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Abstract
Depending on the operation of the blast furnace (BF), the main outlet of zinc from the furnace is more or less via the BF dust 
and sludge. As the dust is recycled to the BF, the sludge has to be de-zinced prior to recycling to prevent the accumulation of 
zinc in the BF. De-zincing and recycling of the low-zinc fraction via sinter have been reported. However, no research con-
cerning recycling of upgraded BF sludge via cold-bonded briquettes has been performed. In the present study, a fine-grained 
BF sludge with low zinc content, generated by a BF operating on a ferrous burden of 100% pellets, was upgraded using the 
tornado process. The process simultaneously dried and separated the BF sludge into a high-zinc and a low-zinc fraction. 
The feasibility of recycling the low-zinc fraction to the BF using cold-bonded briquettes was studied on a laboratory-scale 
BF shaft simulator. On comparison with a reference briquette, the experiments indicated that 10 wt% of the upgraded BF 
sludge can be added to the briquette without negatively affecting the reducibility. Higher additions were found to render 
the briquette less reduced compared to the reference under test conditions corresponding to the central part of the BF. The 
strength of the briquettes was not compromised with the addition of the upgraded BF sludge, and a decision to study the 
briquettes in the LKAB experimental blast furnace was made in order to evaluate the behavior under actual BF conditions.

Keywords Blast furnace sludge · Recycling · Upgrading · De-zincing · Cold-bonded briquettes · Laboratory-scale blast 
furnace

Introduction

Ore-based steelmaking generates a variety of residues 
including dusts, sludges, scales, and slags. Recycling of 
these residues within the process or via other applications 
is essential for the sustainable production of steel. Domes-
tic environmental legislation [1] and the cost of raw mate-
rial and energy continue to drive efforts toward increased 
recycling.

The BF is the dominating production unit used in ore-
based ironmaking. The ferrous burden is charged at the top 
of the furnace as agglomerates in the form of sinter and/or 
pellets or lump ore. Depending on which type of ferrous 
burden is used and the onsite possibilities of agglomera-
tion, different options for recycling of in-plant residues 
by top charging are possible. When operating on sinter, 
in-plant residues such as dusts, mill scales, and micro-
pelletized sludge can be incorporated in the sintering pro-
cess [2]. Also, fractions of crushed basic oxygen furnace 
(BOF) slag can be recycled via the sinter [3]. If the steel 
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plant does not have any onsite sinter plant or pellet plant, 
cold-bonded briquettes can be used for recycling. These 
types of briquettes have been used to recycle successfully 
BF dust, screened fines of BF additives, filter dust, pellet 
fines, briquette fines, coarse and fine BOF sludges, fines 
of the magnetic part of the desulfurization slag (desulfuri-
zation scrap), steel scrap fines, mill scales, and pickling 
sludges on industrial scale [4]. Injection of, e.g., BF dust 
in the tuyeres of the BF, is also a possible route in addition 
to the recycling via top-charged agglomerates [4].

One of the residues that is generally recycled com-
pletely—with no landfill—is the dry BF dust. The BF dust 
is collected in the gas-cleaning equipment treating the top-
gas from the BF. In addition to the coarse and dry dust, a 
finer residue is collected; namely, the BF sludge. The BF 
sludge is generally not recycled despite having a chemi-
cal composition dominated by iron and carbon. There are 
two principal reasons why this residue is not recycled: the 
zinc content and the water content. In general, the zinc 
content is the limiting factor. Depending on how the BF 
is operated, the top-gas is more or less the main outlet of 
zinc from the furnace. Therefore, if the dust is recycled 
to the BF, the sludge needs to be pretreated, for removing 
zinc, before recycling in order to avoid the accumulation 
of zinc in the BF. The effects of zinc in the BF include 
increased reductant rates, reduced lining life of carbon-
based refractories, and scaffold formations which may lead 
to disturbed operation [5]. Thus, avoiding the accumula-
tion of zinc in the furnace is essential.

Successful upgrading of BF sludge, by removing zinc 
and recovering iron and carbon, has been achieved using 
hydrocycloning [6–13], hydrometallurgical approaches [6, 
7, 14–16], flotation [7], and microwave heating [17]. In 
the latter, the carbon was recovered by its utilization as a 
reducing agent during the microwave heating.

Industrial-scale recycling of the low-zinc fraction of 
upgraded BF sludge to the BF has been realized by incor-
porating it into sinter [8, 10–13] and cold-bonded pellets 
[12]. When operating a BF with a ferrous burden of 100% 
pellets and utilizing cold-bonded briquettes for the recy-
cling of in-plant residues, a possible recycling route of 
upgraded BF sludge is via the existing infrastructure of 
briquetting. However, there are no reports on recycling of 
both the BF dust and upgraded BF sludge via this route. In 
the present study, a fine-grained and low-zinc-containing 
BF sludge was upgraded using the tornado process. The 
sludge was generated by a BF operating on 100% pel-
lets as ferrous burden and utilizing a cyclone as primary 
gas-cleaning equipment. The feasibility of recycling dif-
ferent amounts of the low-zinc fraction of the upgraded 
BF sludge to the BF using cold-bonded briquettes was 
studied experimentally using a laboratory-scale BF shaft 
simulator.

Experimental

Tornado Treatment

Newly produced BF sludge from SSAB Oxelösund, Swe-
den, was used in the present study. The sludge was tornado 
treated aiming to dry the sludge and generate a zinc-rich 
and a zinc-depleted fraction. The overview of the tornado 
process is illustrated in Fig. 1. The sludge was discharged 
into a preheated airstream (60 °C) of high velocity, feeding 
the sludge tangentially into the tornado. The principle of the 
separation is the same as for the hydrocyclone, i.e., accel-
erated settling rate. The coarse and dense particles settle 
toward the wall and exit via the underflow, whereas the light 
and small particles are carried by the vortex to the overflow. 
In addition, the feed is subjected to mechanical effects such 
as attrition caused by interactions between particles. The 
tornado equipment has been thoroughly described by Tikka 
et al. [18].

Samples were taken during the trial from the feed, under-
flow, and overflow. Each sample was analyzed for moisture 
content, particle-size distribution, and chemical composi-
tion. The particle-size distribution was determined using a 
CILAS 1064 laser diffraction equipment. The results were 
evaluated using the Fraunhofer approximation. A Thermo 
Scientific ARL 9800 X-ray fluorescence (XRF) instrument 
operating a rhodium tube was used to determine the chemi-
cal composition of the sludge. A LECO CS444 combustion 
infrared detection analyzer was used for the determination 

Fig. 1  Overview of the tornado process
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of carbon and sulfur. Inductively coupled plasma mass spec-
trometry (ICP-MS) was used to analyze the zinc content. 
The digestion of the sample prior to the ICP-MS analysis 
was achieved by microwave-assisted dissolution in a mixture 
of nitric acid, hydrochloric acid, and hydrofluoric acid.

Briquetting and Characterization

Three different recipes of cement-bonded briquettes were 
designed in the present study: (i) a recipe without added 
BF sludge, (ii) a recipe with 10 wt% upgraded BF sludge 
labeled B1, and (iii) a recipe with 20 wt% upgraded BF 
sludge labeled B2. The basis for the three different recipes, 
presented in Table 1, was a recipe applied in industrial prac-
tice at SSAB Europe. The upgraded BF sludge used was the 
low-zinc-containing underflow from the tornado treatment.

The particle-size distributions of the ingoing materials 
in the briquette recipes were determined using the CILAS 
1064 laser diffraction equipment and sieving (wet or dry, 
depending on the coarseness of the material).

Before the briquetting, the materials were mixed in a 
SoRoTo 40 L-33 cement mixer with several impellers. 
Water, corresponding to approximately 13.5 wt% of the 
dry blend, was added to the mixture. The briquetting was 
accomplished using a TEKSAM VU600/6 unit. The hex-
agonal briquettes were approximately 7 cm high and 6.5 cm 
edge to edge.

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

A Panalytical MagiX FAST XRF instrument, operating a 
rhodium tube, was used to determine the chemical composi-
tion of the briquettes. The carbon, sulfur, and zinc contents 
were determined as previously described. Contents of Fe(II) 
and metallic iron were determined by titration, as per ISO 
9035.

The mineralogical composition of the briquettes was 
determined using a PANalytical Empyrean X-ray diffraction 

(XRD) unit. Powder samples were measured under the fol-
lowing measurement conditions: Cu Kα radiation, 40 mA 
electron emission current, 45 kV accelerating voltage, meas-
uring in the 2θ range 10–90°, and 0.0260° step size.

An optical dilatometer made by Leitz Wetzlar, Germany 
was used to study the swelling behavior of the three recipes. 
The heating program and gas composition were designed to 
reproduce the conditions in the laboratory-scale BF shaft 
simulator described in “Laboratory Scale BF Shaft Simula-
tion Experiments.” Based on the area measurements of the 
silhouette of the samples, the Swelling Index, SI (%), was 
calculated according to Eq. (1).

Laboratory‑Scale BF Shaft Simulation Experiments

The feasibility of charging briquettes incorporating upgraded 
BF sludge to the BF was tested in a laboratory-scale BF 
shaft simulator developed by LKAB. Figure 2 illustrates the 
experimental setup. Before each test, the height and weight 
of the briquette were measured. The mass loss was moni-
tored during the experiment by suspending the equipment 
to a scale as illustrated by Robinson [19].

Two different programs with different heating rates and 
gas compositions were designed: one that simulates the 
descent along the wall of the BF, Fig. 3a), and one that 

(1)SI(%) =
Change in area

Original area
× 100

Table 1  The three different briquette recipes

Material (wt%) Ref. B1 B2

Upgraded BF sludge 0.0 10.0 20.0
Desulfurization scrap 36.0 31.4 26.8
BOF coarse sludge 18.0 15.7 13.4
BOF fine sludge 12.0 10.5 8.9
Briquette fines 12.0 10.5 8.9
BF dust 10.0 10.0 10.0
Cement 12.0 12.0 12.0

Fig. 2  Experimental setup of the laboratory-scale BF shaft simulator
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simulates the descent in the center of the BF, Fig. 3b). Dur-
ing the experiments, the gas mixture was added at a con-
stant flow rate of 50 Nl/min. Furthermore, the heating up to 
500 °C was made in  N2 atmosphere in both programs. The 
pressure applied by the loading ram, as seen in Fig. 3, was 
a mechanical pressure. Thus, the total pressure of the gas 
phase was not altered.

The dashed vertical lines in Fig. 3, marked in both the 
wall and center programs, intersect the temperature curves 
where a change in heating rate occurs. The three different 
regions of each program, marked by these two lines, are 
labeled as zone 1, zone 2, and zone 3. In addition to run-
ning all three briquettes through the whole wall and center 
programs, the reference and B2 briquettes were run in inter-
rupted tests. The wall program was interrupted at the end of 
the first and second zones, respectively. The center program, 
having a more rapid heating cycle, was interrupted at the end 
of the second zone and middle part of the third zone, respec-
tively. The reference and B2 briquettes were chosen for the 
interrupted tests as these two represents the two boundary 
cases in terms of the addition of upgraded BF sludge.

After the reduction procedures, the briquettes were cooled 
in nitrogen atmosphere. The briquettes were weighed, and 
the dimensions after reduction were measured. The chemical 
and mineralogical compositions were determined using the 
same approach as for the nonreduced briquettes. In addition, 
selected briquettes were analyzed using scanning electron 
microscopy (SEM) together with energy dispersive X-ray 

spectroscopy (EDS). For this purpose, a Gemini Zeiss Mer-
lin microscope incorporating an Oxford EDS detector was 
used.

Results and Discussion

Tornado Treatment

Figure 4 illustrates the separation efficiency curve of the 
tornado experiment. The curve relates the weight fraction of 
each particle size in the feed that reports to the underflow. 
The dashed lines represent the  d75,  d50, and  d25 determined 
to be 40, 19, and 9 µm, respectively. The  d75 represents the 
particle size where 75% of the particles of this particular 
particle size in the feed report to the underflow, and the  d50 
and  d25 values are determined analogously for 50 and 25%, 
respectively. In order to quantitate the sharpness of separa-
tion the imperfection, I, was calculated to be 0.84 according 
to Eq. (2). During hydrocycloning of BF sludge, values of 
I have been determined to be 0.35 and 0.29 for one and 
two-stage hydrocycloning, respectively [6]. Considering that 
dry cyclones are suitable in operation down to 10 µm [20], 
the utilization of the tornado is feasible. The difference in 
the separation efficiencies between the hydrocyclone and 
tornado can be attributed to (i) possible re-entrainment due 
to the high velocity of the tornado inlet stream [20] and/or 
(ii) the fact that the hydrocyclone dimensions were opti-
mized for the sludge [6], whereas the tornado used in the 
present study had limited means for control of dimensional 
parameters.

The chemical compositions of the original sludge and 
the fractions reporting to the overflow and underflow are 
presented in Table 2. Also, the moisture contents prior to 

(2)I =
d75 − d25

2d50

Fig. 3  Temperature, mechanical pressure, and gas profiles of the a 
wall program and b center program. The mechanical pressures and 
the gas compositions are given in the right y-axes

Fig. 4  Separation efficiency curve for the tornado
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drying and analyzing the materials are presented. The given 
values are the average values of three to six samples of each 
material stream taken during the process.

During the upgrading of the sludge, 31% of the total 
solids reported to the underflow. Hydrocycloning of BF 
sludge of similar particle-size distribution yielded 67% sol-
ids recovery in the underflow [6], which reflects the dif-
ference in separation efficiencies. The distribution of iron, 
carbon, and zinc to the underflow was estimated based on a 
back-calculated feed. The distributions of iron, carbon, and 
zinc to the underflow were calculated to be 37, 39, and 5%, 
respectively. The material balances of iron and carbon over 
the tornado process were considered acceptable, deviating 
less than 10%. However, the outgoing zinc was considerably 
higher compared to the zinc in the feed. The improper zinc 
balance was due to the high zinc content of the overflow. No 
apparent reason for this high value, which was an average of 
three samples, could be found. However, the role of the tor-
nado process is to introduce an outlet for zinc exiting from 
the recycling system. Therefore, as the zinc analysis of the 
underflow was lower than that of the feed, the results were 
considered satisfactory. Furthermore, calculating a new dis-
tribution of zinc to the underflow based on the zinc analyses 
of the underflow and feed material suggested that 19% of the 
total zinc content reported to the underflow. Thus, even with 
this more conservative value, 81% of the total zinc content 
can be removed.

Although the hydrocyclone has better sharpness of sepa-
ration, the simultaneous drying and upgrading of the sludge 
are advantageous as the fine particle-size distribution of the 
sludge makes the sludge difficult to dewater. Therefore, the 
effect of incorporating the dry low-zinc fraction of the BF 
sludge into cold-bonded briquettes is of special interest for 
this study. The characteristics of the briquettes have to meet 
the demands on agglomerates charged to the top of the BF.

Briquetting and Characterization

Chemical and Mineralogical Compositions

The chemical compositions of the briquettes are presented 
in Table 3. The total iron content is higher when using 
upgraded BF sludge in the blend. However, the addition of 

upgraded BF sludge, replacing the other constituents of the 
recipe, generated a noticeable lower metallic iron content 
and calcium content. Also, increasing additions of upgraded 
BF sludge resulted in noticeably higher Fe(III), carbon, and 
zinc contents. The Fe(III) content was calculated based 
on the total iron content determined by the XRF and the 
Fe(II) and metallic iron contents determined by the titration 
analysis.

The diffractograms of the three briquettes are presented 
in Fig. 5. The detected phases were iron (Fe), wüstite (FeO), 
magnetite  (Fe3O4), hematite  (Fe2O3), calcite  (CaCO3), 
graphite (C), silica  (SiO2), periclase (MgO), portlandite 
(Ca(OH)2) and mayenite  (Ca12Al14O33). These phases were 
seen in all briquettes, i.e., no qualitative difference was 
observed. However, distinguished differences in the number 
of hematite peaks and the relative intensities of these peaks 
were observed. The relative intensity refers to the relative 
amount of counts registered for a peak as compared to the 
highest peak in the diffractogram. Increasing amounts of 

Table 2  Chemical compositions of dried materials and moisture con-
tents before drying (wt%)

Material Fe C Zn Moisture

Feed 35.6 23.6 0.40 39.9
Underflow 38.1 27.1 0.24 1.7
Overflow 29.6 19.5 2.18 1.8

Table 3  Chemical compositions of the three briquettes

Element Ref. (%) B1 (%) B2 (%)

Fetot 50.6 51.5 52.8
Femetallic 29.8 22.4 19.8
Fe(II) 4.8 5.1 5.3
Calculated Fe(III) 16.0 24.0 27.7
C 7.7 10.8 12.8
CaO 19.9 17.9 16.5
SiO2 4.6 5.0 5.1
MgO 2.0 2.0 1.9
Al2O3 1.6 1.8 1.7
Zn 0.039 0.098 0.141

Fig. 5  Diffractograms of the nonreduced briquettes
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added BF sludge corresponded to increasing relative intensi-
ties of the highest peak distinctive for the diffractogram of 
hematite detected at 33.1° 2θ.

The difference in the chemical composition of the three 
briquettes reflects the substitution of desulfurization scrap, 
BOF coarse sludge, BOF fine sludge, and briquette fines 
with the upgraded BF sludge. The upgraded sludge carries 
more Fe(III) and carbon and less calcium than the other 
materials. Based on the higher relative intensities of hema-
tite and the larger number of hematite peaks observed in 
the XRD, the increased Fe(III) was found as hematite. The 
additional Fe(III) from the BF sludge requires more oxygen 
to be removed in order to reach a full reduction of the iron 
oxides. However, the net effect of the BF sludge additions is 
an increased carbon to oxygen molar ratio. After deducting 
the carbon present in calcite, the carbon to oxygen molar 
ratio in the reference, B1, and B2 briquette was calculated 
to 0.92, 1.05 and 1.14, respectively. Thus, the addition of 
upgraded BF sludge makes the agglomerate, theoretically, 
self-reducible and provides additional carbon that can par-
ticipate in reactions in the BF. Furthermore, increasing 
C/O molar ratios have been shown to facilitate improved 
reduction degrees [21–23] and reduction rates [22] in self-
reducing agglomerates.

Tumble Index and Swelling

The cold strength of the cold-bonded agglomerates is essen-
tial to consider when determining if the agglomerates can 
sustain the conditions prevailing 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 agglomer-
ates to disintegrate and impair the gas permeability in the 
furnace. The tumble indices after 24 h of curing were deter-
mined to be 42, 47, and 48% for the reference, B1, and B2 
briquettes, respectively. These results suggest that a higher 
strength after 24 h of curing can be achieved by adding the 
upgraded BF sludge. After 28 days of curing, the tumble 
indices were determined to 78, 84, and 81% for the refer-
ence, B1, and B2 briquettes, respectively.

The compressive strength of the cold-bonded briquettes 
has been shown to increase consistently with the decreasing 
 d50 [24]. In the present study, the  d50 values were calcu-
lated to be 255, 185, and 145 µm for the material blends of 
the reference, B1, and B2 briquette, respectively. Thus, no 
consistent increase in strength with the decreasing  d50 was 
observed after 28 days of curing. Other factors affecting the 
strength of cold-bonded briquettes are the zinc and carbon 
contents. Zinc compounds slow the cement setting time 
by forming a protective layer on cement grains [25], and 
the hydrophobic nature of carbon disturbs the wetting and 
induce an effect of set retardation in the cement [26]. These 

two factors would contribute to a lower tumbling index with 
the increasing amount of upgraded BF sludge added as the 
sludge additions resulted in higher zinc and carbon con-
tents, Table 3. The collective effect of lower  d50 values and 
higher contents of zinc and carbon was on average the higher 
tumbling indices for the briquettes with the addition of the 
upgraded BF sludge. Furthermore, the strength requirement 
for top-charging of cold-bonded briquettes in the BF is 60% 
[27]. Thus, the cold strength of the BF sludge-containing 
briquettes after curing is satisfactory.

Swelling during reduction is another important phenome-
non to consider when charging agglomerates in the top of the 
BF. Abnormal, or catastrophic, swelling upon heating and 
reduction significantly reduces the strength of the agglom-
erates and may ultimately have a negative effect on the BF 
operation. The maximum recorded swelling indices were 
observed between 944 and 1009 °C and were determined to 
be 18, 27, and 24% for the reference, B1, and B2 briquettes, 
respectively.

Increased coke contents of the cement-bonded briquettes 
have been shown to increase the swelling [28, 29]. Thus, 
considering the chemical compositions of the briquettes, 
Table 3, the coke fines present in the upgraded BF sludge 
should increase the swelling tendencies of the B1 and B2 
briquettes. Furthermore, the presence of CaO in the wüstite 
structure has been shown to favor iron whisker formation 
during reduction, and therefore swelling tendencies increase 
[30]. Although the briquettes of the present study had dif-
ferent calcium contents, Table 3, the effect on the swell-
ing is ambiguous as the documented effect differs between 
studies [31–33]; i.e., the CaO content in wüstite determines 
the effect on swelling, not the overall CaO content in the 
agglomerate. The same ambiguity concerns the effect of 
the particle-size distribution of the agglomerate recipe. Fre-
driksson et al. [34] observed that increasing the grain size 
of the ingoing material in cement-bonded pellets reduced 
the isothermal swelling of the agglomerate, while Singh 
et al. [29] showed a clear increase in the swelling of cold-
bonded briquettes with the increasing  d50. Considering this, 
the collective effect of the differences in chemical compo-
sition and particle-size distribution on the swelling index 
cannot be determined. Nonetheless, swelling up to 20% is 
generally accepted as normal, and values higher than this is 
referred to as abnormal or catastrophic [35]. Furthermore, 
Seaton et al. [36] referred to swelling indices between 20 and 
27% as acceptable and normal. Also, Nascimento et al. [37] 
and Abdel Halim et al. [38] proposed that swelling indices 
around 20% are normal, whereas much higher values are 
considered catastrophic. These much higher indices were 
exemplified by studies reporting swelling indices exceeding 
400% [38]. In contrast to these values, the higher swelling 
indices during reduction accompanied by the addition of 
upgraded BF sludge in the present study were modest. Thus, 
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as the swelling indices of the present study were around 
20%, the swelling was considered acceptable.

Based on the above, the addition of upgraded BF sludge 
does not compromise the characteristics of the reference 
briquette with regards to the cold strength and swelling. 
Furthermore, the qualitative mineralogical composition was 
identical, and the chemical composition suggested possible 
benefits in terms of the higher carbon-to-oxygen molar ratio. 
Therefore, simulating the BF in laboratory scale is of special 
interest as a first step to study the feasibility of recycling 
the agglomerates containing the upgraded BF sludge via 
top-charging.

Laboratory‑Scale BF Shaft Simulation Experiments

Reactions During the Wall Program

Figure 6 illustrates the mass loss curves after 500 °C of 
the three briquettes going through the wall program in the 
laboratory-scale BF shaft simulation experiments. Further-
more, the mass loss and temperatures of the interrupted tests 
are presented as points in the figure. The three briquettes 
show similar mass loss profiles, Fig. 6. The main difference 
between the briquettes is the final mass loss, which reflects 
the available carbon and oxygen to be removed, Table 3. No 
apparent explanation was found for the difference in mass 
loss after the second zone of the interrupted tests and the full 
program. However, this difference in mass loss was acknowl-
edged. The events and reactions corresponding to the mass 
loss in the different zones are accounted for in the text below.

As the briquettes were charged without predrying, the 
evaporation of free and crystal-bound water was assumed to 
occur prior to reaching 500 °C. In addition, the dehydration 
of portlandite to lime, Eq. (3), was assumed to occur before 
introducing the reducing gases at 500 °C. This assumption 
was based on the experiments of Alonso and Fernandez [39] 
who showed that the dehydration of portlandite occurs at 
temperatures lower than 450 °C in nitrogen atmosphere.

The diffractograms of the B2 briquettes after the inter-
rupted and final wall program are presented in Fig. 7. The 
B2 briquette was chosen to be presented as this recipe had 
the highest average oxidation state of iron. No qualitative 
differences were observed when comparing the mineralogy 
of the reference and B2 briquettes subjected to the inter-
rupted tests. However, the relative intensities of the peaks 
corresponding to the iron oxide phases were higher in the 
B2 briquette.

According to Fig. 7, hematite was not detected after the 
first zone of the wall program suggesting that hematite was 
reduced to magnetite, Eq. (4). Furthermore, the relative 
intensities of the shared peaks of wüstite and periclase after 
the first zone suggest that reduction of magnetite to wüstite, 
Eq. (5), started as well. Both Eqs. (4) and (5) can be written 
with hydrogen gas as reducing agent since it was included 
in the gas mix, Fig. 3.

The wt% of the valences of iron in the reference and B2 
briquettes after the interrupted and full wall programs are 
presented in Fig. 8. After the first zone, reaching 850 °C, 
both the reference and B2 briquette were analyzed for lower 
Fe(III) and higher Fe(II) contents. This is consistent with 
the results of the XRD. Furthermore, the metallic iron con-
tent in the reference briquette was lower after the first zone 
compared to the nonreduced briquette, Fig. 8. This suggests 
that reorganization of the oxygen between the iron phases 
occurred. This phenomenon has been observed previously 
and was attributed to solid diffusion of oxygen from higher 
oxidation states to lower ones [40].

(3)Ca(OH)2 ↔ CaO + H2O

(4)3Fe2O3 + CO ↔ 2Fe3O4 + CO2

(5)Fe3O4 + CO ↔ 3FeO + CO2

Fig. 6  The mass losses recorded in the wall program. The interrupted 
tests are labeled Int

Fig. 7  Diffractograms of the B2 briquette subjected to the wall pro-
gram
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The propagation of the reduction is consistent with the 
Fe–C–O diagram, Fig. 9, considering the conditions of the 
wall program after the first zone at 850 °C. The Fe–C–O 
diagram was reproduced using FactSage 7.2 utilizing the 
FactPS database and calculating on a total pressure of 1 atm. 
The relative intensities of the magnetite peaks in the diffrac-
togram of the reference briquette after the first zone of the 
wall program were considerably less than those of the B2 
briquette. Thus, although the C/O molar ratio was higher for 
the B2 briquette, the overall reduction had not progressed 
further. However, in accordance with the results of Shivara-
makrishna et al. [22], the overall reduction rate was higher 
in the B2 briquette. The rates at which the oxygen bound to 
iron decreased per minute in the first zone were calculated 
to be 0.011 and 0.072%O/min for the reference and B2 bri-
quette, respectively. Thus, the difference in reduction after 
the first zone was attributed to a higher original content of 
Fe(III) in the B2 briquette.

Considering the above, the mass loss recorded in the first 
zone corresponded to the net removal of oxygen from the 
iron oxides.

Magnetite was not found in the XRD measurements of 
the briquettes after the second zone. These results suggest 

that the reaction in Eq. (5) was completed. However, as 
shown in Fig. 8, Fe(III) was still present after the second 
zone. This ferric iron may be present in, e.g., brownmillerite 
 (Ca2(Al,Fe)2O5) or wüstite. The Fe(III) content in wüstite 
can range from 7.5 to 29.9 wt% of the total mass of wüstite 
[41]. Nonetheless, as these samples were not studied with 
the SEM–EDS, the XRD suggests that the reaction in Eq. (5) 
propagated long enough to leave magnetite below the detec-
tion limit of the XRD equipment.

The relative intensities of wüstite and iron in the diffrac-
togram of the B2 briquette, Fig. 7, after the second zone, 
compared to after the first zone, suggest that the reaction in 
Eq. (6) started. This is consistent with the conditions of the 
wall program at 950 °C depicted in the Fe–C–O diagram, 
Fig. 9. Also, the higher reduction rate given in %O/min of 
the B2 briquette under the prolonged time of the second 
zone resulted in less oxygen bound to the iron phases in the 
B2 briquette as compared to the reference briquette, Fig. 8. 
Furthermore, based on the change in the relative intensity of 
calcite, the calcination reaction, Eq. (7), had started. Thus, 
the continuation of the reduction of the iron oxides and the 
calcination corresponded to the mass loss observed in the 
second zone, Fig. 6.

No iron oxides were detected after the third zone of the 
wall program, ending at 1100 °C, Fig. 7, suggesting that the 
reduction of wüstite to iron was completed. However, the 
analyzed valences of iron as shown in Fig. 8 suggest that 
Fe(II) was present in both the reference and B2 briquette 
after the full wall program.

The SEM–EDS study was performed on the reference, 
B1, and B2 briquettes that had gone through the full wall 
program. Iron was detected as smaller particles in the sin-
gle digit micrometer size range as well as larger particles 
as shown by the white particles in Fig. 10. Iron particles 

(6)FeO + CO ↔ Fe + CO2

(7)CaCO3 ↔ CaO + CO2

Fig. 8  Weight percentage of valences of iron analyzed in the wall 
program

Fig. 9  Fe–C–O diagram including the conditions of the wall and 
center programs

Fig. 10  Micrograph recorded using an angle-selective backscatter 
detector showing an iron particle surrounded by an oxide layer
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of 100 µm and larger were generally detected with a sur-
rounding layer of oxides. The EDS spectrums suggested that 
these layers were comprised of a calcium silicate and solid 
solutions of iron and magnesium oxide. The solid solutions 
of (Fe,Mg)O explains the Fe(II) content observed after the 
full wall program, Fig. 8. Thus, the reaction in Eq. (6) was 
completed in neither the reference, B1 nor the B2 briquette.

Calcite was not detected after the third zone. Further-
more, the carbon contents of the reference briquette were 
6.4% after the second zone and 2.7% after the third zone. 
The corresponding values for the B2 briquette were 9.9% 
after the second zone and 6.4% after the third zone. Thus, 
the mass loss during the third zone corresponded to the com-
pletion of the calcination reaction, the continuation of the 
reduction of wüstite to iron, and the utilization of the carbon 
in the briquettes.

Iron oxides reaching the lower shaft will be partly reduced 
by direct reduction. Thus, deciding the degree of reduction 
(DoR) in a position representing the lower shaft is of great 
importance. In the present paper, the DoR based on oxygen 
bound to iron was used. The DoR was calculated according 
to Eq. (8).

The DoR values after the full wall program were calcu-
lated to be 86, 65, and 92% for the reference, B1, and B2 
briquettes, respectively. The oxygen bound to the iron of the 
B2 briquette suggests that adding 20 wt% of upgraded BF 
sludge leaves the briquette effectively reduced. On the other 
hand, the DoR of the B1 briquette suggested that a lower 
addition of upgraded BF sludge influenced the reducibility 
negatively.

Reactions During the Center Program

Similar to the wall program, the evaporation of free and 
crystal-bound water as well as the dehydration of portland-
ite to lime was assumed to occur prior to reaching 500 °C. 
The propagation of the reduction in the center program was 
studied by running XRD on the briquettes subjected to the 
interrupted tests. After reaching 1000 °C at the end of the 
second zone, Fig. 11, neither hematite nor magnetite was 
detected in the reference and B2 briquettes suggesting that 
the reduction to wüstite was completed. Furthermore, based 
on the relative intensities of the wüstite and iron peaks, the 
reduction of wüstite to iron had started. This is consistent 
with the conditions of the center program at 1000 °C in the 
Fe–C–O diagram in Fig. 9. Also, the calcination reaction 
was finished as calcite was not detected in the briquettes. 
Thus, the mass loss during the first and second zone of the 

(8)

DoR(%) =

(

O in FeO
x

)

start
−
(

O in FeO
x

)

reduced
(

O in FeO
x

)

start

× 100 center program, Fig. 11, was made up of the reduction and 
calcination reactions.

The reduction of wüstite to iron was incomplete in both 
the reference and the B2 briquette reaching halfway through 
the third zone at 1050 °C. Wüstite was not detected in the 
reference, B1, or B2 briquette after the complete center 
program suggesting complete reduction. However, the wt% 
values of the valences of iron in the briquettes, Table 4, sug-
gest that wüstite or solid solutions of (Fe,Mg)O are present. 
The respective carbon contents of the reference briquette 
were 6.8% after the second zone and 4.1% after the third 
zone. The corresponding values for the B2 briquette were 
11.4% after the second and 7.8% after the third zone. Thus, 
the mass loss, going from the end of the second to the end 
of the third zone, was composed of the continuation of the 
reduction and the utilization of carbon.

The DoR of the reference briquette was determined to 
86% after both the wall and center programs. The B1 bri-
quette appears to be more reduced after the center program 
(DoR of 93%) compared to that after the wall program (DoR 
of 65%). Considering the more rapid heating cycle in the 
center program, the results of the B1 briquette are counter-
intuitive, especially as the B2 briquette was satisfactorily 
reduced after the wall program. This discrepancy may be 
attributed to the XRF analysis of the total iron content in 
the B1 briquette after the full wall program. The value was 
noticeably higher than all other iron analyses. The effect 
of this high value was an overestimation of the calculated 
Fe(III) content and therefore a high value of oxygen bound 

Fig. 11  The mass losses recorded in the center program. The inter-
rupted tests are labeled Int

Table 4  Weight percentages of the valences of iron after the full 
center program

Briq Fe met Fe(II) Fe(III) DoR

Ref 49.3 3.2 0.5 86
B1 50.4 2.6 0.0 93
B2 39.2 5.9 3.5 74
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to iron after the full wall program. Considering this, the DoR 
of the B1 briquette after the wall program may be underesti-
mated and the briquette could be satisfactorily reduced after 
both programs.

The B2 briquette was considerably less reduced after 
the shorter center program (DoR of 74%) compared to the 
longer wall program (DoR of 92%). The average reduc-
tion rates during the center program were calculated to be 
0.057 and 0.081%O/min for the reference and B2 briquette, 
respectively. Therefore, the seemingly poor reducibility of 
the B2 briquette can be attributed to the insufficient time 
compared to what was required in order to reduce the addi-
tional amount of iron oxides provided by the upgraded 
BF sludge. In comparison with the DoR of the reference 
briquette, the conclusion is that adding up to 20 wt% of 
upgraded BF sludge leaves the briquette properly reduced 
during the descent under conditions of the wall program. 
However, 10 wt% was the maximum amount of addition of 
the upgraded BF sludge, tested in the present study, which 
facilitates proper reducibility if the descent occurs under the 
conditions of the center program.

Observations on Strength and Swelling

In contrast to the results of the optical dilatometer, the bri-
quettes did not swell in the laboratory-scale BF shaft experi-
ments. The briquettes reaching the end of the first, second, 
and third zones in the wall program had average heights of 
97, 88, and 86% of the initial height, respectively. In the 
center program, the average heights of the briquettes after 
the second, middle of the third, and end of the third zone 
were 95, 89, and 83% of the initial height, respectively.

The surfaces of the briquettes were smooth in all direc-
tions for every experiment, which suggests that the sur-
rounding load, applied by the alumina balls and stamp 
countered the tendency to swell. The results are in line with 
previous studies where the tendency to swell was shown to 
be diminished by the surrounding load [28, 42].

The briquettes with the addition of upgraded BF sludge 
were consistently less disintegrated and were harder to 
break. These visual observations are in agreement with the 
tumble indices.

Considerations for the Full‑Scale BF

Considering the promising results of the laboratory-scale BF 
shaft simulator, three questions rose: (i) how does the addi-
tion of the upgraded BF sludge in the briquette change the 
chemical composition of the slag and the slag volume? (ii) 
what is the increase in the zinc load? and (iii) is the labora-
tory-scale simulator a valid approximation of the BF shaft?

The first question was addressed by means of a pre-
viously developed mass balancing model described by 

Hooey et al. [43]. Based on the differences in the chemi-
cal compositions of the three briquettes used in the present 
study, the slag chemistry and slag volume in the BF were 
calculated. By maintaining a constant hot metal produc-
tion and slag basicity in the calculations, the differences 
in the slag chemistry and volume were found to be accept-
able suggesting that the briquettes are feasible from a slag 
perspective.

The second question was addressed based on the differ-
ence in zinc contents, Table 3, and a feasible addition rate of 
cold-bonded briquettes. With a rate of addition at 100 kg of 
briquettes per ton hot metal in the BF, the addition of 10 or 
20 wt% of upgraded BF sludge would increase the zinc load 
in the furnace by 59 or 102 grams per ton hot metal, respec-
tively. However, at these rates of additions of upgraded BF 
sludge, the operation with these briquettes requires only 
shorter time periods to cover the annual generation of BF 
sludge. Considering the operation at SSAB, Oxelösund, 
where the sludge of the present study was sampled, the 
required rate of addition to the briquettes in order to recycle 
the sludge upgraded using the tornado would be 3.7 wt%.

The third question was addressed by referring to the lit-
erature reporting both the use of laboratory-scale BF simu-
lators and the subsequent scaling up of their experiments. 
In a comparison of the results from a laboratory-scale BF 
simulation experiment and basket samples from the LKAB 
EBF, Sterneland et al. concluded that the reduction was sim-
ilar in both cases [44]. In addition, the EBF represents the 
conditions in the commercial BF operation well [45]. This 
indirectly suggests that the laboratory-scale experiments 
offer a feasible simulation of the full-scale BF. Furthermore, 
Yokoyama et al. [46] utilized a laboratory-scale BF shaft 
simulator with a heating and gas profile similar to the wall 
program of the present paper. The carbon consumption ratio 
of reactive coke agglomerates from the interrupted labora-
tory tests was compared to that of probe samples of baskets 
in full-scale operation, finding that the shaft simulator can be 
used in order to simulate the shaft of the BF [46]. Thus, the 
laboratory-scale BF shaft simulation experiments are a valid 
approximation of the full-scale operation, which support the 
findings of the present paper, to be confirmed in experiments 
in a larger scale. Based on the results, the briquettes were 
decided to be included as basket samples in a future cam-
paign in the LKAB EBF.

Conclusion

In the present paper, the upgrading and recycling of a fine-
grained and low-zinc-containing BF sludge were studied. 
The upgrading, referring to the removal of zinc, was studied 
using the tornado process concluding that:
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• The equipment can be used to separate 81% of the total zinc 
content leaving a fraction low in zinc carrying of 37, 39, 
and 31% of the total iron, carbon, and solids, respectively.

• The equipment effectively dries the sludge, generating an 
overflow and underflow with low moisture contents.

The feasibility of recycling the low-zinc fraction of the 
sludge from the tornado process was studied experimentally 
utilizing a laboratory-scale BF shaft simulator. The low-zinc 
fraction was incorporated into cold-bonded briquettes in 
amounts of 10 and 20 wt%. By comparing the two different 
briquettes to a reference recipe, without any BF sludge, the 
following observations were concluded:

• The briquettes containing upgraded BF sludge showed 
higher quality in terms of tumbling strength and lower 
levels of disintegration during reduction under load.

• Addition of up to 20 wt% of the upgraded BF sludge did 
not compromise the reducibility of the briquette in an 
experiment simulating the descent along the wall of the 
furnace.

• Addition of 10 wt% of upgraded BF sludge was the maxi-
mum tested amount that left the briquette satisfactorily 
reduced after an experiment simulating a rapid descent 
in the center of the BF.

The results were considered promising, and a decision to 
try the same briquettes as basket samples in a future cam-
paign in the LKAB EBF was made.
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