractograms of the briquettes
at each location. Briquettes descending from the stockline to 1715 mm below the stockline was
associated with the reduction of hematite (Fe;O3) to magnetite (Fe30,4) and magnetite to wiistite (FeO),
and it the calcination of calcite (CaCOj3) had also started. Reaching 2422 mm below the stockline,
the calcination was completed and the reduction of wiistite to metallic iron had finished in all briquettes.
All briquettes retrieved at and below 4246 mm below the stockline were partly broken. Also, cementite
(Fe3C) formation was observed in all briquettes at these levels.
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program of the laboratory-scale BF experiments.
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Figure 5. Mass loss and reactions during the descent of the briquettes in the LKAB EBF.

Both the laboratory and pilot-plant scale experiments suggested that adding up to 20 wt.% of
upgraded BF sludge to a top-charged cold-bonded briquette is feasible in terms of strength and
reduction. Based on these results, a decision to charge briquettes containing 3.8 wt.% of non-upgraded
BF sludge, shown in Table 4, to BF No. 3 at SSAB Luled was made. The non-upgraded BF sludge was
used as an approximation of the low-zinc fraction of upgraded BF sludge, as no full-scale upgrading
method was available. The more conservative addition of 3.8, as compared to 20 wt.%, was based on
the required addition to completely recycle the annual generation of BF sludge.

3.3.2. Full-Scale Trials

The effect of the addition of BF sludge on the cold strength of the briquettes used in the full-scale
BF was assessed with regard to the feasibility of top-charging the agglomerates. Table 7 presents the
results of the tumbler test experiments. Replacing deS scrap by BF sludge decreased the cold strength
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both after one day and after three weeks of curing. The general trend during the curing process is an
increase in the TI value after the prolonged curing as observed for the RB and the first batch of the BSB.
Although the BSB briquettes had lower TI values, the required cold strength for top-charging into BF
No. 3 at SSAB Luled was met. Thus, the briquettes with BF sludge were considered suitable to charge
in the full-scale BE.

Table 7. Tumbling strength (TI values in %) of the reference briquettes (RB) and BF sludge briquettes (BSB).

Recipe 1 Day Curing 21 Days Curing
RB 74 81
BSB (first batch) 61 74
BSB (second batch) 69 68

No disturbances could be attributed to the BSB during the full-scale trials, suggesting that
the lower cold strength, shown in Table 7, did not affect the operation. Considering these results,
the recycling of BF sludge to the commercial-scale BF via the cold-bonded briquettes was achieved
without any negative effect on the operation linked to the briquettes. Thus, the trials in laboratory,
pilot plant, and full scale showed that cold-bonded briquettes can be used to recycle upgraded BF
sludge to the BE

The zinc contents of the RB and BSB were determined to be 0.076 and 0.081%, respectively.
Therefore, when adding 100 kg of briquettes per ton of hot metal, the increased zinc load was 5 g/tHM.
The zinc load from the primary raw materials charged to BF No.3 varied between 30 and 41 g/tHM.
Thus, as the zinc input to the furnace from the primary raw materials was reasonably low, the increased
zinc load of 81 g/tHM for the BSB instead of the reference scenario of 76 g/tHM for the RB was
considered acceptable.

Based on the rate of addition of the cold-bonded briquettes and the annual production of hot
metal from BF No. 3, 11.4 tons of upgraded BF sludge can be recycled via cold-bonded briquettes each
year. This covers the annual on-site generation of BF sludge.

3.4. Recycling to the Steel Shop

3.4.1. Laboratory Scale Experiments

In order to completely recycle the BF sludge, the high-zinc fraction has to be recycled to the steel
shop. From an energy-efficiency standpoint, recycling to the BOF is preferred over the deS station,
shown in Figures 1 and 3. However, recycling to the BOF is accompanied by sulfur pick-up in the
crude steel [19]. This sulfur comes from the cement and residues in the briquettes. Therefore, adding
the briquettes to the deS station, prior to the deS of the hot metal, is of interest during the production
of steel grades with low sulfur content.

The melt-in behavior of the cold-bonded briquettes of Table 4 was studied in laboratory scale.
In the full-scale process, the briquettes would be charged to a ladle with small amounts of hot metal.
After the charging of the briquettes, the hot metal from the torpedo car would be poured into the
ladle. Thereafter, the ladle would be transported to the deS station. The time required for pouring hot
metal from the torpedo and transporting the ladle to the deS station was approximately ten minutes.
Therefore, ten minutes was chosen as the longest time the briquettes were in contact with the melt
in the laboratory-scale experiments. The propagation of the melt-in of the briquettes during these
experiments is presented in Figure 6. A majority of the briquette was still to be melted after ten minutes,
suggesting that melt-in problems can be expected in the full-scale process.
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Figure 6. Photographs of the briquettes of Table 4 after contact with hot metal at 1350 °C for (a) 1 min,
and (b) 10 min [30].

In order to study the propagation of the reduction in detail, XRD was run on samples within the
briquette that were in contact with the melt for 6 min. Five samples from the briquette, distributed
perpendicular to the surface of the melt, was analyzed using XRD. The results, provided in-depth in
a previous publication [30], showed that as the reduction progressed, the reduced part melted and
entered the hot metal. Also, the heat surrounding the rim of the briquette allowed self-reduction of the
higher iron oxides.

Four stages need to occur in order for the iron in the cold-bonded briquettes to enter the hot metal:
(i) heating, (ii) reduction, (iii) carburization of the iron, and (iv) melting of the carburized iron and
slag separation [31]. Based on Figure 6, part of the briquette had gone through all stages. However,
the results of the XRD suggested that the middle of the briquette was still undergoing the first stage
after 6 min of being in contact with the hot metal.

Considering the indicated slow heat transfer, reduction, and melt-in of the briquettes, the idea
of using pellets of the same recipe was to allow these smaller agglomerates to fully reduce and enter
the melt. The mineralogy of the pellets being in contact with the melt suggested that the iron oxides
were reduced to amounts below the detection limit of the XRD after a time of contact between 4 and
8 min, shown in Figure 7a. Thus, the reduction in the briquettes were limited by a combination of
the poor melt-in behavior and limited heat transfer. However, although the pellets were completely
reduced and smaller in size as compared to the briquettes, they still had melt-in problems, shown in
Figure 7b. These results are in line with the conclusions made by Ding and Warner, who found that
the reduction of carbon-chromite composite pellets could be considerably faster than the dissolution
when subjected to smelting reduction in high-carbon ferrochromium melts [32]. As the pellets were
completely reduced, the poor melt-in suggests that either the carburization of iron or the melting and
separation of the slag and carburized iron was the limiting step.

Although the results of the laboratory scale experiments suggested melt-in difficulties,
the full-scale trials were considered to be of interest due to the mixing effect during the pouring
of hot metal from the torpedo. Also, higher hot metal temperatures than tested in the laboratory-scale
experiments are possible, which may facilitate the melting and separation of the slag and carburized
iron in the agglomerates. In addition, the internal slag composition of the cold-bonded briquettes used
in the full-scale trials was designed to have a lower melting point than that of the laboratory-scale trials.

The upgrading of BF sludge was not made in full-scale. Therefore, the recipe of the briquettes
tested in the full-scale trials of the present study did not include any BF sludge. Instead, the briquette
recipe included BOF fine and coarse sludge. These two residues can partially be replaced by the
high-zinc fraction of the upgraded BF sludge. In such a scenario, the difference in carbon content and
oxidation degree of iron between the BF and BOF sludges has to be considered.
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Figure 7. (a) Diffractograms of pellets with 100% peaks of the iron phases denoted; (b) mass loss of the
pellets with respect to the time of contact with hot metal at 1350 °C [30].

3.4.2. Full-Scale Trials

Charging the briquettes to the ladle caused minor dusting. However, the moisture content
and strength of the briquettes allowed for safe operation without any incidents. The melt-in of the
briquettes prior to the deS started was evaluated visually. Charging up to 150 kg of briquettes enabled
melting of all added briquettes. In contrast, only partial melt-in was noticed when charging 300 kg
per heat. Nonetheless, after the deS process, no briquettes were observed, indicating a successful
melt-in. The final steel quality was not compromised in any of the trials, suggesting that up to 300 kg
of briquettes was possible to add into the process. This amounts to about 5400 metric tons of briquettes
per year. Therefore, the desulfurization station was shown to be a viable recycling route within the
steel shop.

Briquettes of the same recipe were charged in amounts of up to 1250 kg per heat in the BOF.
The briquettes were charged with the steel scrap, which had several positive outcomes, such as
improved slag formation and improved dephosphorization. However, the addition of the briquettes
also resulted in increased sulfur content of 6-17 ppm in the crude steel. Therefore, the recycling of
these agglomerates to the BOF is restricted to steel qualities that allow slightly higher sulfur content.
At the specific plant, 8700 metric tons of briquettes could be added each year.

In total, 14,100 metric tons of briquettes could be recycled annually. The percentage of the
high-zinc fraction of BF sludge required to be included in these briquettes to completely recycle the BF
sludge depends on the upgrading method employed, shown in Table 6.

3.5. Holistic View on Recycling of Off-Gas Dust

In order to develop a holistic view regarding on-site recycling of off-gas dust, four key aspects
should be considered: (i) maximizing the raw-material efficiency, (ii) maximizing the energy-efficiency,
(iii) managing tramp elements in the process, and (iv) maintaining the high steel quality and production.
The holistic view on recycling which was developed based on the results of the calculations and
experimental work of the present study is illustrated in Figure 8. The flowsheet is an extended version
of the on-site recycling within the pellet-based integrated steel plant presented by Wedholm [1].
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Figure 8. Illustration of the holistic view on recycling of off-gas dust within the integrated steel plant.

In the present study, the process integration analyses suggested that the BF should be utilized as
the main recycling route in order to maximize energy efficiency. Therefore, the existing recycling route
where the BF dust was generated on-site was completely recycled via the top-charging of cold-bonded
briquettes, and injection of BF dust in the tuyeres [1] was maintained in the flowsheet. In order
to address the third aspect in the list, the tramp elements, a dezincing step of the BF sludge was
introduced. The present study showed that the BF sludge could be upgraded and the low-zinc fraction
could be recycled to the BF via the cold-bonded briquettes. This layout allows an outlet of zinc to
be introduced from the recycling system of the BF, which mitigates the accumulation and excessive
circulating loads of zinc in the BE.

The BOF coarse sludge has previously been successfully recycled via the cold-bonded briquettes
to the BF [1]. Also, the BOF fine sludge has recently been included in these briquettes [1,33]. The zinc
content of the sludges from the BOF is managed by managing the quality of the cooling scrap [1].
Both of these residues were included in the briquettes used in the experimental work of the present
study, Tables 2 and 3, further establishing the possibility of this recycling route.

In order to maximize the raw-material efficiency and manage the tramp elements in the process,
part of the off-gas dust has to be recycled to the steel shop. In the present study, residues that are
recycled to the BF has been included in the recipes of briquettes that were recycled to the deS station
and BOF, shown in Table 5. This contradicts the energy-efficiency maximization, as shown in the results
of the process integration analyses in Figure 3. However, including these residues in the briquettes
is fundamental to achieve a recipe with a particle-size distribution that is suitable for producing
cold-bonded briquettes with adequate properties for handling during recycling.

Recycling via the steel shop using cold-bonded briquettes was shown to be feasible in the present
study. By avoiding recycling to steel grades of low sulfur content, the recycling route did not affect the
final steel quality. The incorporation of the high-zinc fraction of BF sludge in the briquettes, replacing
the BOF sludges, would enable the complete recycling of this residue. The laboratory experiments with
the briquettes and pellets containing the high-zinc fraction of the upgraded BF sludge showed melt-in
problems in hot metal at 1350 °C. If the addition of this fraction of the BF sludge would facilitate
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melt-in problems in the deS station, cold-bonded pellets could be used instead of briquettes in order to
improve the melt-in. The complete reduction of the pellets, without dissolution in the steel, would still
allow them to be recycled as the deS slag is crushed and the magnetic fraction is recycled to the BF via
the briquettes.

In the present recycling scenario, the main output of zinc would be the secondary dust.
This residue is by far the lowest in tonnage, shown in Figure 1, which poses two benefits: (i) the
raw-material efficiency of the on-site recycling is maximized, and (ii) the ability to concentrate tramp
elements is easiest. The secondary dust is residue generated in a filter treating the off-gas from the
deS station and the off-gas from the BOF prior to the start of blowing. Thus, the zinc being reduced
and evaporated from the cold-bonded briquettes charged to the deS station would enter this residue.
Furthermore, the zinc in the residues charged together with the cooling scrap to the BOF would at
least partly be reduced and evaporated during the charging of desulfurized hot metal to the converter.
Thus, an outlet of zinc from the process is created. The efficiency of this outlet depends, to some
extent, on the amount of zinc evaporating from the agglomerates prior to the start of blowing. Zinc
evaporated after the start of blowing in the BOF would enter the BOF coarse and fine sludge. As these
are partly recycled to the BF, the zinc load in the BF would increase. In conclusion, a system analysis
is required in order to analyze the effect on the overall zinc load in the integrated steel plant when
operating on the proposed recycling scheme presented in Figure 8.

Finally, in order to maximize the recycling, the secondary dust can be recycled outside the process.
In that case, the zinc content in the secondary dust has to be concentrated by closed-loop recycling.
When the zinc content is sufficiently high, external zinc producers can utilize the residue.

Based on the above, the present paper illustrated the possibility of utilizing process integration
analyses to decide the most efficient recycling routes of off-gas dust not being recycled today.
Furthermore, the experiments ranging from laboratory scale to pilot-plant scale and full scale showed
the feasibility of realizing these efficient recycling routes.

4. Conclusions

In the present paper, process integration analyses and laboratory, pilot plant, and full scale
experiments were utilized to develop a holistic view for the recycling of off-gas dust generated in the
BF, deS station, and BOF. The holistic approach considered a compromise between energy efficiency
and raw-material efficiency for the process system including the BF, BOF, and deS station. Furthermore,
the approach accounted for tramp elements, mainly zinc, while maintaining the production of
high-quality steel. The study suggested that the off-gas dust could be recycled, minimizing the
amount of non-recycled residues. The following findings improved knowledge considering recycling
within the integrated steel plant:

e  Physical separation or hydrometallurgical approaches were shown to be feasible in upgrading
fine-grained BF sludge, although the sludge was low in zinc from the start.

e  Thelow-zinc fraction of BF sludge can be completely recycled to the BF using cold-bonded briquettes.

e  Recycling of cold-bonded briquettes to the deS station is feasible but restricted due to
melt-in capacity.

e  The possible recycling rate to the steel shop is sufficient to completely recycle the high-zinc
fraction of upgraded BF sludge, depending on the chosen upgrading method.

A system analysis is required to estimate the increased zinc load in the integrated steel plant
when operating the recycling scenario presented in the holistic view.

Author Contributions: Conceptualization, B.B. and LS.-O.; Methodology, A.A., A.G., AK. and M.A.; Formal
Analysis, A.A., A.G. and M.A ; Investigation, A.A., A.G., AK. and M. A ; Data Curation, E.S.; Writing—Original
Draft Preparation, A.A.; Writing—Review & Editing, A.A., H.A,, L.S.-O. and B.B; Supervision, H.A., L.S.-O. and
B.B.; Project Administration, H.A.; Funding Acquisition, L.S.-O. and B.B.



Metals 2018, 8, 760 16 of 17

Funding: This research was funded by the Swedish Energy Agency and the research program Iron and Steel
Industry Energy Use (JoSEn). The work was carried out within CAMM—Centre of Advanced Mining and
Metallurgy at Luled University of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wedholm, A. Briquettes—Taking Advantage of Fine-Grained Residues in a Sustainable Manner.
In Proceedings of the SCANMET V, Luled, Sweden, 12-15 June 2016; Swerea MEFOS: Luled, Sweden, 2016.

2. Deas, B.; Prakash, S.; Reddy, PS.R.; Misra, VN. An overview of utilization of slag and sludge from steel
industries. Resour. Conserv. Recycl. 2007, 50, 40-57. [CrossRef]

3. Rasmus, R,; Aguado Monsonet, M.A.; Roudier, S.; Delgado Sancho, L. Best Available Techniques (BAT) Reference
Document for Iron and Steel Production; European IPPC Bureau: Seville, Spain, 2013; ISBN 978-92-79-26475-7.

4. Geerdes, M.; Chaigneau, R.; Kurunov, I; Lingiardi, O.; Ricketts, ]J. Modern Blast Furnace Ironmaking:
An Introduction, 3rd ed.; IOS Press BV: Amsterdam, The Netherlands, 2015; p. 172, ISBN 9781614994985.

5. Esezobor, D.E.; Balogun, S.A. Zinc accumulation during recycling of iron oxide wastes in the blast furnace.
Ironmak. Steelmak. 2006, 33, 419-425. [CrossRef]

6. Uno, S.; Umetso, Y.; Ohmizu, M.; Munakata, S. Dezincing equipment and operation based on wet
classification of wet-cleaned BF dust. Nippon Steel Tech. Rep. 1979, 13, 80-85.

7. Jeon,].G,;Jin, S.J. POSCO’s Achievement for the Recycling of Sludge. SEAISI Q. 2002, 31, 53-59.

8. Singh, A.K.P.; Raju, M.T,; Jha, U. Recycling of Basic Oxygen Furnace (BOF) sludge in iron and steel works.
Int. J. Environ. Technol. Manag. 2011, 14, 19-32. [CrossRef]

9.  Gargul, K,; Boryczko, B. Removal of zinc from dusts and sludges from basic oxygen furnaces in the process
of ammoniacal leaching. Arch. Civ. Mech. Eng. 2015, 15, 179-187. [CrossRef]

10. Kelebek, S.; Yortik, S.; Davis, B. Characterization of basic oxygen furnace dust and zinc removal by acid
leaching. Miner. Eng. 2004, 17, 285-291. [CrossRef]

11. Cantarino, M.V,; de Carvalho Filho, C.; Mansur, M.B. Selective removal of zinc from basic oxygen furnace
sludges. Hydrometallurgy 2012, 111-112, 124-128. [CrossRef]

12.  Trung, Z.H.; Kukurugya, F.; Takacova, Z.; Orac, D.; Laubertova, A.M.; Havlik, T. Acid leaching both of zinc
and iron from basic oxygen furnace sludge. J. Hazard. Mater. 2011, 192, 1100-1107. [CrossRef] [PubMed]

13. Nakano, M.; Okada, T.; Hasegawa, H.; Sakakibara, M. Coke Breeze-less Sintering of BOF Dust and Its
Capability of Dezincing. ISI] Int. 2000, 40, 238-243. [CrossRef]

14. Fleischanderl, A.; Pesl, J.; Gebert, W. Aspect of recycling of steelworks by-products through the BOF.
SEAISI Q. 1999, 28, 51-60.

15. Ma, N.Y,; Atkinson, M.; Neale, K. In-process separation of zinc from BOF off-gas cleaning system solid
wastes. Iron Steel Technol. 2012, 9, 77-86.

16. Ma, N. Recycling of basic oxygen furnace steelmaking dust by in-process separation of zinc from the dust.
J. Clean. Prod. 2016, 112, 4497-4504. [CrossRef]

17.  Makkonen, H.T.; Heino, J.; Laitila, L.; Hiltunen, A.; P6yli6, E.; Harkki, J. Optimisation of steel plant recycling
in Finland: Dusts, scales and sludge. Resour. Conserv. Recycl. 2002, 35, 77-84. [CrossRef]

18.  Su, E; Lampinen, H.-O.; Robinson, R. Recycling of Sludge and Dust to the BOF Converter by Cold Bonded
Pelletizing. ISI] Int. 2004, 44, 770-776. [CrossRef]

19. Tang, E; Yu, S.; Peng, F; Hou, H.; Qian, E; Wang, X. Novel concept of recycling sludge and dust to BOF
converter through dispersed in-situ phase induced by composite ball explosive reaction. Int. ]. Miner.
Met. Mater. 2017, 24, 863-868. [CrossRef]

20. Agrawal, RK,; Pandey, PXK. Productive recycling of basic oxygen furnace sludge in integrated steel plant.
J. Sci. Ind. Res. 2005, 64, 702-706.

21. Hooey, P.L.; Bodén, A.; Wang, C.; Grip, C.-E.; Jansson, B. Design and Application of a Spreadsheet-based
Model of the Blast Furnace Factory. ISI] Int. 2010, 50, 924-993. [CrossRef]

22.  Andersson, A.; Ahmed, H.; Rosenkranz, J.; Samuelsson, C.; Bjorkman, B. Characterization and Upgrading

of a Low Zinc-Containing and Fine Blast Furnace Sludge—A Multi-Objective Analysis. ISI] Int. 2017, 57,
262-271. [CrossRef]


http://dx.doi.org/10.1016/j.resconrec.2006.05.008
http://dx.doi.org/10.1179/174328106X114020
http://dx.doi.org/10.1504/IJETM.2011.039255
http://dx.doi.org/10.1016/j.acme.2014.08.004
http://dx.doi.org/10.1016/j.mineng.2003.10.030
http://dx.doi.org/10.1016/j.hydromet.2011.11.004
http://dx.doi.org/10.1016/j.jhazmat.2011.06.016
http://www.ncbi.nlm.nih.gov/pubmed/21724325
http://dx.doi.org/10.2355/isijinternational.40.238
http://dx.doi.org/10.1016/j.jclepro.2015.07.009
http://dx.doi.org/10.1016/S0921-3449(01)00123-9
http://dx.doi.org/10.2355/isijinternational.44.770
http://dx.doi.org/10.1007/s12613-017-1471-9
http://dx.doi.org/10.2355/isijinternational.50.924
http://dx.doi.org/10.2355/isijinternational.ISIJINT-2016-512

Metals 2018, 8, 760 17 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tikka, J.; Lindfors, N.; Backlund, E. Learning from nature: The tornado process. In Proceedings of the
6th International Heavy Minerals Conference, Hluhluwe, South Africa, 10-14 September 2007; SAIMM:
Johannesburg, South Africa, 2007.

Tikka, J.; Hensmann, N.; Lindfors, N.; Backlund, E. Utilization of Tornado processed blast furnace gas
cleaning sludge in blast furnace injection. In Proceedings of the 6th International Council for Scientific and
Technical Information (ICSTT), Rio de Janeiro, Brazil, 14-17 October 2012; ABM: Sao Paulo, Brazil, 2012.
Robinson, R. Studies in Low-Temperature Self-Reduction of By-Products from Integrated Iron and
Steelmaking. Ph.D. Thesis, Lulea University of Technology, Luled, Sweden, 2008.

Hallin, M.; Hooey, L.; Sterneland, J.; Thulin, D. LKAB'’s experimental blast furnace and pellet development.
Revue Metall. Int. |. Met. 2002, 99, 311-316. [CrossRef]

Piezanowski, L.; Raynal, S.; Hugentobler, J.; Houbart, M. Selective Hydrometallurgical Extraction of
Zn/Pb From Blast Furnace Sludge. In Proceedings of the SCANMET V, Luled, Sweden, 12-15 June 2016;
Swerea MEFOS: Luled, Sweden, 2016.

Singh, M.; Bjorkman, B. Testing of cement bonded briquettes under laboratory and blast furnace conditions
Part 1—Effect of processing parameters. Ironmak. Steelmak. 2007, 34, 30—40. [CrossRef]

Singh, M.; Bjorkman, B. Effect of reduction conditions on the swelling behaviour of cement-bonded briquettes.
ISI] Int. 2004, 44, 294-303. [CrossRef]

Andersson, A.; Andersson, M.; Kullerstedt, A.; Ahmed, H.; Sundqvist—OkVist, L. Recycling of the high-zinc
fraction of upgraded bf sludge within the integrated steel plant. In Proceedings of the 8th International
Council for Scientific and Technical Information (ICSTI), Vienna, Austria, 25-28 September 2018; ASMET:
Leoben, Austria, 2018.

Wang, G.; Xue, Q.G.; She, X.E; Wang, ].S. Reduction-melting behaviors of boron-bearing iron
concentrate/carbon composite pellets with addition of CaO. Int. |. Miner. Met. Mater. 2015, 22, 926-932.
[CrossRef]

Ding, Y.L.; Warner, N.A. Smelting reduction of carbon-chromite composite pellets—Part 2: Dissolution
kinetics and mechanism. Trans. Inst. Min. Metall. Sect. C 1997, 106, C64—C68.

Riesbeck, J.; Lundkvist, K.; Bramming, M.; Wedholm, A. Applied Investigation on Waste Minimization in an
Integrated Steel Site. In Proceedings of the World Congress on Sustainable Technologies 2015, London, UK,
14-16 December 2015; Infonomics Society: Basildon, UK, 2015.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1051/metal:2002204
http://dx.doi.org/10.1179/174328106X118071
http://dx.doi.org/10.2355/isijinternational.44.294
http://dx.doi.org/10.1007/s12613-015-1151-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Process Integration Analyses 
	Upgrading of BF Sludge 
	Recycling to the BF 
	Experiments in Laboratory Scale and Pilot-Plant Scale 
	Full-Scale Trials in the BF 

	Recycling of Off-Gas Dust to the Steel Shop 
	Experiments in Laboratory Scale 
	Full-Scale Trials in the deS Station and BOF 


	Results and Discussion 
	Process Integration Analyses 
	Upgrading of Blast Furnace Sludge 
	Recycling to the Blast Furnace 
	Experiments in Laboratory Scale and Pilot-Plant Scale 
	Full-Scale Trials 

	Recycling to the Steel Shop 
	Laboratory Scale Experiments 
	Full-Scale Trials 

	Holistic View on Recycling of Off-Gas Dust 

	Conclusions 
	References

