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Abstract 

Ore-based steelmaking generates various residues including dust, sludges, scales and slags. 

Internal and external recycling has allowed for 68-90 % of the dust, sludges and scales to be 

recycled. However, several residues are landfilled despite containing elements valuable as raw 

material in the production of steel. One such residue is the blast furnace (BF) sludge which has 

a chemical composition dominated by iron and carbon. In 2008, the annual worldwide 

landfilling of BF sludge was estimated to 8 million metric tons in dry weight. Furthermore, as 

the iron production via the BF route has increased significantly since 2008, the landfilling of 

BF sludge could be even higher as of today. Thus, the potential to reclaim valuable iron and 

carbon while improving the raw material efficiency is substantial. 

Traditionally, in-plant recycling of residues generated in the integrated steel plant is conducted 

via the sinter or, in the case of pellet-based BFs, via cold-bonded briquettes and injection in the 

BF tuyeres. The challenges in recycling BF sludge via these routes are the fine particle size 

distribution, the high water content and the zinc content. Of these challenges, the latter is the 

main concern as too high zinc loads in the BF lead to increased reductant rates, reduced lining 

life of carbon-based bricks and scaffold formation, which may disturb the process. The 

challenge regarding zinc has previously been addressed by pretreating the sludge, generating a 

low-zinc and high-zinc fraction where the former has been recycled to the BF via the sinter or 

cold-bonded pellets. Although pretreatment and recycling of the low-zinc fraction have been 

achieved in industrial scale, the reported sludges are generally coarse in size and high in zinc. 

Furthermore, recycling of pretreated BF sludge to the BF utilizing cold-bonded briquettes has 

not been reported and the internal recycling of the high-zinc fraction has not been considered. 

In the present thesis, newly produced BF sludge with a fine particle size distribution and low 

zinc content was characterized finding that a majority of the zinc was present in weak acid 

soluble phases and that the finest fraction of the sludge carried most of the zinc. Based on these 

findings, the BF sludge was pretreated using sulfuric acid leaching, hydrocycloning and tornado 

treatment, respectively. Sulfuric acid leaching was the most effective method in selectively 

separating zinc from the iron, carbon and solids. However, both hydrocycloning and tornado 

treatment were successful in generating a fraction low in zinc. 

The low-zinc fraction of the tornado-treated BF sludge was incorporated in cold-bonded 

briquettes and tested for strength, swelling and intrinsic reducibility. Furthermore, the 
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briquettes were charged as basket samples in the LKAB Experimental Blast Furnace (EBF) in 

order to study the behavior in actual BF conditions. The results suggested that the low-zinc 

fraction of the BF sludge could be added to the briquettes without negatively affecting the 

performance of the briquettes in the BF. The results were confirmed in industrial-scale trials 

where non-treated BF sludge was added to cold-bonded briquettes in an amount that would 

facilitate complete recycling of the low-zinc fraction. Charging these briquettes to the BF did 

not induce any negative effects on the process or the hot metal (HM) quality. 

The high-zinc fraction of the tornado-treated BF sludge was added in self-reducing cold-bonded 

agglomerates and studied in technical-scale smelting reduction experiments aiming at recycling 

to the HM desulfurization plant. The experiments suggested that melt-in problems could be 

expected when using either briquettes or pellets. Nonetheless, industrial-scale trials were 

performed aiming to study the feasibility of recycling cold-bonded briquettes to both the HM 

desulfurization plant and basic oxygen furnace (BOF). These trials suggested that a substantial 

amount could be recycled without affecting the final quality of the steel. However, additional 

experiments were identified to be required in order to enable 100 % recycling of the high-zinc 

fraction of the tornado-treated BF sludge. 

Based on the results from the experimental work, a holistic concept to completely recycle the 

BF sludge within the integrated steel plant was suggested. 
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1 Introduction 

1.1 Motivations for Recycling 

Recycling of metals in the past has, according to Reuter et al. [1], been motivated by their high 

economic and emotional value. During these times, the incentive for recycling was 

characterized as a pulling force owing to the market value of metals and the costly production, 

sophisticated know-how required in the production and sometimes the scarcity of the metal 

itself [1]. Since then, new trends in the societal behavior has emerged and Reuter et al. [1] 

classifies a new pushing force for recycling based on legislative measures originating from aims 

of reduced emissions, i.e., what can be labeled sustainability or circular economy. According 

to Geissdoerfer et al. [2], the concept of sustainability can be traced back to the 1960s when 

risks concerning ozone depletion, climate change, loss of biodiversity and changes to the 

nitrogen cycle were commenced to be systematically studied. While sustainability is an open-

ended concept, the concept of circular economy employs ideas of closed-loop material streams 

with policies including zero waste and zero emissions [2]. The concept of circular economy is 

based on features dating back to the 1970s, but the introduction of the concept has, according 

to the study performed by Geissdoerfer et al. [2], been credited to Pearce et al. [3] published in 

1989. Considering both the pushing and pulling force for recycling, the motivations for 

processing and/or recycling of residues can, according to the concepts of Reuter et al. [1], be 

summarized as: 

i) Scarcity of resources found in the residue. 

ii) The high monetary value of raw materials presents within the residue. 

iii) Low bulk density of the residue which affects transportation and landfill. 

iv) The potential hazard of the residue which makes landfilling unattractive. 

v) High heat value of the residue which can be utilized in an existing process. 

vi) Legislative measures on disposal of the residue. 

Concerning the iron and steelmaking industry, recycling of end-of-life products, as well as by-

products or waste products generated during the steel production, complies with one or several 

of the motivators presented above. More specifically, the main driving forces in recycling 

within this industry relates to the cost of raw materials, energy and landfill areas as well as the 

pushing force from legislative measures. Also, the mitigation of carbon dioxide emissions can 

be identified as an important driving force in recycling within the iron and steelmaking industry. 
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1.2 Recycling of Residues from Ore-Based Steelmaking 

1.2.1 Historical Perspective 

The first recorded iron produced from iron ore is credited to the Hittites and dated to ca 4000 

years ago [4]. However, up until the introduction of the Bessemer and Siemens-Martin 

processes during the second half of the 19th century, steel could not be mass-produced [4]. 

Considering that iron has been produced for millenniums and that the industrial production of 

steel is more than 150 years old, the concepts of sustainability and circular economy are quite 

recent. Nonetheless, the iron and steelmakers have progressed towards these concepts before 

naming them and bringing them to the public light.  

The use of slag in road building dates back 2000 years to the time of the Roman Empire [5] and 

a building made by BF slag in Sweden has been dated to the 9th century [6]. Furthermore, in a 

Swedish document dated 1766 labeled “The Regulations for the Foundry Masters” instructed 

that all slag of suitable quality should be cast as slag tiles, which was later to be used in house 

construction [4]. In addition, the use of iron slag as both road and construction material was 

evident throughout Europe during the 18th and 19th century [6].  

From the 19th century, the BF gas was cleaned in order to utilize it as a fuel [4]. However, the 

utilization of gas-cleaning equipment in order to reduce the dust emissions from the steelmaking 

industry had to wait and was evident between 1960 and 1980, Figure 1.1 a). The measures to 

decrease the dust emissions coincide with the rise of the environmental sustainability concept 

that emerged during the 1960s. As gas-cleaning equipment was installed, new residues were 

collected; namely, dust and sludges. The research published on recycling of different off-gas 

fines from integrated steel plants was commenced shortly after the sharp decrease in dust 

emissions, Figure 1.1 b), suggesting that these new residues were considered for recycling. 

However, the trend for recycling does not entirely reflect the number of publications. According 

to Adams [7], many in-plant activities were performed and not reported outside the plants in 

the early stages of recycling. These non-reported activities are apparent since Relf [8] reported 

in 1976 that efforts on recycling of iron-bearing residues had been ongoing for 30 years. 

Considering these efforts, recycling of in-plant fines within integrated steelmaking was 

significant short after substantially reducing the emissions to the air. In the paper from 1970, 

Cavaghan et al. [9] reported that 70 % of all steelmaking dust and the majority of the mill scale 

was sold or recycled internally within the Midland Group of British Steel Company. 

The motivation for recycling of in-plant fines within the integrated steelworks in papers from 
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the 1970s revolves around economic and environmental factors. The latter has been recognized 

as either pure environmental benefits or environmental control postulated by legislative 

authorities. Adams [7] reported that the industry had become increasingly aware that necessary 

technologies for internal recycling have to be developed in response to economic and 

environmental pressures. Mathias et al. [10] reported mainly on the legislative restrictions on 

traditional dumping but recognized the economic benefits as well. The economic and ecological 

benefits of recycling waste materials via cold-bonded pellets were highlighted by George et al. 

[11]. Furthermore, Cavaghan et al. [9] solely focused on the economic benefits of recycling, 

whereas Relf [8] focused on the legislative measures and local authorities as driving forces for 

continued development in recycling.  

 
Figure 1.1 a) Historical dust emissions per metric ton of steel produced in Sweden. The figure 

was made using data from [4] b) The cumulative number of publications on recycling of residues 

from the integrated steel plants. 

The driving force for continued recycling was present although the industry had progressed far 

in terms of recycling via the sinter plant, Waelz and Kawasaki process. West [12] recognized 

that the steel industry was in general strongly in favor of complete recycling of generated waste 

products, i.e., a zero-waste steelmaking concept. However, both the Waelz process that was 

used to treat the electric arc furnace (EAF) dust and the Kawasaki or SL-RN process that were 

used to treat wastes from the integrated steel plants were expensive in both operation and capital 

[12]. In light of these three processes, Relf [8] discussed prospects in the recycling of in-plant 

waste materials recognizing that the technology for complete recycling was already developed. 

Based on this, Relf [8] suggested that some cost credit should be applied to cover the capital 

and operation costs of utilizing these costly methods required for recycling and complying with 
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the legislation. A different outlook was presented by West [12]. The future trend, according to 

West [12], was that a higher priority was likely to be given to expenditure on recycling due to 

increasing costs of dumping. Furthermore, West [12] recognized that advances in the technical 

performance of beneficiation plants treating residues would be made, which would drive the 

recycling forward. 

1.2.2 Present Scenario 

Considering the historical perspective given in the previous section, the recycling of wastes 

from the steel plants has increased further. According to statistics presented by Euroslag [13], 

all BF slag from European BFs were utilized in cement, concrete or road construction as of 

2016. Furthermore, only 14.1 % of the steelmaking slags, including both primary and secondary 

steelmaking, were deposited in landfill during 2016 [13]. 

1.2.2.1 Recycling via the Blast Furnace Route 

Moving forward from the original efforts reported on recycling of in-plant fines, the recycling 

scenario at Pohang Works in 1998 was accounted for by Kim et al. [14]. The study reported 

that 73 % of the generated dust and sludges were recycled internally or sold. In 2002, Makkonen 

et al. [15] presented an overview of the recycling of dust, scales and sludges in Finnish 

steelmaking companies. In the paper, 68 % of the total amount of generated in-plant fines were 

recycled and the remaining 32 % was landfilled. In 2006, Endemann et al. [16] reviewed the 

generation and utilization of dust, sludges and scales within the German steelworks. The study 

included six integrated steel plants, one BF plant and eleven EAF-based plants. Within these 

plants, the recycling of the aforementioned residues amounted to 82 % of the total generation 

[16]. This number shows an improvement as compared to the 70 % reported by Cavaghan [9] 

in 1970. However, considering that the studies are separated by 36 years of potential 

development, the improvement can be considered modest.  

In the studies presented above, the major recycling route of the residues generated within the 

integrated steel plants was the sinter plant and therefore, ultimately the BF [14-16]. In-plant 

residues recycled via sinter to the BF include, amongst others, BF dust [17], low-zinc fraction 

of pretreated BF sludge [18-22], BF cast house dust [16], HM ladle slag [16], BOF sludge 

[17,23], dolomite refractories [16], mill scale [17], oily mill scale mixed with peat [24], de-

oiled mill scale [16] and the fine fraction of crushed and classified BOF slag [25]. 

In integrated steel plants with BFs operating mainly on pellet-based ferrous burden, there is no 

on-site sinter plant and the recycling cannot be achieved via this route. The recycling within 
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such plants can be achieved via top-charged cold-bonded briquettes and injection of in-plant 

fines via the BF tuyeres. The integrated steel plant in Luleå, owned and operated by SSAB, uses 

iron ore pellets and recycles the in-plant fines via briquettes. Comparing the environmental 

reports of SSAB Luleå published for the years 2000 [26] and 2017 [27], the decrease in 

landfilled material is evident. Of the dust, scales and sludges (including pellet fines) that were 

generated during the year 2000, 74 % were recycled internally or externally [26]. During 2017, 

the same figure was 90 % [27]. In the paper by Wedholm [28], the residues that have been 

successfully recycled via the cold-bonded briquettes to the BF at SSAB Luleå are BF dust, 

screened fines of BF additives, filter dust, pellet fines, briquette fines, coarse and fine BOF 

sludge, fines of the magnetic part of the desulfurization slag (desulfurization scrap), steel scrap 

fines, mill scale and pickling sludge. Furthermore, injection of BF dust via the tuyeres of the 

BF is operated in addition to the top-charged briquettes [28]. 

1.2.2.2 Recycling via Stand-Alone Processes or Plants 

So far, only recycling of in-plant residues via the BF has been taken into account. In order to 

strive towards maximum resource efficiency and zero-waste steelmaking, the use of stand-alone 

processes can be utilized to improve the recycling capacities further. The early go-to processes 

were developed based on the Waelz kiln process that is used to recycle EAF dust; these include 

the SL-RN and Kawasaki process [8]. More recent processes include the rotary hearth furnace 

(RHF) which, according to Birat [29], offers a fairly satisfying solution to the needs of the 

integrated steel plants. E.g., the incorporation of an RHF at China Steel improved the in-plant 

recycling as problematic residues could be used to produce direct reduced iron (DRI) [30]. 

Another process suitable to treat in-plant fines is the OxyCup® process used by, e.g., 

ThyssenKrupp Steel AG to produce HM from briquetted fines and other iron-bearing residues 

[16]. Furthermore, Hansmann et al. [31] reported on the construction of a Primus plant 

operating a multiple hearth furnace and EAF to treat EAF dust and residues from an adjacent 

integrated steel plant.  

In addition to stand-alone processes, specific plants can be designed to recycle problematic 

residues from other integrated steel plants. The DK process, operated by DK Recycling und 

Roheisen GmbH, operates two BFs and a sinter strand to recycle residues from companies 

throughout Europe [16]. The zinc load in the BFs is in the range of 35 kg per metric ton hot 

metal (kg/tHM) and the high top gas temperature enables the gas cleaning equipment to recover 

a zinc product that is sold to the zinc industry [16]. 
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1.2.2.3 Recycling via Other On-Site Processes 

If the integrated steel plant does not have a stand-alone process for recycling or can pay another 

company to recycle the generated residues, other recycling routes than the BF can be considered 

in order to improve the in-plant recycling further. Recycling of in-plant fines to the BOF can 

be achieved in full-scale operation by replacing part of the sinter, pellets or scrap used as coolant 

with agglomerates of residues. Endemann et al. [16] reported on operations where the BOF dust 

was briquetted and recycled back to the BOF. The recycling enabled zinc to be enriched in the 

BOF dust whereafter part of the dust could be sold [16]. Furthermore, hot briquetting has been 

employed to recycle BOF dust back to the BOF [32]. In addition to BOF dust, the study by 

Agrawal et al. [23] found that briquettes of BOF sludge could be used to successfully recycle 

the annual generation of this residue to the BOF. Moreover, industrial-scale trials charging cold-

bonded agglomerates to the BOF showed that recycling of BF dust was feasible in addition to 

recycling the off-gas fines from the BOF [33,34]. 

1.3 Problematic Residues to Recycle 

In comparison to the historical perspective, including the initial successful efforts to recycle in-

plant fines, to the state of recycling as of today, significant improvements have been made. 

However, there are still problematic residues that are difficult to recycle. One such residue that 

is frequently mentioned in the literature [14-17,35] is the BF sludge. Strategies to cope with BF 

sludge have been developed. As mentioned in Section 1.2.2.1, the low-zinc fraction of 

pretreated BF sludge has been recycled via the sinter [18-22]. Furthermore, BF sludge has been 

recycled via the DK process [16], OxyCup® [16] and RHF [30]. Considering these reports, the 

means to recycle BF sludge appears to be developed. However, the reported recycling rates of 

this residue tell a different story. In the paper by Endemann et al. [16], the German integrated 

steel plants included in the study landfilled on average 32.2 % of the generated BF sludge 

amounting to 64 400 metric tons per year. The study presenting the recycling within Pohang 

Works reported that 95 011 metric tons of BF sludge were landfilled each year [14]. In the paper 

by Makkonen et al. [15], the integrated steel plant in Raahe generated and landfilled 7 700 

metric tons of BF sludge per year. Furthermore, according to the latest publicly available 

environmental reports of the two Swedish integrated steel plants, the amount of BF sludge 

landfilled amounted to 10 100 metric tons dry weight [27] and 17 400 metric tons in wet weight 

[36]. In 2008, Hansmann et al. [31] estimated that 8 million metric tons (dry weight) of BF 

sludge was landfilled worldwide. Between 2008 and 2017, the BF-BOF route crude steel 

production has increased from 890 [37] to 1200 [38] million metric tons suggesting that the 
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amount of annually landfilled BF sludge can be significantly higher today.  

According to the best available technique (BAT) document for iron and steel production [39], 

the two major chemical components of BF sludge is iron and carbon. Typical iron and carbon 

contents in the BF sludge as reported by the BAT document were 7-35 and 15-47 wt.%, 

respectively [39]. Thus, apart from the obvious environmental benefits of not landfilling 

material, the high content of valuable elements suggests that recycling can pose economic 

benefits and significantly improve the raw material efficiency. Another reason to find means to 

recycle BF sludge has been motivated by the ever decreasing space for landfilling and 

supposedly increased landfill costs for landfill sites outside the property owned by the 

integrated steel plant [14]. Furthermore, even if the space for landfilling is available within the 

company, the cost related to constructing new landfill ponds is high. Lundqvist et al. [35] 

reported an estimated cost of €1.5 to €4.5 million (depending on land conditions) for 

constructing a sludge pond that would hold five years’ worth of BF sludge production.  

Considering the above, the incentives to recycle BF sludge are present. However, three key 

reasons make the BF sludge hard to recycle: 

i) The fine particle size distribution. 

ii) The high water content. 

iii) The zinc content of the sludge. 

In the sinter plant, iron ore is micro-pelletized in order to avoid dusting and to achieve suitable 

permeability during the sintering process [40]. Thus, concerning the first challenge, BF sludge 

can be included in the micro-pellets before the sintering in order to maintain the permeability 

during the sintering process. However, increasing loads of fine particles lead to finer granule 

size distributions, which may still disturb the permeability of the granule bed [40]. Furthermore, 

the fine particle size distribution may negatively affect the strength of cold-bonded briquettes 

as briquettes comprised of finer particles have a threshold cement content where the 

compression strength is similar or higher than briquettes comprised of coarser particles [41]. If 

the cement content is lower than this threshold, the strength of the fine-particulate briquette is 

inferior to that of the coarse-particulate briquette [41]. The fine particle size distribution of the 

sludge also provides poor dewatering properties where after drying of the sludge requires 

lengthy periods and large areas [21]. However, of the three listed properties, the third is the 

most important one. In order to understand why this is so, the behavior of zinc in the furnace 

has to be studied.  
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1.3.1 The Behavior of Zinc in the Blast Furnace 

Zinc is present in small quantities in many ores in the form of ferrites, silicates or sulfides [42], 

although the latter is less common in ores used for BF ironmaking. Therefore, part of the zinc 

load in the BF can be attributed to the primary raw material. However, the main input of zinc 

to the BF comes from recycled materials via the sinter [43] or cold-bonded briquettes and BF 

dust injection [35]. In the latter case, the recycling of the briquettes and injected dust accounted 

for 61 and 14 % of the total zinc load, respectively [35]. The zinc compounds that enter the BF 

via the top-charged materials descend and reacts with the reducing gas at temperatures 

exceeding 1000°C forming elemental zinc [42]. As zinc has a boiling point of 907°C, the 

reduced zinc is vaporized and ascends with the gas to the colder parts of the BF where 

reoxidation and condensation on the ferrous burden and coke occur [43]. Part of the condensed 

oxidic zinc phases leaves the BF via the top-gas, whereas the remaining part descends with the 

burden forming a cyclical pattern [43] as illustrated in Figure 1.2. 

 
Figure 1.2 Schematic representation of the cyclical behavior of zinc. Based on 

information from literature [35,42-45]. 

After periods where input levels of zinc exceed the outlet, high circulating loads within the BF 

can be obtained. The circulating load of zinc is the highest in the temperature region of 800-

1200°C and samples have shown that zinc concentrations can be ten times higher in the lower 

shaft than in the charged burden [45]. The detrimental effects of zinc in the BF includes: i) 

increased reductant rate due to reduction of reoxidized zinc, ii) increased reductant rates due to 

poorer gas reduction after zinc deposition within pores of the ferrous burden, iii) reduced lining 

life of carbon-based brick materials and iv) scaffold formation, which may ultimately lead to 
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deteriorating operational performance [43].  

The control of zinc is mainly achieved by controlling the input levels, these often vary between 

150 and 400 g/tHM [43], but cases between 45-150 g/tHM [46-52] and up to 2500 g/tHM [44] 

can also be found in the literature. In addition to controlling the input levels, the zinc outlet 

through the off-gas can be increased by operating on a large difference in the temperature of 

the top gas and burden material; i.e., a high top gas temperature and a low burden material 

temperature [45]. Also, a strong central gas flow [45] and lowered top gas pressure is favorable 

for zinc removal at the top [53]. In addition to the off-gas, the zinc may leave the BF through 

the HM and slag phase. The zinc removed by tapping is increased with decreasing flame 

temperature as well as decreasing silicon and manganese content of the HM. However, most of 

the zinc is assumed to evaporate during the tapping, reporting to the cast house dust [45]. 

1.3.2 The Challenge of Zinc Related to Blast Furnace Sludge 

Considering the detrimental effects on the operation of the BF attributed to elevated zinc loads, 

the input and circulating load of zinc has to be controlled. Based on this, the literature 

addressing the challenge concerning zinc when recycling BF sludge often focuses on the zinc 

content of the sludge in itself. E.g., in the paper by Mikhailov et al. [54], the challenge was 

addressed in a general manner stating that the maximum tolerable zinc content for recycling of 

BF sludge via the sinter plant was 0.5 %. In certain cases, this can be valid, e.g., when zinc 

contents in the sludge are several percents. However, in other integrated steel plants, the zinc 

content of the BF sludge can be less than 0.5 % and still not be eligible for recycling [55]. 

Therefore, in order to define a general description of the zinc challenge when recycling BF 

sludge, a material balance of zinc over the BF has to be conducted.  

Figure 1.3 a) illustrates the distribution of the total amount of zinc leaving the BF when 

operating a dust catcher as primary gas cleaning equipment. The figure is based on the material 

balance reported by Esezobor et al. [44] who presented that 15-27 % of the zinc exits through 

the BF dust, 45-70 % through the BF sludge, 5-10 % through the HM and 5 % through the slag. 

The solids distribution in the figure was based on the data provided by Winfield et al. [56]. 

When utilizing a cyclone as primary gas cleaning equipment (Figure 1.3 b)), the distribution 

of zinc between the dust and sludge has been reported as 42 % and 39 %, respectively, of the 

total zinc input to the BF [35]. In conclusion, the data presented by Lundqvist et al. [35] and 

Esezobor et al. [44] shows that the main outlet of zinc from the BF is more or less the off-gas 

as 60-97 % of the total zinc outlet reports to this process stream. The span of the variations can 
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be attributed to the factors of top gas temperature, top pressure and central gas flow as presented 

in Section 1.3.1. Based on the above, since the BF dust is completely recycled to the BF, the 

sludge cannot be recycled. The sludge is an important outlet of zinc from the system that 

mitigates excessive build-up of zinc in the BF. Thus, even if the BF sludge has a zinc content 

of 0.5 %, recycling would reintroduce the major part of the zinc outlet from the BF to the BF 

and zinc would accumulate in the recycling system. 

  
Figure 1.3 Distribution of solids in off-gas to dust and sludge. 

Distribution of zinc in dust and sludge, based on total zinc load. 

Operating a) a dust catcher or b) a cyclone. Reproduced with data 

from [35,44,56]. 
 

 

 

1.3.3 Addressing the Challenge of Zinc 

Based on the above, the benefit of a stand-alone process within the integrated steel plant or an 

external processing plant is evident as zinc is removed from the BF recycling system. Both the 

RHF and OxyCup® have been used to recycle BF sludge. Prior to the introduction of these 

processes, the SL-RN and Kawasaki processes were the option for stand-alone recycling 

utilized in the integrated steel plants. However, these stand-alone processes were recognized 

for their high investment and operating costs [8,12,19] whereafter pretreatment of BF sludge 

by hydrocycloning was incorporated in industrial-scale operation [18-22]. The aim of this 
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pretreatment method, or upgrading method, was to introduce a bleed of zinc from the recycling 

system by creating a low-zinc fraction that could be recycled to the BF and a high-zinc fraction 

that was discarded. In comparison, the typical stand-alone kiln plant in Japan was reported to 

cost $70 to $120 million in 1982 with a processing cost of $100 to $125 per metric ton [19] 

whereas a hydrocyclone installation was reported to cost $2.1 million in 1984 [57] with an 

operating cost of approximately $20 to $25 per metric ton [19]. 

In comparison to the operation cost of the rotating kiln, McClelland et al. [58] reported in 2003 

that the FASTMET RHF plant had a Greenfield budget of $150 to $200 per metric ton DRI 

product. Ibaraki et al. [59] labeled the RHF as low in both operation cost and investment cost 

(in comparison to the Waelz kiln, submerged arc furnace and shaft furnace). The low investment 

cost was partly motivated by the capacity of the RHF per unit area of the plant [59]. Although 

seemingly high in cost as compared to, e.g., hydrocycloning, Makkonen et al. [15] argued that 

stand-alone processes could be beneficial both ecologically and economically as compared to 

utilizing existing processes for recycling. The economic benefits were stated to rise from 

savings due to more smooth-running of primary processes, profits due to a potentially higher 

quality of products and the possibility to remove bottlenecks using the stand-alone process [15]. 

Although the arguments presented by Makkonen et al. [15] might be valid, the very short 

payback times of hydrocycloning of BF sludge [18] have encouraged the hydrocyclone 

recycling route. Furthermore, commercially available RHF plants operate on capacities 

between 50 000 and 500 000 metric ton of waste per year [60], which is more than many smaller 

integrated steel plants require. According to Fontana et al. [60], the RHF becomes attractive 

when more than 100 000 metric tons of waste is eligible for recycling each year. Therefore, the 

pretreatment route for BF sludge can be considered of interest in many integrated steel plants 

as opposed to the stand-alone process route. 

1.3.4 Potential for Improvement in the Pretreatment Recycling Route  

Successful upgrading of BF sludge using hydrocyclones and the consecutive recycling of the 

low-zinc fraction of BF sludge via the sinter [18-22] or cold-bonded pellets [21] have been 

achieved in industrial-scale operation. In these studies, four mutual aspects can be identified 

concerning the: 

i) Collecting of the sludge. 

ii) Zinc content of the sludge. 

iii) Recycling route to the BF. 
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iv) Lack of plans for the high-zinc fraction of the sludge. 

Concerning the first aspect, if specified, the sludges treated in the hydrocyclone have been 

collected in a scrubber after operating a dust catcher as primary gas cleaning equipment which 

means the sludges are generally coarse [18-20]. Furthermore, concerning the second aspect, the 

zinc content of the sludges have been reported in the range of 0.84-1.39 % [18,19,21] as well 

as significantly higher values ranging between 2.10 and 8.52 % [19,20,22]. Both of these ranges 

of zinc contents do not represent those of sludges from BFs operating at low zinc loads. 

Concerning the third aspect, recycling of the low-zinc fraction has either been achieved by 

incorporation in the sinter [18-22] or in cold-bonded pellets [21]. Thus, the feasibility of 

recycling via cold-bonded briquettes as readily employed for recycling in-plant fines in 

integrated steel plants operating on a ferrous burden mainly of pellets has not been studied. 

Lastly, concerning the fourth aspect, the high-zinc fraction has been considered for the cement 

industry as iron-bearing material [21] but it has not been mentioned for in-plant recycling which 

leaves the further potential for utilization of the iron and carbon in the sludge. Based on these 

aspects, the aim and scope of the present thesis were outlined. 

1.4 Aim and Scope 

Although measures to recycle BF sludge via the pretreatment route has been reported in the 

literature, there are still challenges to address regarding i) fine-grained BF sludges of low zinc 

contents ii) recycling routes for pellet-based BFs and iii) recycling of the high-zinc fraction. 

The aim of the present thesis is to enable complete recycling of BF sludge previously landfilled 

using a holistic approach that includes the processes within the integrated steel plant. In order 

to achieve this, the aim and scope were defined as follows: 

 To determine the characteristics of a fine-grained BF sludge of low zinc-content 

generated in a gas-cleaning system operating on a primary cyclone and identify possible 

pretreatment methods based on the characteristics. (Paper I) 

 To investigate the performance in terms of generating a low-zinc fraction carrying most 

of the carbon, iron and solid particles when utilizing the identified pretreatment methods 

and use the characteristics of the BF sludge to understand said performance. (Paper I 

and II) 

 To incorporate the low-zinc fraction into cold-bonded briquettes and study the 

feasibility of recycling these to the BF as well as study the effect of the BF sludge 

additions on the performance of the briquettes within the BF. (Paper II and III) 
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 To study the potential of recycling the high-zinc fraction to the steel shop of the 

integrated steel plant utilizing cold-bonded agglomerates by focusing on the effect of 

BF sludge additions on the performance of the agglomerate. (Paper IV) 

 To develop a holistic approach towards complete recycling of BF sludge within the 

integrated steel plant. (Paper V) 

Figure 1.4 illustrates a coarse schematic of the thesis work covering the five bullet points of 

the aim and scope. The fifth point was developed based on the results of the first four points. 

 
Figure 1.4 Schematic principle of the thesis work. Grey roman numerals denote in 

which paper each category was included. 
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2 Literature Review 

2.1 Characterization of Blast Furnace Sludge 

The characteristics of BF sludge can be studied in order to understand and improve present 

upgrading methods or develop new techniques for pretreatment and separation of zinc. The 

present section contains an overview of the available literature on the characteristics of BF 

sludge. 

2.1.1 Chemical Composition 

Typical iron and carbon contents of BF sludge as reported by the BAT document [39] were 

presented in the introduction showing that iron and carbon varied between 7-35 and 15-47 wt.%, 

respectively. The chemical composition covering the major chemical components of BF sludge 

from several studies [54,55,61-69] is presented in Table 2.1. The compositions presented in 

these studies suggest that, typically, the iron and carbon are in the upper and lower part of the 

range presented by the BAT document, respectively.  

Table 2.1 Chemical composition (in wt.%) of BF sludge reported in the literature. Significant 

figures vary based on reported numbers in the literature. 

Ref. Source of BF sludge Fe C Zn CaO SiO2 MgO Al2O3 

[54] Cherepovetsky, Russia 46.1 / 1.33 4.7 5.4 1.5 0.9 

[55] 
SSAB Europe, Raahe, 

Finland 
34.0 27.8 0.40 6.6 7.2 2.1 2.7 

[61] 
US Steel, Kosice, 

Slovakia 
41.4 18.5 1.98 4.3 7.0 1.9 1.7 

[62] 
Abandoned landfill, 

Ruhr area, Germany 
15.8 19.0 3.26 11.6 8.9 3.4 6.8 

[63] 
Unspecified Brazilian 

Steel Plant 
36.5 25.7 1.01 3.9 5.5 0.9 2.1 

[64] 
Schwelgern 2, Duisburg, 

Germany 
20.5 / 2.19 3.1 4.7 0.4 1.8 

[65] 
SSAB Europe, Raahe, 

Finland 
39.0 24.9 0.56 6.6 7.1 1.6 2.2 

[66] Ensidesa, Spain 33.0 34.1 1.20 3.2 7.8 1.2 3.2 

[67] 
Sidmar N.V., Ghent, 

Belgium 
8.6 4.8 3.90 8.3 4.1 6.3 1.9 

[68] 
Former landfills in 

Central Europe 
15.4 15.7 4.56 10.3 19.5 1.8 6.3 

[69] 
SSAB Europe, Luleå, 

Sweden 
33.3 27.2 0.6 7.7 5.3 1.7 2.2 

The variations of the zinc content of the sludges presented in Table 2.1 are significant, ranging 

from 0.40 to 4.56 wt.%. Noteworthy is that the studies presented by Vereš et al. [61] and Omran 
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et al. [55] both aimed to upgrade the BF sludge by creating a low-zinc fraction to enable 

recycling. From the start, the sludge studied by Omran et al. [55] contained 80 % less zinc than 

the sludge studied by Vereš et al. [61]. In some cases, a zinc separation of 80 % to the high-zinc 

fraction of BF sludge would be considered sufficient to make the low-zinc fraction eligible for 

recycling. Thus, the comparison of these studies emphasizes the importance of considering the 

material balance over the recycling system in each integrated steel plant as a too high zinc 

content for recycling is a relative term. 

2.1.1.1 Distribution of Elements in Different Size Fractions 

The particle size distribution of BF sludge reported in the literature varies, which illustrates the 

effect of gas cleaning equipment and operating conditions of the BF. Vereš et al. [61] reported 

that the studied sludge had a bimodal particle size distribution with two major size fractions 

between 1-10 µm and 10-100 µm. The sludge had a d90 of 50 µm [61]; i.e., 90 % of the particles 

in the sludge were finer than 50 µm. Both Omran et al. [55] and Dias et al. [63] studied coarser 

BF sludges with d90 between 100 and 200 µm. Trinkel et al. [70] presented the results of wet-

sieving of three BF sludge samples from the same BF, illustrating that the particle size 

distribution varies during operation. The particles of one sample were almost all finer than 

100 µm whereas the two other samples had approximately 10 % of the total solids distributed 

in the >100 µm fraction. 

Trinkel et al. [70] also studied the elemental distribution between the size fractions finding that 

45-65 % of the total carbon content was distributed in the size fraction larger than 63 µm, which 

contained 17-27 % of the total solids. Furthermore, approximately two-thirds of the iron were 

distributed in the fraction finer than 40 µm together with 74-83 % of the zinc and 53-62 % of 

the total solids. These results are comparable to the distributions reported by Steer et al. [71] 

where 94, 84 and 42 % of the zinc, iron and carbon, respectively, was distributed in the finest 

fraction (<20 µm) carrying 68.6 % of the total solids. The similarities between the two studies 

are found in the tendency for carbon to be distributed in the larger size fractions and zinc in the 

finer size fractions. 

In order to find the distribution below 20 µm, a few studies have employed ultrasonic-assisted 

sieving [19,72]. Heijwegen et al. [72] found that 75 % of the total zinc was distributed in the 

fraction finer than 5 µm, which simultaneously carried 16 % of the total solids. In that study, 

iron and carbon were not reported [72]. Itoh et al. [19] reported that 63, 17 and 16 % of the total 

zinc, iron and carbon content, respectively, reported to the size fraction finer than 10 µm, which 
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carried 22 % of the total solids. The difference in distribution between zinc, iron and carbon 

illustrates the possibility to employ physical separation methods in order to create a high-zinc 

fraction of the sludge while keeping most of the iron and carbon in a low-zinc fraction of BF 

sludge that can be recycled to the BF. 

2.1.2 Mineralogical Composition 

The qualitative mineralogical composition of BF sludge represents the major chemical elements 

presented in Table 2.1. Phases that have been detected include hematite (α-Fe2O3), magnetite 

(Fe3O4), calcite (CaCO3), silica (SiO2) [55,61-65,73], wüstite (FeO) [62,63], iron, graphite (C), 

dolomite (CaMg(CO3)2), kaolinite (Al2Si2O5(OH)4) [62] and maghemite (γ-Fe2O3) [63,65]. 

Also, several analyses have shown an occurrence of amorphous material in the sample [61-63]. 

Mansfeldt et al. [62] reported that this fraction was mainly composed of coke but could also 

consist of phases without long-range order including hydroxides of iron, aluminum, zinc, lead 

and other metals as well as siliceous melting drops. 

Relating to the reported iron phases, the iron presented in Table 2.1 is mainly comprised of 

hematite and magnetite as these were detected in the majority of the studies. Making the 

conservative assumption that all iron in Table 2.1 is distributed as hematite still suggests that 

all sludges from the studies are self-reducible. I.e., all sludges with reported carbon contents 

had a C/O molar ratio greater than one. Therefore, the suitability of utilizing the sludge in 

pyrometallurgical processes is self-evident. 

2.1.2.1 Mineralogical Speciation of Zinc 

The use of conventional X-ray diffraction (XRD) poses limitations in detection of zinc phases 

as zinc is found in small quantities in BF sludge [61,74] and in phases with poor crystallinity 

[64,74]. According to Kretzschmar et al. [64], the majority of zinc in BF sludge appears as 

amorphous or short-range ordered solid phases which are not suitable to be studied using 

conventional XRD. Furthermore, the zinc-containing phase franklinite (Zn,Mn,Fe)(Fe,Mn)2O4 

cannot be detected as this mineral is isostructural with magnetite; i.e., both have spinel 

structures with similar lattice parameters and therefore overlapping peaks in the diffractogram 

[61,74]. Despite this, Mikhailov et al. [54] reported that BF sludge containing a total of 1.33 

wt.% zinc was analyzed finding franklinite in addition to wurtzite (ZnS) using conventional 

XRD. A more sober approach was developed by Van Herck et al. [75] who combined sequential 

extraction, leaching experiments and conventional XRD concluding that zinc was distributed 

in smithsonite (ZnCO3), sphalerite (ZnS) and franklinite. Another crystalline zinc phase 
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detected using conventional XRD was potassium zinc hexacyanoferrate(II) nonahydrate 

(K2Zn3[Fe(CN)6]2∙9H2O), which Mansfeldt et al. [62] suggested having been formed after 

disposing of the sludge in the landfill. The cyanide phase was the only crystalline compound 

containing zinc that was identified and Mansfeldt et al. [62] calculated, based on the cyanide 

content in the sludge, that this phase could only constitute an average of 3 % of the total zinc 

of that particular set of samples. 

Considering the difficulties faced when using conventional XRD, several authors [61,64,74] 

have set out to study the mineralogical speciation of zinc in BF sludge using other approaches. 

57Fe Mössbauer spectroscopy was utilized by Vereš et al. [61] to quantitatively estimate the 

distribution of iron between iron phases finding that 1.66 % of the total iron was distributed in 

franklinite. Assuming the composition of franklinite according to ZnFe2O4, 20 % of the total 

zinc found in the BF sludge can be calculated to be distributed in this phase. The remaining 

zinc phase(s) were not considered in the study. 

In order to detect other zinc phases, methods employing synchrotron radiation can be utilized. 

Wang et al. [74] studied BF sludge using X-ray absorption spectroscopy (XAS) with 

synchrotron radiation finding that the 34 % of the zinc in the sludge was distributed as zinc(II) 

chloride (ZnCl2) and the rest as zinc metasilicate (ZnSiO3). However, the authors argued that 

the study required more reference materials and the results were suggested to be viewed as 

proof-of-principle rather than quantitative speciation of zinc phases [74]. 

Kretzschmar et al. [64] studied both landfilled and freshly produced BF sludge using 

synchrotron XRD finding wurtzite, sphalerite and potassium zinc hexacyanoferrate(II) 

nonahydrate in some of the samples. Furthermore, bulk XAS using synchrotron radiation was 

used to quantitatively specify the distribution of zinc between phases [64]. For the samples 

collected from the landfill, zinc in phyllosilicates was dominant and the zinc was found to 

occupy 35-58 % of the octahedral sites in the phyllosilicate structure [64]. ZnS (not 

distinguished between wurtzite and sphalerite) was found to some extent in all samples, 

although it was the dominating phase of the zinc-containing phases in the freshly produced BF 

sludge [64]. The zinc-containing cyanide phase identified by the synchrotron XRD was also 

detected and quantified, suggesting that it is the main form of cyanide in the sludge [64]. The 

last two phases of zinc identified were hydrozincite (Zn5(CO3)2(OH)6) and zinc on ferrihydrite 

(Fe2O3∙0.5H2O) [64]. Comparing the phases found in the fresh and landfilled BF sludge implied 

that zinc in phyllosilicates and hydrozincite could be formed during weathering in the landfill 
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[64]. However, as the landfilled and fresh samples were from different BFs the theory could 

not be verified. Franklinite and smithsonite were not detected in the samples and zincite (ZnO) 

was only present in traces [64]. 

A method to verify the results achieved by the XAS was developed by Sammut et al. [76], 

comparing the results of the XAS and sequential extraction suggested good agreement between 

the two methods when studying the zinc in BOF dust. 

Based on the above, numerous amount of zinc phases have been suggested to constitute the zinc 

in BF sludge. The mineralogical distribution of both zinc and iron is of interest to know as 

hydrometallurgical processes to separate zinc can be designed aiming at maximum zinc 

dissolution while keeping iron from dissolving. 

2.1.3 The pH of Blast Furnace Sludge 

As a direct effect of the mineralogical composition of the sludge, pH values of this wet residue 

has been reported as slightly alkaline. Omran et al. [65] reported a pH value of 8.1, attributing 

the alkaline value to the presence of calcite. BF sludge from the abandoned landfill studied by 

Mansfeldt et al. [62] had an average pH of 8.4. However, the maximum recorded value was 9.2, 

which, according to Mansfeldt et al. [62], cannot be achieved solely from carbonates. Instead, 

higher values than 8.5 are partly attributed to the hydrolysis of lime (CaO) to portlandite 

(Ca(OH)2) occurring after landfilling of the sludge [62]. 

2.1.4 Structure and Morphology 

Scanning electron microscopy (SEM) was used by Vereš et al. [61] to evaluate the morphology 

and structure of the studied BF sludge. The results showed that the material was composed of 

larger particles covered with smaller ones. The observation was in line with the bimodal particle 

size distribution, as described in Section 2.1.1.1. The structure and morphology of BF sludge 

from the LKAB EBF reported by Leimalm et al. [73] were similar to that of Vereš et al. [61]. 

The results showed that spherical particles ranging from submicron to a few microns in size 

were dominating the sludge sample [73]. When operating on olivine pellets, larger particles 

were observed to be covered with these small spherical particles [73]. Trinkel et al. [70] used 

surface/volume plots and preliminary results from laser ablation (LA) inductively coupled 

plasma mass spectrometry (ICP-MS) to conclude that zinc was mainly distributed as condensed 

particles on surfaces of other particles. The particles could partly represent the small particles 

covering larger ones as observed by Vereš et al. [61] and Leimalm et al. [73]. The existence of 

small particles, composed of zinc phases, situated on larger particles can be addressed in 
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physical upgrading methods in order to liberate the fine-sized phases containing zinc. 

2.2 Pretreatment of Blast Furnace Sludge 

Pretreatment, or upgrading, of BF sludge by generating a low-zinc fraction has been achieved 

using several approaches and the present section covers the available literature on the subject. 

2.2.1 Hydrocycloning 

Butterworth et al. [18] reported hydrocyclone experiments in both laboratory and pilot-plant 

scale finding that 67-90 % of the total zinc content reported to the overflow (high-zinc fraction) 

while 65-83 % of the total solids reported to the underflow (low-zinc fraction), Table 2.2. The 

experiments showed a relationship between the feed pressure and zinc reporting to the 

underflow, meaning that a pressure for optimum zinc separation exists [18]. Furthermore, 

decreasing the diameter of the hydrocyclone increased the recovery of solids in the underflow 

at the expense of higher zinc contents in the underflow [18].  

Table 2.2 Hydrocycloning reported in the literature. Underflow and overflow are denoted UF and 

OF, respectively. 

Ref. Setup Scale 
%Zn 

in feed 

%Zn 

in UF 

Zn distribution 

OF (%) 

Solids distribution 

UF (%) 

[18] One-stage Lab 0.13 0.05 67 83 

[18] One-stage Lab 0.13 0.02 90 65 

[18] One-stage Lab 0.84 0.22 80 76 

[18] One-stage Lab 1.18 0.33 81 68 

[18] One-stage Pilot 1.14 0.19 89 66 

[57] One-stage Pilot 2.48 0.78 78 70 

[57] Two-stage1 Pilot 2.52 0.38 92 53 

[57] Two-stage2 Pilot 2.35 0.33 91 64 

[20] One-stage Industrial 3-53 ~13 75 80 

[19] One-stage Industrial 2.10 0.30 90 64 

[19] One-stage Industrial 2.76 0.80 86 79 

[19] One-stage Industrial 4.16 1.55 74 70 
1No feed back. 2With feed back of OF from the second stage to feed of the first stage. 3The paper 

only presented approximate figures for these values. 

Heijwegen et al. [57] studied hydrocycloning of BF sludge in three different pilot-plant setups: 

a one-stage setup, a two-stage setup without feed back and a two-stage setup where the overflow 

from the second hydrocyclone was mixed with the feed to the first hydrocyclone. The 

distribution of zinc to the overflow varied between 78-92 % while 53-70 % of the total solids 

reported to the underflow, Table 2.2. Furthermore, Heijwegen et al. [57] found that iron is 

somewhat concentrated in the underflow, whereas carbon preferably reports to the overflow. 
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A setup using a hydronegaclone in industrial-scale operation was presented by Uno et al. [20]. 

The hydronegaclone is a hydrocyclone operating on negative pressures (below ambient 

pressure) in the range of 0.013 to 0.13 atm [20]. The results from a classification test showed 

that 75 % of zinc in BF sludge reported to the overflow while recovering 80 % of the solids in 

the underflow. Furthermore, 83 % of the total iron reported to the underflow [20] which is in 

line with the findings of Heijwegen et al. [57], i.e., iron was slightly concentrated in the 

underflow. However, Uno et al. [20] also reported that 77 % of the carbon was distributed in 

the underflow which suggests that the carbon of the studied BF sludge did not favor the 

overflow as in the case of Heijwegen et al. [57]. 

The BF sludge pretreatment setup described by Itoh et al. [19] operated a vortex scalper prior 

to the hydronegaclone. The vortex scalper was designed to remove smaller particles attached to 

the surfaces of larger ones [19]. Itoh et al. [19] reported that the setup had been utilized in 

industrial scale at Japanese steel companies separating 73-90, 63-86 and 64-74 % of the total 

zinc in BF sludges with low, medium and high zinc contents, respectively, into a high-zinc 

fraction. Table 2.2 shows the most successful operational results of each category of zinc 

content. 

2.2.1.1 Process Layout and Operating Conditions 

In terms of hydrocyclone setups, Heijwegen et al. [57] considered their two-stage setup with 

feed back to be the most promising process design. Butterworth et al. [18] did tests on a two-

stage setup and found that the additional cost and complexity of the process did not justify the 

benefits of the additional hydrocyclone. Honingh et al. [22] reported that CORUS Ijmuiden 

operated a three-stage hydrocyclone setup in industrial scale. Thus, the optimal hydrocyclone 

setup is plant specific and requires deliberate testing and economic considerations. 

Hydrocyclone performance in terms of amount of zinc reporting to the overflow varies with the 

percentage of total solids that reports to the underflow, Figure 2.1. If the results of the high 

zinc BF sludges (3.61-8.52 % Zn) studied by Itoh et al. [19] are disregarded, the relationship 

between the zinc distribution to the overflow and the solids distribution to the underflow is 

almost linear regardless of study or size of equipment. The latter corresponds well to the paper 

by Butterworth et al. [18] stating that the industrial-scale hydrocyclone installed after the pilot-

plant trials showed separation results in line with their laboratory trials. Concerning the 

relationship between solids and zinc distributions, the hydrocyclone can be designed to achieve 

zinc separation that complies with the minimal requests posed by the accumulative behavior in 



Literature Review 

21 

order to maximize the solids reporting to the underflow and therefore the iron and carbon 

recycled to the BF. 

The underflow has to be dewatered before recycling and the reported equipment used for 

reducing the water content are vacuum drum filter [20,22,57] and filter press [19]. Furthermore, 

the overflow has been dewatered prior to landfilling and the technology applied for the 

dewatering operation is the filter press [19,20,22,57]. Butterworth et al. [18] reported that the 

overflow was sent to the dewatering process utilized for the BF sludge prior to the hydrocyclone 

installation was operating. 

 
Figure 2.1 Plot of hydrocyclone results from laboratory, pilot plant and industrial 

scale experiments reported in the literature. The reported zinc contents of the feed 

BF sludge is included in the legend. Underflow and overflow are denoted UF and 

OF, respectively. 1Number of significant figures provided in the paper. 

 

2.2.2 Hydrometallurgical Approach 

2.2.2.1 Mineral Acids 

Heijwegen et al. [72] compared the leaching of BF sludge using sulfuric acid, hydrochloric 

acid, nitric acid and sodium hydroxide under set conditions that would minimize the cost of 

operation. Under these conditions (limited in pH, temperature and pressure), hydrochloric acid 

was found to be the most promising leaching agent. At a pH between 2 and 3 and a temperature 

of 50°C, more than 70 % of the zinc could be dissolved while keeping most of the iron 

undissolved. Van Herck et al. [75] reached a zinc dissolution of 78 % in hydrochloric acid at a 
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pH of 1.5. In order to improve the zinc dissolution, FeCl3 was added to increase the redox 

potential, which resulted in dissolution of 96 % of the zinc [75]. The increased zinc dissolution 

was attributed to oxidative leaching of sphalerite [75]. 

Although Heijwegen et al. [72] chose hydrochloric acid over sulfuric acid, several papers have 

been published [54,61,77,78] on leaching of BF sludge with sulfuric acid. Banerjee [77] leached 

BF sludge using 0.1 M H2SO4 at a reported temperature of 300°C (possibly, the paper contains 

a typo and the temperature should be 300 K) finding that 30 % of the zinc could be dissolved 

while simultaneously dissolving 0.2 % of the total iron. Li et al. [78] optimized the leaching 

conditions in terms of sulfuric acid concentration, liquid-solid ratio, leaching time and 

temperature specifying 150 g H2SO4/L, 3 mL/g, 10 min and 60°C, respectively. The results in 

terms of zinc dissolution were significantly better than those reported by Banerjee [77] as 98 % 

of the zinc was dissolved [78]. However, the unwanted dissolution of iron was higher as 13 % 

of the total iron was dissolved as well [78].  

Banerjee [77] and Li et al. [78] studied conventional leaching, whereas Vereš et al. [61] studied 

both conventional and microwave-assisted leaching in sulfuric acid. The conventional leaching 

with 0.5 M H2SO4 at 65°C dissolved 88 % and 9 % of the zinc and iron, respectively, within 7 

minutes [61]. Introducing microwaves improved the dissolution rate of both zinc and iron, 

dissolving 92 % and 8 % of the zinc and iron, respectively, within 3 minutes [61]. The most 

promising leaching results in sulfuric acid were achieved by Mikhailov et al. [54] using an 

ultrasonic-assisted approach with additions of hydrogen peroxide. The hydrogen peroxide was 

added to dissolve sphalerite [54] similar to the oxidative leaching performed by Van Herck et 

al. [75]. After 15 minutes of leaching in 20±5°C using 0.1 M H2SO4, more than 99 % of the 

zinc was dissolved while less than 2 % of the iron entered the solution [54]. 

2.2.2.2 Organic Acids 

Steer et al. [71] leached BF sludge using a variety of carboxylic acids including malonic, 

acrylic, citric, acetic, oxalic and benzoic acid.  The most promising results were achieved using 

prop-2-enoic acid (acrylic acid) in combination with methylbenzene, dissolving 85.1 % and 

0.1 % of the zinc and iron, respectively [71]. These results were compared to leaching with 

mineral acids such as sulfuric acid, hydrochloric acid, nitric acid and phosphoric acid. Although 

leaching with mineral acids could reach higher zinc dissolution, the selectiveness was lower, 

dissolving substantial amounts of iron, Table 2.3. The high iron dissolution achieved by Steer 

et al. [71] can be attributed to the extended time of leaching. The experiment was done in room 
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temperature during 24h with a final pH value below 1 [71]. Compared to the studies by Li et al. 

[78], Vereš et al. [61] and Mikhailov et al. [54], the leaching time was significantly longer. 

2.2.2.3 Comparison of Laboratory-Scale Studies 

The studies presented above were performed in laboratory scale and the efficiencies in terms of 

zinc and iron dissolution in the leachate are summarized in Table 2.3. The table is not all-

inclusive and additional results of different organic acids can be found in the paper by Steer et 

al. [71]. As compared to hydrocycloning presented in Table 2.2, several of the studies show 

more promising results in terms of high zinc distribution to the high-zinc fraction and 

simultaneous high distribution of iron to the low-zinc fraction. However, in contrast to 

hydrocycloning, the hydrometallurgical approach of treating BF sludge has not been 

implemented in industrial-scale operation. Leaching operation in pilot-plant scale has, 

nonetheless, been reported by Van Herck et al. [75] and Piezanowski et al. [79]. 

Table 2.3 Laboratory-scale leaching experiments of BF sludge reported in the literature. 

Ref. Reagent Additional 
% of total 

Zn dissolved 

% of total 

Fe dissolved 

[72] HCl / >70 “very little” 

[75] HCl Oxidative 96 No information 

[71] HCl / 74 25 

[77] H2SO4 / 30 0.2 

[78] H2SO4 / 98 13 

[61] H2SO4 / 88 9 

[61] H2SO4 Microwave 92 8 

[54] H2SO4 Ultrasound, oxidative 99 2 

[71] H2SO4 / 98 47 

[71] HNO3 / 85 20 

[71] H3PO4 / 94 22 

[71] Prop-2-enoic acid Organic solvent 86 0.1 
 

2.2.2.4 Pilot-Plant Scale Trials 

The pilot-plant operation reported by Van Herck et al. [75] operated on oxidative leaching at a 

pH ranging from 0.59 to 1.18 and redox potential between 694 and 706 mV. The pH was 

controlled with hydrochloric acid and the redox with NaOCl [75]. After the leaching operation, 

flocculants were added and the flocculated leaching residue was filtered [75]. The operation 

was tested on three different BF sludges and the reported zinc and iron dissolution varied 

between 95.9-98.1 % and 32-49 %, respectively [75]. The filtrate was treated with two ion 

exchangers enabling recirculation of the iron-containing leaching liquor where after the high 

amount of iron dissolved in the process was not regarded as an issue [75]. 



Literature Review 

24 

Piezanowski et al. [79] presented a pilot-plant operation based on oxidative leaching using 

hydrochloric acid at 55°C. After leaching, the leaching residue was filtered using a filter press 

[79]. The residue was washed, removing salts of chloride, and the leachate was treated in a 

neutralization process [79]. No recirculation within the hydrometallurgical plant was proposed 

where after 3.5 m3 of effluent was reported for each metric ton of BF sludge treated (dry basis) 

in the pilot plant [79]. The setup has been used to decrease the zinc content of BF sludge from 

the original content of 1.0-5.3 % down to 0.3 % while keeping 85 % of the total iron in the 

leaching residue [79]. 

An industrial-scale hydrometallurgical plant is yet to be demonstrated although pilot-plant 

studies have shown the potential of utilizing the hydrometallurgical approach in treating and 

recycling BF sludge. Both Van Herck et al. [75] and Piezanowski et al. [79] presented that in 

certain conditions, a hydrometallurgical plant is economically feasible.  

2.2.3 Carbothermic Reduction via Microwave Heating 

Nishioka et al. [80] summarized the benefits of microwave heating over conventional heating 

as less amount of waste gas generated, no pre-drying required and smaller facilities required. 

Furthermore, in contrast to conventional heating, microwave heating provides rapid and 

material-selective heating [80]. E.g., hematite, magnetite and carbon heat up rapidly, whereas 

limestone is difficult to heat using microwaves [55]. Since BF sludge contains hematite, 

magnetite and carbon, the BF sludge is susceptible to microwave heating. In light of the above, 

the use of microwave heating for carbothermic reduction of, and zinc evaporation from, BF 

sludge has been studied in several papers [55,65,80]. In addition, the utilization of BF sludge 

as a reducing agent during microwave heating and carbothermic reduction of steelmaking dust 

has been studied as well [81].  

Nishioka et al. [80] studied the microwave heating of BF sludge in laboratory scale using 2.45 

GHz microwaves of 1 kW output under argon atmosphere. During the first five minutes of 

heating, the temperature increased rapidly to approximately 750°C and the zinc content in the 

sludge was unaffected [80]. However, after 20 minutes of microwave heating, essentially all 

zinc had evaporated, going from 1.47 % to less than 0.05 % zinc in the sample [80]. In addition, 

all iron oxides were reduced to metallic iron during the microwave heating [80]. 

Omran et al. [65] studied the microwave heating of a sieved fraction of BF sludge for the sake 

of carbothermic reduction and zinc evaporation. The experiments were conducted in laboratory 

scale using a frequency of 2.45 GHz and a maximum output of 1.1 kW under nitrogen 
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atmosphere. The power output, and therefore the temperature, was regulated in the experiments, 

studying the effect of different temperatures on the zinc evaporation and iron metallization rate. 

The experiments showed that temperatures of 800°C and above were required to reduce and 

evaporate the zinc from the BF sludge successfully. At these temperatures, more than 86 % of 

the zinc was evaporated within 10 minutes. Furthermore, at 800°C, the reduction to metallic 

iron was not feasible, whereas at 850°C metallic iron was formed. 

In contrast to upgrading using hydrocycloning or hydrometallurgical approaches, iron does not 

enter the high-zinc fraction during microwave heating. The carbon in the BF sludge is utilized 

as reducing agent during the microwave heating and the low-zinc fraction of the sludge can be 

recycled to the process. The main issue with microwave heating is energy efficiency, which is 

approximately 40 % in laboratory-scale experiments [55]. However, in pilot-plant or industrial-

scale operation, the energy efficiency exceeds 80 % and considering the possibilities for further 

improvements in energy efficiency, Omran et al. [55] suggested that the industrial-scale 

application of microwave heating of BF sludge is potentially feasible.  

Although less process gases are generated as compared to conventional heating methods, the 

industrial-scale operation of carbothermic reduction of BF sludge using microwave heating still 

requires gas cleaning equipment. This is avoided using, e.g., the hydrometallurgical approach 

or hydrocycloning. 

2.2.4 Other Pretreatment Methods 

There are several treatment methods reported for BF sludge that have not been studied as 

thoroughly as hydrocycloning, hydrometallurgical approaches and microwave heating.  

Auer et al. [82] proposed that BF sludge could be pretreated using a chlorinating-evaporation 

approach with chloride provided by FeCl2 from the steel pickling process. In their study, muffle 

furnace experiments in argon atmosphere at 1000°C were reported suggesting that evaporation 

efficiencies of zinc from BF sludge can exceed 98 % in mixtures of BF sludge and FeCl2 [82]. 

Heijwegen et al. [72] reported laboratory-scale flotation experiments using only a frother in 

both a one-stage and a two-stage setup. The one-stage setup recovered 76 % of the total zinc in 

a fraction carrying 24, 6 and 54 % of the total solids, iron and carbon, respectively [72]. The 

separation efficiency could be improved by introducing the second flotation cell as 80 % of the 

zinc reported to a fraction carrying 20, 5 and 60 % of the solids, iron and carbon, respectively 

[72]. These results were considered of interest and in a proceeding publication, flotation tests 
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in pilot-plant scale were reported [57]. The pilot-plant trials could not reproduce the results 

achieved in the laboratory scale and the flotation approach was discontinued [57]. The poor 

floatability was not attributed to the upscaling; rather, changes in the operation of the BF that 

generated the sludge used in the laboratory-scale and pilot-plant scale trials were believed to 

cause the difference [57]. During the laboratory-scale experiments, the BF operated with oil 

injection, which was discontinued before collecting the sludge used in the pilot-plant 

experiments [57]. 

Heijwegen et al. [72] also reported the utilization of high gradient magnetic separation in order 

to separate the strongly magnetic iron oxides from the supposed weakly magnetic zinc 

compounds. The results were poor and the research was discontinued [72].
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3 Methodology 

3.1 Characterization of Blast Furnace Sludge 

Newly produced BF sludge from SSAB Oxelösund, collected by SSAB Merox, was 

characterized. Table 3.1 summarizes the characterization methods used and the information 

retrieved using each method. 

Table 3.1 Methods employed to characterize the newly produced BF sludge. 

Method Information retrieved 

XRF, LECO and ICP-MS Chemical composition 

Laser diffraction Particle size distribution 

Ultrasonic-assisted sieving Distribution of elements 

SEM-EDS Morphology and zinc association 

Weak acid leaching Weak acid soluble zinc phases 

XRD Mineralogical composition 

The chemical composition of the sludge was determined using a Thermo Scientific ARL 9800 

X-ray fluorescence (XRF) instrument operating a rhodium tube. The XRF analysis was 

performed after oxidation in air atmosphere (4h at 950°C) and fusion fluxed with lithium 

tetraborate at 1200°C. The carbon and sulfur content of the sludge was determined using a 

LECO CS444 combustion infrared detection instrument and the zinc content was analyzed 

using ICP-MS. 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.  

Ultrasonic-assisted sieving was performed in tap water using a 20 µm stainless steel sieve and 

polyamide cloth sieves with openings of 11 µm and 5 µm. The ultrasound was applied to avoid 

agglomeration of the particles during the sieving operation. The ultrasonic-assisted sieving was 

used to fractionate the sludge in order to analyze the different size fractions using XRF, LECO 

and ICP-MS according to the above.  

Laser diffraction using a CILAS 1064 unit was utilized to determine the particle size 

distribution of the sludge. The results were evaluated using the Fraunhofer approximation. 

Furthermore, the mineralogical composition of the BF sludge was determined using a 

PANalytical Empyrean XRD unit operating on Cu Kα radiation. Also, the morphology and 

composition of the sludge were studied using SEM with energy-dispersive X-ray spectroscopy 

(EDS). A Gemini Zeiss Merlin microscope with an Oxford EDS detector was used. 

The presence of zinc in weak acid soluble zinc minerals was determined using sulfuric acid at 
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a pH of 3, a temperature of 80°C and a liquid-solid ratio of 10. Sampling of the leachate 

throughout the experiment was used in order to ensure complete leaching of the weak acid 

soluble zinc phases. The experiment was ended after six hours. 

3.2 Pretreatment of Blast Furnace Sludge 

In the upgrading of the BF sludge, three main methods were studied. These are summarized in 

Table 3.2 and accounted for in detail in Section 3.2.1 through 3.2.3. 

Table 3.2 Pretreatment methods used to upgrade the BF sludge.  

Pretreatment method Comment Principle 

Leaching Weak and strong acid Hydrometallurgical 

Hydrocycloning One and two-stage setup Physical separation 

Tornado treatment Separation and drying Physical separation 
 

3.2.1 Leaching with Sulfuric Acid 

The leaching experiments were conducted using sulfuric acid. Four different leaching 

experiments were conducted. The first experiment, performed at pH 3, has been described in 

Section 3.1. The other three experiments were performed at a pH of 1, a temperature of 80°C 

and a liquid-solid ratio of 10. The difference between the experiments was the redox potential: 

one experiment was performed without controlling the redox, whereas the other two were 

performed with an aimed redox potential of 600 and 700 mV, respectively. The leachate was 

sampled throughout the leaching and the experiment was ended after 30 minutes. After the 

experiments, the leaching residue was separated from the leachate by filtration. Subsequently, 

the filter cake was washed with deionized water and dried at 100°C.  

The pH value and temperature of the experiments were controlled manually and yield 

calculations were based upon the analyses of the untreated sludge and washed leaching residue. 

The leachate was analyzed using ICP-MS and the analysis was utilized to control the material 

balance of the leaching experiment. Sulfuric acid of 5 M concentration was used for the pH 

control and hydrogen peroxide was used to control the redox potential.  

3.2.2 Hydrocycloning 

Hydrocycloning was performed in laboratory scale using hydrocyclones from AKW Apparate 

+ Verfahren GmbH with varying sizes of the inlet, apex and vortex finder. Also, the experiments 

were conducted using different inlet pressures and solids percentages of the feed. A two-stage 

setup, where the underflow from the first hydrocyclone was diluted and fed to a second 

hydrocyclone, was also tested. The two hydrocyclone setups and the sampling points are 
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illustrated in Figure 3.1. The samples were analyzed for the particle size distribution and 

chemical compositions.  

 

Figure 3.1 Experimental setups of the hydrocyclone experiments. 

In order to evaluate the separation, two different methods were employed; namely, separation 

efficiency curves and sharpness of separation. The separation efficiency curves were produced 

based on the particle size distribution of the overflow and underflow as well as the split of water 

and solids. The curve relates the particle size to the weight fraction of each particle size in the 

feed which reports to the underflow. The imperfection, I, calculated according to 

Equation (3.1), was used to evaluate the sharpness of separation. 

I =
d75 − d25

2d50
 

(3.1) 

Where d75 represents the particle size where 75 % of the particles of this particular particle size 

in the feed report to the underflow. The d50 and d25 values are determined analogously with the 

d75 value. The equation suggests that a value of zero represents an ideal separation. 

In some experiments, the d25 value could not be determined and consequently, the imperfection 

could not be used to describe the sharpness of separation. Therefore, the experimental results 

were modeled according to Equation (3.2) using the software HSC 7.1. The equation is similar 

to the reduced-efficiency curve presented by Lynch et al. [83]. 

Y = 1 − (1 − B) (
eA − 1

eA∙X C⁄ + eA − 2
) (3.2)  
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The equation represents an efficiency curve and Y is the fraction of feed reporting to the 

underflow, X is the particle size, A is a value representing the slope of the curve, B is the by-

pass, i.e., intersection with the Y-axis, and C is the cut size. By utilizing Equation (3.2), the 

experiments were described and the d25, d50, d75 and imperfection were calculated for each 

modeled experiment. 

3.2.3 Tornado Treatment 

An overview of the tornado process is illustrated in Figure 3.2. The sludge was discharged into 

a pre-heated airstream (60°C) of high velocity, feeding the sludge tangentially into the tornado. 

Further details on the equipment have been presented by Tikka et al. [84,85]. During operation 

of the tornado, samples of the feed, underflow and overflow were taken. Each sample was 

analyzed for moisture content, particle size distribution and chemical composition.  

 

Figure 3.2 Overview of the tornado process. 

As the tornado process operates on pilot-plant scale, a larger sample of BF sludge was required. 

Therefore, a new sample was collected from the same sampling point at SSAB Oxelösund, 

where the previous sludge was sampled.  

3.3 Recycling of the Low-Zinc Fraction to the Blast Furnace 

The feasibility of recycling the low-zinc fraction of upgraded BF sludge was studied in 

laboratory, pilot-plant and industrial-scale experiments. An outline of the work is illustrated in 

Figure 3.3 and each part is accounted for in Section 3.3.1 and 3.3.2. The latter section 
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elaborates on the use of non-treated BF sludge in the industrial-scale BF trials as seen in 

Figure 3.3. 

 

Figure 3.3 Outline of the work regarding recycling to the BF. 

 

3.3.1 Laboratory-Scale and Pilot-Plant Scale Experiments 

3.3.1.1 Briquetting and Characterization of Briquettes 

Three different recipes of cold-bonded briquettes were designed: i) a reference 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 recipe for the reference briquette, presented in 

Table 3.3, was designed as a simplified version (omitting residues of small quantities) of the 

briquettes used in the industrial-scale operation at SSAB Luleå. The upgraded BF sludge used 

in the B1 and B2 briquettes was the low-zinc fraction, i.e., the underflow, from the tornado 

treatment.  

Table 3.3 The three briquette recipes used in the 

laboratory and pilot-plant scale experiments. B1 

adds up to 100.1 due to rounding of numbers. 

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 

Before the briquetting, the materials were mixed in a SoRoTo 40 L-33 forced action mixer. 
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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 hexagonal briquettes 

were approximately 7 cm high and 6.5 cm edge to edge. 

The briquettes were cured in humidified atmosphere for 24 hours and then left in ambient room 

conditions for an additional 27 days. After curing for both 24 hours and 28 days, the tumbling 

index was determined 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. 

A Panalytical MagiX FAST XRF instrument, operating a rhodium tube, was used to determine 

the chemical composition of the briquettes. The XRF analysis was performed after oxidation 

and fusion with lithium tetraborate as described in Section 3.1. The carbon and sulfur content 

was determined using combustion infrared analysis and the zinc content was determined using 

ICP-MS as previously described. Contents of Fe(II) and metallic iron were determined by 

titration using ISO 9035. In the results, Fetot denotes the total iron content determined by XRF 

analysis. The mineralogical composition was determined using XRD as described in Section 

3.1. 

An optical dilatometer made by Leitz 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 Section 3.3.1.2. Based on the area 

measurements of the silhouette of the samples, the swelling index, SI(%), was calculated 

according to Equation (3.3). 

SI(%) =
Change in area

Original area
𝑥100  (3.3) 

 

3.3.1.2 Blast Furnace Shaft Simulation Experiments 

The reducibility of the reference, B1 and B2 briquette was tested in a laboratory-scale BF shaft 

simulator developed by LKAB. Figure 3.4 illustrates the experimental setup. 

Two different programs with different heating rates and gas compositions were designed: one 

that simulates the descent along the wall of the BF, Figure 3.5 a), and one that simulates the 

descent in the center of the BF, Figure 3.5 b). During the experiments, the gas mixture was 

added at a constant flow rate of 50 Nl/min. Furthermore, the heating up to 500°C was made in 

nitrogen atmosphere in both programs. The pressure applied by the loading ram, as seen in 

Figure 3.5, was a mechanical pressure. Thus, the total pressure of the gas phase was not altered. 
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Figure 3.4 Experimental setup of the laboratory-scale BF shaft simulator. 

 

 
Figure 3.5 Temperature, mechanical pressure and gas profiles of the a) wall program and b) center 

program. The mechanical pressure and the gas composition are given in the right y-axes 

The dashed vertical lines in Figure 3.5, marked in both the wall and center program, intersects 

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 running all three briquettes through the whole wall and center program, the reference and B2 

briquettes were run in interrupted tests. The wall program was interrupted at the end of the first 

and second zone, 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, respectively. 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 
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chemical and mineralogical compositions were determined using the same approach as for the 

non-reduced briquettes as described in Section 3.3.1.1. In addition, selected briquettes were 

analyzed using SEM-EDS using the same equipment as presented in Section 3.1. 

3.3.1.3 Pilot-Plant Scale Blast Furnace Experiments 

The feasibility of top-charging the reference, B1 and B2 briquettes to the BF was evaluated by 

studying the high-temperature behavior during the descent of basket samples in the campaign 

of autumn 2016 in the LKAB EBF. Hallin et al. [86] presented a thorough description of the 

LKAB EBF. The briquettes were weighed and included in cylinder-shaped steel wire baskets. 

These baskets were charged in eight different layers where a briquette of each recipe was 

present in each layer. The baskets descended together with the burden material until the EBF 

was stopped and quenched with nitrogen gas. As the basket samples were charged in selected 

layers at the end of the campaign, the baskets were distributed throughout the vertical direction 

of the EBF shaft after quenching. After sufficient cooling, excavation of the EBF was carried 

out by carefully measuring, examining and photographing each layer. During the excavation, 

baskets in six out of the eight charged basket layers were successfully recovered and analyzed. 

The excavated briquettes were photographed and weighed. Representative samples of each 

briquette were collected after crushing and grinding the briquettes. A PANalytical Axios XRF 

instrument with a rhodium tube was used to determine the chemical composition of the 

briquettes. The XRF analysis was performed after oxidation and fusion with lithium tetraborate 

as described in Section 3.1. The metallic iron and ferrous iron contents were determined by 

titration using ISO 2597. Carbon in the briquettes was analyzed using LECO analyzer as 

previously described.  

The mineralogical composition of the briquettes was determined using XRD and selected 

briquettes were analyzed using SEM-EDS using the equipment presented in Section 3.1. 

3.3.2 Industrial-Scale Blast Furnace Trials 

3.3.2.1 Material Preparation and Briquetting 

The tornado treatment was performed on pilot-plant scale and the amount of upgraded BF 

sludge generated was not enough for the industrial-scale trials. Thus, non-upgraded BF sludge 

was incorporated in the cold-bonded briquettes used in the industrial-scale trials to simulate the 

recycling of upgraded BF sludge in industrial-scale operation. The BF sludge used in the 

industrial-scale trials was prepared and briquetted by SSAB Merox in Luleå. The sludge was 

collected from a landfill pond and the average zinc content of BF sludge in said pond was 
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determined to be 0.46 wt.% with a standard deviation of 0.31 wt.%. This average value was 

based on 220 BF sludge samples collected between 2009 and 2014, i.e., the years that the 

landfill pond was active. 

Drying of the BF sludge was required prior to briquetting; this was achieved by spreading the 

sludge on a prepared area open to the air. After approximately one year, the moisture content 

was down to 26 wt.%, which was acceptable for handling and briquetting. Briquettes produced 

based on two different recipes were studied: one corresponding to the reference briquette (RB) 

and one where part of the desulfurization scrap was substituted with BF sludge (BF sludge 

briquette, BSB), Table 3.4. The recipes used for producing the briquettes for the industrial-

scale trials was based on the available materials and their moisture contents during the year of 

preparation for the industrial-scale trials. 

Table 3.4 Recipes for BF sludge briquette 

(BSB) and reference briquette (RB) used in 

the industrial-scale trials. 

Material (wt.%) BSB RB 

Steel scrap 10.0 10.0 

Desulfurization scrap 22.5 26.3 

BF sludge 3.8 0.0 

BOF fine sludge 6.6 6.6 

BOF coarse sludge 6.6 6.6 

Briquette fines 20.6 20.6 

Mill scale 2.0 2.0 

BF dust 11.6 11.6 

Filter dust 1.9 1.9 

Cement 11.6 11.6 

Water 2.9 2.9 

The briquettes were analyzed for the chemical composition using the Thermo Scientific ARL 

9800 XRF equipment (after oxidation and fusion with lithium tetraborate) and LECO CS444 

combustion analysis. Furthermore, the cold strength of the briquettes was determined according 

to the tumbler test as previously described in Section 3.3.1.1. The tumbling index 

measurements were made after one day and three weeks of curing, respectively. 

3.3.2.2 Blast Furnace Trials 

After curing, the BSB were charged during a trial period of three days to BF No.3 in SSAB 

Luleå using a charging rate that averaged at 97.3 kg/tHM. A reference period with three days 
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of stable operation was selected during which the RB were charged at an average rate of 99.6 

kg/tHM. 

The evaluation of the industrial-scale trials was conducted using operational data from the 

reference period and trial period. The process stability was evaluated considering values of, and 

variations in, parameters such as burden descent rate, top gas efficiency (EtaCO, 

Equation (3.4)), HM quality and permeability. Generated amounts of sludge and dust and their 

compositions were used to assess the raw material efficiency. Furthermore, the raw material 

efficiency in terms of, e.g., carbon efficiency was evaluated using heat and mass balance 

calculations. 

EtaCO = Vol%CO2/(Vol%CO + Vol%CO2) (3.4) 

 

3.3.2.3 Heat and Mass Balance Calculations  

Heat and mass balance calculations were used for evaluation of the industrial-scale trials. The 

calculations were made using a one-dimensional heat and mass balance model called Masmod 

[87]. In the model, the BF process is divided into an upper and lower zone that are connected 

via the equilibrium between the gaseous components CO/CO2 and H2/H2O and the solid Fe/FeO 

in the thermal reserve zone. The input of materials to the lower zone of the model is the 

injectants and blast, whereas the top-charged materials are added to the upper zone. Elemental 

and energy balances are made while taking into account the composition of inputs and outputs, 

sensible heat as well as reactions and measured heat losses. These balances are closed through 

iterative calculations minimizing the deviation between calculated and measured values, e.g., 

production rate, top-gas composition, slag amount and slag composition. Further details on the 

model have been provided by Hooey et al. [87]. 

For the reference and trial period, the coke rate was calculated in Masmod with the assumption 

that the measured heat losses were accurate. The shaft efficiency and thermal reserve zone 

temperature were iterated by utilizing measured parameters such as the top-gas composition 

and temperature. The impact on top gas temperature, top gas efficiency and coke rate when 

changing the composition of the briquettes charged to the BF was compared. In these 

calculations, the same oxidation degrees (Fe ox. degree, Equation (3.5)) of the RB and BSB 

were used as the distribution of the valences of iron was not analyzed. 

Fe ox. degree = 1.5 (
%Fe(III)

%Fe
) + (

%Fe(II)

%Fe
) 

(3.5) 
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The reference, B1 and B2 briquettes, Table 3.3, were also considered in the calculations using 

Masmod. The results of these calculations were utilized to predict the effect of using briquettes 

with higher BF sludge content in the industrial-scale BF. As these briquettes were analyzed for 

the valences of iron and estimated for the carbonate content, the influence of the oxidation 

degree, carbonate and fixed carbon content on the results were considered. 

Table 3.5 presents a summary of the different calculation cases used in Masmod. The first case 

was calculated using the data from the days of operation during which the RB were charged, 

i.e., the reference period. The data was used to close the balances where after this set could be 

used as a calibrated evaluation case for calculating other cases. Case 2 was calculated with the 

same operational conditions as Case 1; however, the composition of the BSB was used instead 

of the RB, thus simulating the effect of utilizing the BSB. Case 3 and 4 were evaluated 

considering the data from the trial period. The cross calculations of case 2 and 4, i.e., using 

BSB during the reference period and RB during the trial period were performed to isolate effects 

corresponding to the operational conditions and briquettes. 

Table 3.5 Summary of the calculation cases in Masmod using briquettes produced from the 

recipes given in Table 3.3 and 3.4. 

Case Period Briquette Explanation 

1 Ref. RB (Table 3.4) Evaluation case for ref. period 

2 Ref. BSB (Table 3.4) Simulation of ref. period assuming use of BSB 

3 Trial BSB (Table 3.4) Evaluation case for trial period 

4 Trial RB (Table 3.4) Simulation of trial period assuming use of RB 

5 Ref. Ref. (Table 3.3) Simulation of ref. period assuming use of Ref. 

6 Ref. B1 (Table 3.3) Simulation of ref. period assuming use of B1 

7 Ref. B2 (Table 3.3) Simulation of ref. period assuming use of B2 

Cases 5, 6 and 7 were calculated by assuming the same operational conditions as during the 

reference period and replacing the RB with the reference, B1 and B2 briquettes, respectively. 

In the last three cases, the limestone addition was fixed to avoid the influence of energy 

consumption from carbonate decomposition on the results. Instead, the slag basicity was 

controlled by BOF slag additions. 

3.4 Recycling of the High-Zinc Fraction to the Steel Shop 

3.4.1 Technical-Scale Experiments 

The technical-scale experiments were designed to study the behavior of agglomerates 

containing the high-zinc fraction of the BF sludge during contact with HM aiming at recycling 

to the HM desulfurization plant. 
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3.4.1.1 Briquetting and Pelletization 

The high-zinc fraction of the tornado-treated BF sludge, i.e., the overflow, was incorporated in 

both cold-bonded briquettes and pellets using the recipe presented in Table 3.6. Secondary dust 

is a dry filter dust collected from the steel shop. The recipe presented in Table 3.6 was designed 

to form self-reducing agglomerates. 

Table 3.6 Recipe used for briquettes and 

pellets in technical-scale experiments. 

Material Wt.% 

High-zinc fraction of BF sludge 25 

Desulfurization scrap 50 

Secondary dust 15 

Cement 10 

Before the briquetting, the materials were mixed in the SoRoTo 40 L-33 forced action mixer as 

previously used. The briquetting and curing were accomplished as described in Section 3.3.1.1. 

Prior to the experiments, the cured briquettes were dried to avoid explosions. 

The desulfurization scrap in the pellet recipe was ground using a rod mill to generate an 

appropriate particle size distribution for pelletization. The pellets were produced using a Mars 

Mineral DP14 Agglo Miser equipped with a pelletizing disc of 35.6 cm in diameter. Screening 

of the pellets was performed to achieve a narrow size fraction between 9.5 and 10 mm. After 

curing, the pellets were dried to avoid explosions during the experiments. 

3.4.1.2 Smelting Reduction Experiments 

The smelting reduction experiments utilizing the briquettes were performed in an induction 

furnace with 80 kg of HM. A smaller induction furnace with 10 kg of HM was used in the 

experiments testing the pellets. In both cases, pig iron from BF No.3 at SSAB Luleå was re-

melted. The temperature of the melt during the experiments was aimed for 1350°C. The 

principle of the tests was the same in both setups: the agglomerate was added to the surface of 

the melt and removed and quenched in nitrogen gas after predetermined times. The briquettes 

were scooped out of the melt whereas the pellets were tied with platinum wires and lifted out 

of the melt. 

The mass loss during the smelting reduction was measured by recording the weight of each 

agglomerate before and after contact with the melt. The agglomerates were analyzed for the 

chemical composition using the Thermo Scientific ARL 9800 XRF (after oxidation and fusion 

with lithium tetraborate), titration (ISO 9035) and LECO analysis as described previously. In 
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the results, the total iron content determined by the XRF is denoted Fetot whereas the results of 

the titration are denoted Fe(II) and Femet. The mineralogical composition was determined using 

XRD with Co Kα radiation. 

3.4.2 Industrial-Scale Trials 

Table 3.7 presents the recipe used to produce the briquettes for the industrial-scale trials. 

Similar to Section 3.3.2.1, the tornado operated on pilot-plant scale and the amount of upgraded 

BF sludge generated was not sufficient for the industrial-scale trials. Therefore, in the present 

trials, BOF fine and coarse sludge were used instead of the high-zinc fraction of upgraded BF 

sludge. The fine fraction of steel scrap 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. The chemical composition of the briquettes was determined using XRF and LECO 

analyses. 

Table 3.7 Recipes used to produce the briquettes used 

in the industrial-scale trials. 

Material Wt.% 

Fine fraction of steel scrap 44 

BOF coarse sludge 22 

BOF fine sludge 18 

Mill scale from continuous casting 4 

Cast house dust 1 

Cement 10 

Water 1 

The industrial-scale trials were conducted at SSAB Luleå. Before charging the briquettes to the 

HM desulfurization plant, the briquettes were dried to 1.2 wt.% moisture to avoid incidents of 

smaller explosions. The briquettes were added in ten different trials in amounts ranging from 

0.7 to 2.3 kg/tHM, which corresponded to 100-300 kg per batch. The additions were made to a 

ladle holding small amounts of HM in the bottom. After adding the briquettes, HM 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 briquettes ranging from 4.9 to 10.9 kg/tHM were performed. These 

charging rates corresponded to 600-1250 kg of briquettes per batch. The effect on the final steel 

quality was evaluated. 
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4 Results and Discussion 

4.1 Characterization of Blast Furnace Sludge 

4.1.1 Chemical and Mineralogical Composition 

The chemical composition of the freshly produced BF sludge from SSAB Oxelösund is 

presented in Table 4.1. Iron was determined to be the main element present in the sludge, 

followed by carbon. In comparison to the BF sludges presented in Table 2.1, the iron content 

of the present sludge was on the higher end, whereas the carbon content was on the lower end. 

In terms of zinc, the average value of the zinc content of the sludges in the 11 studies presented 

in Table 2.1 was 1.91 wt.%. Thus, the zinc content of the present BF sludge is considerably 

lower and only compares to the values of 0.40 and 0.56 wt.% as presented by Omran et al. 

[55,65] and 0.6 wt.% as presented by Ahmed et al. [69].  

Table 4.1 Chemical composition in wt.% of the BF sludge. 

Fe (%) C (%) Zn (%) Ca (%) Si (%) Al (%) Mg (%) 

51.5 10.7 0.44 2.8 2.2 0.9 1.0 

P (%) Na (%) K (%) S (%) Ti (%) V (%) Mn (%) 

0.02 0.05 0.07 0.2 0.2 0.2 0.2 

The main mineral phase in the BF sludge was determined to be hematite, which is reasonable 

considering the iron content and the fact that mechanical dust formation from the iron burden 

generates hematite dust particles. In addition, Lundgren et al. [88] reported that oxidation of 

iron phases occurs during the scrubbing of the gas, which further support that hematite is the 

major iron phase in the sludge. Although oxidation may occur during scrubbing, magnetite and 

wüstite were still detected. Based on the relative intensities, magnetite was found as the second-

most common iron phase followed by wüstite. The presence of wüstite suggests that part of the 

sludge originates from lower regions in the shaft [62] or from fines generated from cold-bonded 

briquettes as these are known to contain wüstite. Other mineral phases detected were calcite, 

periclase (MgO) and graphite. Also, the peaks of silica and graphite are overlapping, suggesting 

that silica was present as well. The oxide phases (excluding iron oxides) in the sludge can be 

attributed to the flux and gangue minerals, whereas graphite can be attributed to graphite 

formation during carbon deposition in the upper shaft [62]. Running the XRD measurement on 

the plus 20-micrometer fraction from the ultrasonic-assisted sieving, a hump in the 

diffractogram was observed between 20 and 30°2Theta, which is attributed to the amorphous 

coke. The diffractogram of this measurement is given in Figure 4.1. 

Although low in zinc, the sludge cannot be recycled to the BF due to the accumulation effect 
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within the recycling system as described in Section 1.3.2 in conjunction with Figure 1.3. 

Therefore, the sludge was characterized with regards to zinc in order to assess possible 

pretreatment routes. 

 
Figure 4.1 Diffractogram of the plus 20-micrometer 

fraction. 

 

4.1.2 Characteristics Regarding Zinc 

4.1.2.1 Possible Zinc Phases 

The challenges of detecting zinc phases of BF sludge using conventional XRD was addressed 

in Section 2.1.2.1 and can be summarized as low zinc content, poor crystallinity and iso-

structural spinel phases. Several authors addressed the challenges using alternative methods 

such as 57Mössbauer spectroscopy [61], XAS [64,74] and sequential extraction [75]. In the 

present study, a leaching experiment inspired by sequential extraction was conducted in order 

to determine the content of weak acid soluble zinc phases. The results of this experiment 

showed that, at a pH of 3 and a temperature of 80°C, 80 % of the zinc was readily soluble. 

Considering the results of Sammut et al. [76], studying the solubility of reference zinc 

compounds, the weak acid soluble phases of the present study can be attributed to one or several 

of the following phases: zinc(II) chloride, zinc(II) sulfate (ZnSO4), zincite and smithsonite. 

Based on the chlorine load in Swedish BFs, the presence of zinc as zinc(II) chloride is less 

likely. Also, according to the published research presented in Section 2.1.2.1, zinc(II) sulfate 

has not been detected in previously analyzed BF sludges. The sulfur oxide and sulfur dioxide 

formed upon combustion of injectants and coke are reduced forming free sulfur [43], which in 

turn may react forming sphalerite/wurtzite rather than zinc(II) sulfate due to the reducing 

atmosphere. The distinction between smithsonite and zincite in sequential extraction is, 

according to Sammut et al. [76], problematic as both are solubilized in the same extraction step. 
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Thus, the weak acid soluble zinc phases can be attributed to smithsonite and/or zincite.  

A total of 20 % of the zinc was insoluble in the weak acid leaching. As the conditions of the 

present experiment were not oxidative, this remaining 20 % of the zinc was distributed in 

franklinite and/or sphalerite/wurtzite. The distribution of zinc in franklinite and 

sphalerite/wurtzite is addressed in Section 4.2.1. 

As 80 % of the zinc entered the solution under weak acid conditions, a hydrometallurgical 

process was considered of interest to investigate. By introducing more harsh leaching 

conditions, the dissolution of zinc can be further improved by franklinite and/or 

sphalerite/wurtzite leaching.  

4.1.2.2 Distribution of Zinc in Size Fractions 

The d90 of the BF sludge was determined to 26 µm using laser diffraction. Thus, the sludge had 

a more narrow particle size distribution and was considerably finer than previously studied 

sludges, which had reported d90 values ranging from 50 µm to between 100-200 µm as 

presented in Section 2.1.1.1. The fineness of the sludge in the present work can be attributed to 

the use of a primary gas-cleaning cyclone rather than a dust catcher. In order to determine the 

distribution of elements between different size fractions, each fraction from the 

ultrasonic-assisted sieving was analyzed, generating the results presented in Table 4.2. 

Table 4.2 Distribution of total solids, iron, carbon and zinc in the 

different fractions. 

Size fraction 

(µm) 
Solids (%) Fe (%) C (%) Zn (%) 

>20 12.9 8.4 34.5 10.4 

11-20 13.3 14.9 9.3 7.1 

5-11 24.5 29.5 12.5 8.8 

<5 49.2 47.2 43.6 73.6 

The effect of using a cyclone or a dust catcher on the distribution of zinc in the BF sludge is 

illustrated when comparing the results of the ultrasonic-assisted sieving of the present study 

with the results of Heijwegen et al. [72]. In the present study, sludge produced from scrubbing 

the fine fraction generated by a cyclone carried 73.6 % of the total zinc content in the minus 

five-micron fraction. The same size fraction contained a comparable figure of 75 % of the total 

zinc content of a sludge produced by scrubbing the fine fraction from a dust catcher [72]. In 

comparison, the distribution of the total solids in these fractions was 49.2 % in the present study 

and 16 % in that of Heijwegen et al. [72].  
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Based on this comparison, the potential of creating a low-zinc fraction containing the majority 

of the solids, iron and carbon using hydrocycloning is greater when utilizing a primary dust 

catcher as compared to a primary cyclone. Nonetheless, the results in Table 4.2 suggest that 

the effectiveness of utilizing a primary cyclone to enable recycling of the dust formed in the BF 

could be even further improved by introducing an additional separation by size. The 

hydrocyclone, achieving separation by size and specific gravity, is a candidate as it can be 

operated to classify down to a cut size (d50) of 2 µm [89]. 

4.1.2.3 Physical Distribution of Zinc 

The morphology of the BF sludge was studied using SEM and the physical association of zinc 

with other elements was studied using EDS. The particle of several microns in size seen in 

Figure 4.2 was an iron oxide particle. This larger particle was carrying particles in the 

submicron size range, which resembles previous results presented in the literature [61,73]. 

Concerning zinc, no larger particles with a composition corresponding to zincite, smithsonite, 

sphalerite/wurtzite or stoichiometric franklinite (ZnFe2O4) were found. However, the seemingly 

clean surfaces of larger iron oxide particles, such as area A in Figure 4.2 b), were analyzed 

detecting zinc, suggesting that zinc was included in the iron oxide matrix on the surface. In the 

SEM-EDS study performed on sieved fractions of BF sludge, Omran et al. [55] associated zinc 

detected together with iron as franklinite. According to the results presented in Section 4.1.2.1, 

franklinite attributes part of the zinc phases in the present BF sludge sample and, therefore, the 

larger iron oxide particle illustrated in Figure 4.2 may be attributed to franklinite with lesser 

zinc content, i.e., (Zn,Fe)Fe2O4.  

In addition to areas such as A in Figure 4.2 b), zinc was readily found in the sample as 76 % 

of the analyzed points contained zinc. The EDS analyses suggested that the matrix of the 

carbonaceous particles did not contain any zinc, i.e., zinc was not detected in analyses of clean 

surfaces of carbonaceous particles. Nevertheless, zinc was detected in the micron and 

submicron particles deposited on the surface of these carbonaceous particles and, thus, the 

particles of coke or graphite were associated with zinc. Furthermore, zinc was detected in 

spectrums rich in calcium and silicon. In conclusion, the results suggested that zinc was 

associated with all phases and the condensation of zinc was not favored on any certain phase. 

These results are in line with the LA-ICP-MS measurements and surface/volume plots 

presented by Trinkel et al. [70] finding that zinc in BF sludge is mainly condensed on particle 

surfaces of fine-sized particles independent on the mineralogical composition of said particle. 
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Figure 4.2 Two images of the same iron oxide particle covered with submicron particles. a) Captured 

with compositional contrast using ESB b) Captured using SE detector. Area A is a clean surface of 

the larger iron oxide particle. 

Considering the distribution of zinc on surfaces of other particles, the utilization of the tornado 

process to pretreat the BF sludge is of interest to study. In addition to separation by size and 

density, the tornado process introduces particle-particle interactions which for BF sludge has 

been shown to remove small particles attached to the surface of larger ones [85]. Furthermore, 

the tornado has been shown to smoothen sharp edges of BF sludge and generate worn-out 

particles [85] which may prove beneficial for pretreatment, generating a low-zinc fraction, as 

the results of the LA-ICP-MS presented by Trinkel et al. [70] suggested that zinc was distributed 

at the surface. 

4.2 Upgrading of Blast Furnace Sludge 

Based on the characteristics of BF sludge, three different upgrading methods were identified 

and studied: leaching with sulfuric acid, hydrocycloning and tornado treatment. 

4.2.1 Leaching with Sulfuric Acid 

The leaching experiment performed in the characterization of the BF sludge, presented in 

Section 4.1.2.1, was designed and evaluated in the same way as the experiments performed at 

pH 1. The dissolution of zinc at pH 3 was not progressing any further within one hour of 

leaching and the amount of the total zinc and iron that was dissolved was determined to 80.1 

and 3.8 %, respectively, Figure 4.3. In addition, the carbonaceous material was unaffected by 

the leaching where after all carbon reported to the solid leaching residue. 

The low extent of dissolution of iron can be explained by the EpH diagram presented in 

Figure 4.4. At a pH of 3 and redox potential of 294 mV (average redox measured during the 

experiment), iron is stable as hematite whereas zinc forms the soluble zinc(II) sulfate. 
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According to the EpH diagram, franklinite is not stable in the region of the experiment. 

However, Ramachandra Sarma et al. [90] showed that the dissolution kinetics of franklinite is 

strongly connected to the concentration of sulfuric acid.  

 
Figure 4.3 Dissolution of the total zinc and iron in the four different 

experiments. 

 

 
Figure 4.4 EpH diagram calculated for Fe-Zn-S-H2O at 80°C using FactSage 7.2 with 

MSO4
2−=0.1 and concentration of ions of 0.001 M. 

More strenuous conditions were introduced in order to improve the dissolution of zinc. 

Experiments at a pH of 1 with average redox potentials of 498, 602 and 703 mV were 

performed. The redox potential of 498 mV was not controlled whereas the other two were 

controlled with hydrogen peroxide. Considering Figure 4.3, the dissolution of zinc improved 

with the unwanted expense of higher dissolution of iron. Similar to the experiments at pH 3, 

the carbonaceous material was unaffected by the leaching operation. 



Results and Discussion 

46 

In contrast to the oxidative leaching performed by Van Herck et al. [75] and Mikhailov et al. 

[54], the dissolution of zinc did not improve with increasing redox potential in the present study. 

Thus, the weak-acid insoluble zinc phase can be attributed to franklinite rather than 

sphalerite/wurtzite. 

The lower iron dissolution achieved by increasing the redox potential can be explained by 

considering the EpH diagrams at two different ion concentrations, Figure 4.5. Leaching at a 

pH of 1, ions of ferrous iron is stable at the redox potential of 498 mV in low ion concentrations, 

Figure 4.5 a), suggesting that dissolution of iron in the BF sludge is feasible. However, as the 

ion concentration increases, the stable form of iron is solid hematite, Figure 4.5 b). In terms of 

the higher redox potentials, these experiments were performed within the stability region of 

solid hematite at low ion concentrations as well. Possibly, this effect suppressed the dissolution 

of franklinite as well, which explains the lower zinc dissolution at higher redox potentials. 

 

Figure 4.5 EpH diagram calculated for Fe-Zn-S-H2O at 80°C using FactSage 7.2 with MHSO4
2−=0.32 

and concentration of ions of a) 0.001 M and b) 0.1 M. 

So far, pilot-plant scale leaching operation has only been reported using hydrochloric acid as 

leaching reagent [75,79]. Considering Table 2.3, leaching using sulfuric acid is superior to 

hydrochloric acid and the results of the present study support these findings. Furthermore, the 

subsequent washing of the leaching residue after hydrochloric acid leaching requires thorough 

removal of chloride salts as chlorine entering the sinter machine can cause dioxin problems and 
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chlorine entering the BF can cause corrosion in the gas cleaning equipment [16]. Although 

leaching of BF sludge with sulfuric acid has only been reported in laboratory scale, the process 

layout for the complete process has been proposed by Li et al. [78]. In this process, iron in the 

filtrate after solid-liquid separation was oxidized and precipitated by hydrogen peroxide and 

calcium carbonate, respectively [78]. The calcium was precipitated as calcium fluoride (CaF2) 

using zinc(II) fluoride (ZnF2) powder and the zinc(II) sulfate was crystallized as ZnSO4•(H2O)7 

after process steps of evaporation, condensation, cooling, crystallization, filtration and drying 

[78]. Another alternative was described by Kanari et al. [91] in the treatment of EAF dust. After 

the leaching, cementation of iron by elemental zinc was performed prior to adding alkali metal 

carbonates in order to precipitate zinc carbonate [91]. Finally, the production of zinc oxide by 

thermal decomposition of the carbonate was performed [91]. 

4.2.2 Hydrocycloning 

By changing the diameter of the apex, keeping all other parameters constant, the effect of 

different ratios between the diameter of the vortex finder and apex on the separation efficiency 

was studied. Figure 4.6 a) illustrates the separation efficiency curves using the different ratios 

and Table 4.3 illustrates the corresponding performance in terms of cut size, the sharpness of 

separation (imperfection, I), zinc distribution to the overflow as well as solids, iron and carbon 

distribution to the underflow (low-zinc fraction). 

 
Figure 4.6 Separation efficiency curves for a) different ratios between the diameter of vortex finder 

and apex and b) one and two-stage hydrocyclone setups. 

By decreasing the size of the apex, moving from a ratio of two to three, the cut size increased 

and solids distribution to the underflow decreased, as seen in Table 4.3. These results are in 
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line with Wills et al. [92] who presented that the cut size increased with decreasing size of the 

apex and that the cut size was inversely related to the solids distribution to the underflow. 

Furthermore, according to Wills et al. [92], the flow split of water reporting to the underflow 

decreases with smaller apex and limiting the water reporting to the underflow improves the 

classification efficiency. This effect is evident in the present results as the increased ratio 

between the diameters improved the separation efficiency calculated using the imperfection. 

Table 4.3 Performance figures of experiments presented in Figure 4.3. N.A. denotes not applicable 

and “/” was not analyzed. OF and UF denote overflow and underflow, respectively. 

Response Ratio 2 Ratio 2.4 Ratio 3/One-stage Two-stage 

Cut size (µm) 5.2 6.2 6.7 7.0 

I (experimental) N.A. 0.44 0.35 0.29 

I (modeled, Eq. 3.2) 0.72 0.49 0.38 0.30 

Zn distribution to OF (%) 57 46 67 71 

Fe distribution to UF (%) / 75 74 72 

C distribution to UF (%) / 56 50 49 

Solids distribution to UF (%) 75 70 67 66 

The hydrocyclone setup with a ratio between the diameter of the vortex finder and apex by three 

resulted in the best separation efficiency of all one-stage hydrocyclone experiments (total of 22 

unique setups in terms of dimensioning and operation conditions). The comparison of the 

performance of this setup with the two-stage hydrocycloning setup that generated the sharpest 

separation is presented in Figure 4.6 b) and Table 4.3. Thus, processing the underflow from 

the first hydrocyclone in a second stage can improve the performance, yielding a sharper 

separation at a similar cut size. 

In terms of zinc distribution to the overflow and the distribution of iron, carbon and solids to 

the underflow, the results of the separation efficiency and cut size can be related to the 

characteristics of the sludge. The majority of the zinc was distributed in the <5 µm fraction, 

Table 4.2, and the zinc distribution presented in Table 4.3 was closely related to the degree of 

which this fraction was recovered in the overflow (compare to Figure 4.6). The exception was 

the experiment with the ratio between the vortex finder and apex of 2.4. 

Considering the distribution of iron and zinc in the different fractions, Table 4.2, and the 

distributions achieved using, e.g., the setups of Figure 4.6 b), the separation of iron from zinc 

outperformed the distribution by size. This suggests that the dominant zinc phase is less dense 

than the iron oxides. Another possible explanation is that the intense agitation and action of the 

pump removed small particles containing zinc from the surface of larger particles. However, 
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the ultrasonic-assisted sieving should account for this effect as the ultrasound may remove and 

consequently successfully sieve these small particles attached to larger particles. 

Considering the size distribution of carbon, Table 4.2, the results of carbon achieved in, e.g., 

the setups in Figure 4.6 b) was lower than what can be expected in terms of separation by size. 

The XRD suggested that the carbon is distributed as graphite and coke. These phases have 

considerably lower specific gravities than, e.g., the iron oxide phases which are in line with the 

results of the hydrocycloning. Furthermore, the SEM study suggested that the carbonaceous 

material had a flaky morphology, which supports that carbon tends to the overflow [92].  

4.2.2.1 Effect of Origin of BF sludge 

The zinc content of the sludge studied in the present thesis is considerably lower compared to 

most sludges that have been investigated in previous studies, Table 2.2. However, two of the 

sludges studied by Butterworth et al. [18] had lower zinc contents than the sludge of the present 

study. The results presented in the previous section, Section 4.2.2, are in line with those of 

Butterworth et al. [18] showing that BF sludges with low zinc contents can be pretreated using 

hydrocycloning. Thus, regardless of the original zinc content of the BF sludge, hydrocycloning 

is feasible as long as the distribution of zinc between different size fractions allows separation 

by size. This is evident as no connection between the original zinc content of the BF sludge and 

the zinc distribution to the overflow is present, Table 2.2. 

The major effect on the efficiency of the separation of zinc from the solids, iron and carbon can 

be attributed to the origin of the sludge in terms of primary gas cleaning equipment. The solids 

distribution in the underflow in the present study is significantly lower than what is reported in 

the literature for similar figures of the zinc distribution to the overflow, e.g., zinc distributions 

ranging from 67 to 75 % have reported solids distributions ranging between 79 and 83 % [18-

20]. Furthermore, the maximum zinc distribution in the overflow achieved in the present study 

is considerably lower than what has been achieved previously as zinc distributions in the range 

of 90-92 % have been reported [18,19,57]. This difference in performance is apparent when 

considering the difference in the distribution of zinc and solids in the finest size fraction of BF 

sludge, as discussed in Section 4.1.2.2. 

4.2.3 Tornado Treatment 

The chemical composition of the BF sludge sample processed in the tornado is presented in 

Table 4.4. In comparison to the sample characterized and upgraded, as presented in 

Section  4.1, 4.2.1 and 4.2.2, the iron content was lower and the carbon content was higher. The 
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chemical composition of both sludges is within the variations of the BF sludge at SSAB 

Oxelösund. However, the chemical composition of the BF sludge presented in Table 4.4 is 

closer to the average composition of the BF sludge determined when sampled over longer 

periods of time. 

Table 4.4 Chemical composition in wt.% of the BF sludge 

treated in the tornado process. 

Fe C Zn Ca Si Na K 

35.6 23.6 0.40 4.2 3.6 0.07 0.23 

Figure 4.7 illustrates the separation efficiency curve of the tornado experiment. Based on the 

curve, the imperfection, or sharpness of separation, was calculated to 0.75 according to 

Equation 3.1. In Section 4.2.2, the imperfections of the most efficient one-stage and two-stage 

hydrocyclone experiments were calculated to 0.35 and 0.29, respectively. Thus, the 

hydrocyclone experiments yielded a considerably sharper separation. Considering that dry 

cyclones are suitable in operation down to 10 µm [93], the utilization of the tornado is feasible. 

Therefore, the difference in the separation efficiency between the hydrocyclone and tornado 

can be attributed to: i) possible re-entrainment due to the high velocity of the tornado inlet 

stream [93] and/or ii) the fact that the hydrocyclone dimensions were optimized for the sludge 

whereas the tornado had limited means for control of dimensional parameters. 

 
Figure 4.7 Separation efficiency curve for the tornado process. 

The results of the tornado treatment, presented in Table 4.5, show that the process successfully 

upgraded the BF sludge as 81 % of the zinc was distributed to the overflow while 37, 39 and 

31 % of the iron, carbon and solids, respectively, were distributed to the underflow. The high 

distribution of zinc to the overflow reflects the distribution of the finest particle sizes to the 

overflow, Figure 4.7. Furthermore, the low distribution of iron, carbon and solids in the 
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underflow (in comparison to the hydrocyclone) reflects the lower separation efficiency. 

Table 4.5 Results of upgrading via the tornado process. OF and UF denote overflow and 

underflow, respectively. 

Zn distribution 

in OF (%) 

Fe distribution 

in UF (%) 

C distribution 

in UF (%) 

Solids distribution 

in UF(%) 

81 37 39 31 

During the process, the BF sludge was effectively dried as the moisture content of the sludge 

was lowered from 39.9 % in the feed to 1.7 and 1.8 % in the underflow and overflow, 

respectively. Furthermore, the particle-particle interactions accounted for by Tikka et al. [85] 

and summarized in Section 4.1.2.3 were evident as the d90 of the calculated feed (based on the 

overflow and underflow) was 41 µm as compared to 66 µm for the analyzed feed. 

In the continuation of the present thesis, the low-zinc and high-zinc fraction of the 

tornado-treated BF sludge were used. The choice was based on three principal reasons: i) the 

zinc distribution in the high-zinc fraction was satisfactory, ii) the upgrading was achieved with 

simultaneous drying and iii) the tornado process was the only pretreatment method applied that 

generated enough BF sludge required for the subsequent experiments. The chemical 

composition of the low-zinc and high-zinc fractions are presented in Table 4.6. 

Table 4.6 Chemical composition of the low-zinc and high-zinc fraction 

after upgrading. Given in wt.%. 

Fraction Fe C Zn Ca Si Na K 

Low-zinc 38.1 27.1 0.24 3.6 2.8 0.05 0.15 

High-zinc 29.6 19.5 2.18 3.9 3.5 0.48 0.53 
 

4.3 Recycling of the Low-Zinc Fraction to the Blast Furnace 

4.3.1 Characterization of Briquettes used in Laboratory and Pilot-Plant Scale 

4.3.1.1 Chemical and Mineralogical Composition 

The chemical compositions of the briquettes are presented in Table 4.7. 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. 
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Table 4.7 Chemical composition of the briquettes 

produced for the laboratory and pilot-plant scale 

experiments. Given in wt.%. Femet, Fe(II) and Fe(III) 

given in wt.% of the total mass. 

Element Reference B1 B2 

Fetot 50.6 51.5 52.8 

Femetallic 29.8 22.4 19.8 

Fe(II) 4.8 5.1 5.3 

Fe(III) (calculated) 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 

S 0.9 1.3 1.1 

Zn 0.039 0.098 0.141 

The diffractograms of the three briquettes are presented in Figure 4.8. The detected phases 

were iron, wüstite, magnetite, hematite, calcite, graphite, silica, periclase, portlandite 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. Increasing amounts of added BF sludge 

corresponded to increasing relative intensities of the highest peak distinctive for the 

diffractogram of hematite detected at 33.1°2Theta. 

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 hematite 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 in the BF. 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 ratios in the reference, B1 and B2 briquettes were calculated to 0.92, 

1.05 and 1.14, respectively. 

 Increasing C/O molar ratios have been shown to facilitate improved reduction degrees in 

isothermal reduction experiments of agglomerates of iron oxides and carbon-containing 

material in an inert atmosphere [94,95] and non-specified atmosphere [96]. More specifically, 
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Bryk et al. [95] suggested that the importance of increasing C/O molar ratios above unity is less 

significant than increasing C/O molar ratios when the value is less than unity. This suggestion 

was based on the results showing that different graphite and ore additions resulted in non-linear 

effects on the metallization and reduction of the agglomerates [95]. The results of 

Shivaramakrishna et al. [96] suggested that the reduction kinetics improved with increasing 

coal to ore ratios. The C/O molar ratios were not mentioned in the study by Shivaramakrishna 

et al. [96] and could, considering the results of Bryk et al. [95], possibly be lower than unity, 

i.e., the stoichiometry for self-reduction. In terms of adding the BF sludge to the briquettes of 

the present study, the effect on the reducibility should be positive as the C/O molar ratio 

exceeded unity. Therefore, the addition of upgraded BF sludge makes the agglomerate, 

theoretically, self-reducible and provides additional carbon that can participate in reactions in 

the BF. 

 
Figure 4.8 Diffractograms of non-reduced briquettes 

studied in the laboratory and pilot-plant scale 

experiments. 

 

4.3.1.2 Cold Strength 

In the lumpy zone, the burden materials charged to the BF have to withstand the conditions 

inside the furnace in order to facilitate a permeable burden and even gas distribution which in 

turn allows the indirect reduction to progress [97]. Excessive fines generation decreases the 
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void fraction and lowers the permeability, which affects the transport of the gas flow throughout 

the shaft [43]. In addition, fines generated upon impact on the burden surface during charging 

can form concentrated regions of low gas permeability [43]. These regions will cause slower 

warm-up and a higher degree of reduction-disintegration behavior, which further decreases the 

permeability in the BF [43]. In light of these effects, the cold strength of the briquettes was 

studied in order to assess the effect of the addition of upgraded BF sludge on the strength. 

The tumble indices after 24 hours and 28 days of curing are presented in Table 4.8. These 

results suggest that a higher strength after 24 hours of curing can be achieved when adding the 

upgraded BF sludge. Furthermore, after 28 days of curing, the tumble indices were on average 

higher for the briquettes containing upgraded BF sludge.  

Table 4.8 Tumbling indices (%) for the briquettes used in 

the laboratory-scale and pilot-plant scale experiments. 

Time of curing Reference B1 B2 

24 h 42 47 48 

28 days 78 84 81 

The compressive strength of cold-bonded briquettes, produced with 6.5 wt.% cement, has been 

shown to increase consistently with decreasing d50 as an effect of increasing contact points [98]. 

In the present study, the d50 was calculated to 255, 185 and 145 µm for the material blends of 

the reference, B1 and B2 briquette, respectively. Thus, the consistent increase in strength with 

decreasing d50 was not observed after 28 days of curing. Other factors affecting the strength of 

cold-bonded briquettes are the zinc, carbon and iron oxide contents. Zinc compounds slow the 

cement setting time by forming a protective layer on cement grains [99]. Fernández Olmo [99] 

reported that the corresponding strength was not affected until the concentration of zinc 

compounds exceeded 5  wt.% of the sample whereas Kolářová et al. [100] found that zinc 

contents of 0.1 wt.% greatly reduced the compressive strength of cement mortars. In terms of 

carbonaceous material, the hydrophobic nature of carbon disturbs the wetting and induce an 

effect of set retardation in the cement [101]. The effect ultimately leads to poorer compressive 

strength, even after 28 days of curing [101]. Increasing iron oxide contents has been shown to 

decrease the strength after prolonged times of curing, i.e., the effect of iron oxides on the 

strength was not visible after short curing times but was evident after 28 days of curing [99]. 

Based on the chemical composition, presented in Table 4.7, the higher zinc contents provided 

by adding the upgraded BF sludge may act towards lower strength in accordance with the results 

of Kolářová et al. [100]. In terms of carbonaceous material, the higher carbon content provided 
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by the upgraded BF sludge will negatively affect the strength of the cold-bonded briquettes. 

Furthermore, the higher contents of iron oxides in the B1 and B2 briquettes will negatively 

affect the strength after prolonged curing, as compared to the reference briquette, in accordance 

with the results of Fernández Olmo et al. [99]. The difference in iron oxide contents between 

the B1 and B2 briquettes was not considered to cause the lower strength of the B2 briquette 

after 28 days of curing as the reference briquette had the lowest overall strength. The individual 

contribution of each effect on the strength is impossible to determine in this scenario as multiple 

parameters are changed simultaneously between each recipe. However, the collective effect of 

lower d50 values and higher contents of zinc, carbon and iron oxides was on average higher 

tumbling indices for the briquettes with the added upgraded BF sludge. Furthermore, the 

strength requirement for the top-charging of cold-bonded briquettes in the BF is 60 % [102]. 

Thus, the cold strength of the briquettes containing BF sludge after curing was satisfactory. 

4.3.1.3 Swelling 

Swelling during reduction is another important phenomenon 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 agglomerate and may ultimately have a 

negative effect on the BF operation due to loss in permeability. Swelling can be attributed to 

two different mechanisms occurring during the reduction. The reduction of hematite to 

magnetite is accompanied by a 20 % increase in volume attributed to the transformation of 

crystal lattices [97]. The second mechanism is the formation of iron whiskers during the 

reduction of wüstite to iron [97]. 

The maximum recorded swelling indices observed in the optical dilatometer, presented in 

Table 4.9, occurred between 944 and 1009°C. These swelling indices occurred during 

unobstructed swelling, i.e., no surrounding load was present such as in the BF. Regarding the 

results in Table 4.9, the obvious explanation for the higher swelling indices accompanied by 

the addition of upgraded BF sludge to the briquette is the higher amount of total iron and iron 

oxides, Table 4.7. A larger part of the briquette will experience the lattice transformation 

between hematite and magnetite as well as the reduction of wüstite to metallic iron. However, 

the swelling did not increase consistently with increasing additions of upgraded BF sludge. 

Therefore, other factors than the iron oxides affected the maximum recorded swelling. 

Increasing coke contents of cold-bonded briquettes have been shown to increase the swelling 

during isothermal reduction in an atmosphere of 60 vol.% nitrogen and 40 vol.% carbon 
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monoxide [103,104]. Thus, considering the chemical composition of the briquettes, Table 4.7, 

the carbonaceous material present in the upgraded BF sludge should increase the swelling 

tendencies of the B1 and B2 briquettes. 

Table 4.9 Maximum recorded swelling indices for the 

briquettes used in the laboratory-scale and pilot-plant scale 

experiments. 

Parameter Reference B1 B2 

SI (%) 18 27 24 

The presence of non-uniformly distributed Ca2+ in the wüstite lattice structure has been shown 

to favor iron whisker formation in areas where Ca2+ is concentrated [105]. During the reduction 

of wüstite, areas super-saturated in iron forms close to the reacting surface [105]. The presence 

of Ca2+ distorts the wüstite lattice (radius of Ca2+ is 0.99 Å compared to 0.75 Å for Fe2+) and 

improves the diffusivity of iron, which makes the effective volume of super-saturated iron 

larger and favors whisker growth after iron nucleation [105]. Considering that the effect of 

calcium relates to the incorporation of Ca2+ in the wüstite lattice, the effect of increasing CaO 

contents on the swelling is ambiguous between studies [106-108]. Thus, the Ca2+ content and 

distribution in wüstite determine the effect on swelling, not the overall calcium content in the 

agglomerate. These reported findings suggest that the effect of the decreasing calcium contents 

in the briquettes accompanied by additions of upgraded BF sludge, as seen in Table 4.7, cannot 

be determined based on the analyses performed in the characterization of the briquettes. 

Another parameter with differences in the reported effect on swelling is the particle size 

distribution of the agglomerate recipe. Fredriksson et al. [109] observed that increasing the 

particle size of the ingoing material in cold-bonded pellets reduced the isothermal swelling of 

the agglomerate while Singh et al. [104] showed a clear increase in the swelling of cold-bonded 

briquettes with the increase of the d50.  

Based on the above, the additional iron oxides and increase in carbonaceous material 

accompanied by the upgraded BF sludge should increase the swelling, which is in line with the 

observed results as presented in Table 4.9. However, the consistent increase in swelling with 

successively increasing additions of BF sludge was not observed, which might be attributed to 

the effects provided by the parameters that have ambiguous results presented in the literature.  

Swelling up to 20 % is generally accepted as normal and values higher than this is referred to 

as abnormal or catastrophic [110]. Furthermore, Seaton et al. [111] referred to swelling indices 
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between 20 and 27 % as acceptable and normal. Also, Nascimento et al. [112] and Abdel Halim 

et al. [113] wrote 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 % [113]. 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, as the swelling indices of the present study were around 20 %, the swelling was 

considered acceptable. In addition, swelling has been shown to be mitigated by the surrounding 

load in laboratory-scale BF simulation experiments [114] and pilot-plant scale BF operation 

[103,114]. 

4.3.2 Laboratory-Scale BF Shaft Simulation Experiments 

The reducibility of the briquettes is important to consider as it may affect the utilization of the 

reducing potential of the gases in the lower part of the lumpy zone and ultimately affect the 

consumption of reducing agents [97]. The design of the laboratory-scale BF shaft simulation 

allowed the intrinsic reducibility of the briquettes to be studied, i.e., the effect of poor process 

conditions such as channeling of gas was avoided.  

4.3.2.1 Propagation of the Reduction in the Wall Program 

The diffractograms of the reference and B2 briquettes after the interrupted and final wall 

program are presented in Figure 4.9. No qualitative differences were observed when comparing 

the mineralogy of the reference and B2 briquettes subjected to the interrupted tests. However, 

the relative intensities of the peaks corresponding to the iron oxide phases were higher in the 

B2 briquette.  

According to Figure 4.9, hematite was not detected after the first zone of the wall program, 

suggesting that hematite was reduced to magnetite, Equation (4.1). Furthermore, the relative 

intensities of the shared peaks of wüstite and periclase after the first zone suggest that reduction 

of magnetite to wüstite, Equation (4.2), started as well. Both Equation (4.1) and (4.2) can be 

written with hydrogen gas as the reducing agent since it was included in the gas mix, Figure 3.5. 

3Fe2O3 + CO (𝐻2) ↔ 2Fe3O4 + CO2(𝐻2𝑂) (4.1) 

Fe3O4 + CO (𝐻2) ↔ 3FeO + CO2(𝐻2𝑂) (4.2) 

The wt.% of iron with different valences in the reference and B2 briquettes after the interrupted 

and full wall program are presented in Figure 4.10. After the first zone, reaching 850°C, both 

the reference and B2 briquette were analyzed for lower Fe(III) and higher Fe(II) contents. These 
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changes in the oxidation state of iron are consistent with the results of the XRD. Furthermore, 

the metallic iron content in the reference briquette was lower after the first zone as compared 

to the non-reduced briquette, Figure 4.10, which 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 [69]. 

 
Figure 4.9 Diffractograms of the a) reference and b) B2 briquettes subjected to the wall program. 

 

 
Figure 4.10 Wt.% of valences of iron analyzed in the 

wall program. 

The Fe-C-O diagram presented in Figure 4.11 was reproduced using FactSage 7.2 utilizing the 

FactPS database and calculating on a total pressure of 1 atm. The black and grey dashed lines 

in the figure illustrates the reducing potential of the gas at different temperatures in the wall and 

center program, respectively. As the experiments were carried out during heating, the 

propagation of the wall program can be regarded as increasing temperature, i.e., moving along 
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the dashed lines towards the right side in the figure. The propagation of the reduction, as 

presented in the above, is consistent with the Fe-C-O diagram considering the conditions of the 

wall program after the first zone at 850°C. 

 
Figure 4.11 Fe-C-O diagram including the conditions 

of the wall and center program.   

The relative intensities of the magnetite peaks in the diffractogram 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 Shivaramakrishna et al. [96], 

the overall reduction rate was higher in the B2 briquette. The rate at which the oxygen bound 

to iron decreased per minute in the first zone was calculated to 0.011 and 0.072 %O/min for the 

reference and B2 briquette, respectively. Thus, the difference in reduction after the first zone 

was attributed to a higher original content of Fe(III) provided by the upgraded BF sludge in the 

B2 briquette. 

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

These results suggest that the reaction in Equation (4.2) was completed. However, as shown 

in Figure 4.10, 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 [115].  Nonetheless, as these samples were 

not studied with the SEM-EDS, the XRD suggests that the reaction in Equation (4.2) 

propagated far enough to leave magnetite below the detection limit of the XRD equipment. 

The relative intensities of wüstite and iron in the diffractogram of the B2 briquette, Figure 4.9, 

after the second zone, compared to after the first zone, suggest that the reaction in 
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Equation (4.3) started. This is consistent with the conditions of the wall program at 950°C 

depicted in the Fe-C-O diagram, Figure 4.11. 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, Figure 4.10. 

FeO + CO ↔ Fe + CO2  (4.3) 

Iron oxides were not detected after the third zone of the wall program, ending at 1100°C, 

Figure 4.9, suggesting that the reduction of wüstite to iron was completed. However, the 

analyzed valences of iron, as shown in Figure 4.10, 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 single digit micrometer size range as well as larger particles 

as shown by the white particles in Figure 4.12. Iron particles of 100 µm and larger were 

generally detected with a surrounding layer of oxides. The EDS spectrums suggested that these 

layers were comprised of a calcium silicate (stoichiometry close to dicalcium silicate (Ca2SiO4)) 

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, Figure 4.10. Thus, the reaction in 

Equation (4.3) was completed in neither the reference, B1 nor the B2 briquette. 

 
Figure 4.12 Micrograph recorded using an angle-selective backscatter detector showing 

an iron particle surrounded by an oxide layer. All spectrums are given in atomic percent 

and, for Y and Z, oxygen was calculated based on stoichiometry. 

In order to quantify the reducibility after the complete wall program, the degree of reduction 

(DoR) based on oxygen bound to iron was calculated for the different briquettes. The DoR was 

calculated according to Equation (4.4). 



Results and Discussion 

61 

The DoR after the full wall program was calculated to 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. This contradictory observation is addressed further in 

Section 4.3.2.2. 

DoR(%) =
(O in FeOx)start − (O in FeOx)reduced

(O in FeOx)start
x100 (4.4) 

 

4.3.2.2 Propagation of the Reduction in the Center Program 

The propagation of the reduction in the center program was studied by running XRD on the 

briquettes subjected to the interrupted tests and the diffractograms are presented in Figure 4.13. 

After reaching 1000°C at the end of the second zone, Figure 3.5, neither hematite nor magnetite 

was detected in the reference and B2 briquette 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. These reactions are consistent with the conditions of 

the center program at 1000°C in the Fe-C-O diagram in Figure 4.11. 

 
Figure 4.13 Diffractograms of the a) reference and b) B2 briquette subjected to the center program. 

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. Furthermore, wüstite was not detected in 

the reference, B1 or B2 briquette after the complete center program suggesting complete 

reduction. However, the wt.% of the valences of iron in the briquettes, Table 4.10, suggest that 



Results and Discussion 

62 

wüstite or solid solutions of (Fe,Mg)O was present. 

Table 4.10 Wt.% of the valences of iron and DoR after 

the full center program. 

Briquette Femet Fe(II) Fe(III) DoR 

Reference 49.3 3.2 0.5 86 

B1 50.4 2.6 0.0 93 

B2 39.2 5.9 3.5 74 

The DoR of the reference briquette was determined to 86 % after both the wall and center 

program. The B1 briquette appears to be more reduced after the center program (DoR of 93 %) 

as compared to after the wall program (DoR of 65 %). Based on the more rapid heating cycle 

in the center program, the results of the B1 briquette are counterintuitive, 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 to 

iron after the full wall program. Based on this overestimation, the DoR of the B1 briquette after 

the wall program may be underestimated 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 %) 

as compared to the longer wall program (DoR of 92 %). The average reduction rate during the 

center program was calculated to 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 as compared to what was required in order to reduce the additional amount 

of iron oxides provided by the upgraded BF sludge. In comparison to the DoR of the reference 

briquette, the conclusion is that adding up to 20 wt.% of upgraded BF sludge leaves the briquette 

properly reduced when descending in conditions of the wall program. However, 10 wt.% was 

the maximum amount of added upgraded BF sludge, tested in the present study, that facilitates 

proper reducibility if the descent occurs in the conditions of the center program. 

4.3.3 Pilot-Plant Scale Experiments 

In a comparison of the results from a laboratory-scale BF simulation experiment and basket 

samples from the LKAB EBF, Sterneland et al. [116] concluded that the reduction was similar 

in both cases. In addition, the EBF represents the conditions in the commercial BF operation 

well [117]. Therefore, the cold-bonded briquettes produced based on the recipes in Table 3.3 
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were studied as basket samples in the EBF in order to confirm the reducibility observed in the 

laboratory-scale BF shaft simulation experiments. Furthermore, the EBF allows observations 

of swelling and strength under the BF operation. 

4.3.3.1 Observations after the Excavation 

Measurements of the dimensions of the briquettes showed no swelling; instead, shrinking in 

one direction of the briquettes was indicated. This observation is in accordance with previous 

studies of cold-bonded briquettes (produced from pellet fines and cement) in the EBF 

[103,114]. The briquettes studied by Singh et al. [114] showed swelling during reduction in 

laboratory-scale experiments when suspended in steel-wire baskets. Furthermore, the tendency 

to swell was still present when reduced under load in laboratory-scale conditions and the LKAB 

EBF, but the surrounding load restricted the swelling [114]. 

The positions of the briquettes recovered after the excavation are illustrated in Figure 4.14 a). 

The briquettes in the three layers closest to the stockline were all intact after the excavation. 

The reference and B1 briquette recovered 3970 mm below the stockline were intact whereas 

the B2 briquette had a large piece chipped off from one of the corners, Figure 4.14 b). The 

reference and B1 briquette were broken at 4246 mm below stockline. However, they were 

partially intact at 4639 mm below the stockline. The part of the basket holding the B2 briquette 

was destroyed at 4639 mm below the stockline. Therefore, no information about this briquette 

could be retrieved. 

During the material handling in conjunction with the crushing, grinding and sampling of the 

briquettes, no differences were observed in terms of how brittle they were. However, the pieces 

of the reference and B1 briquette found at 4246 mm below the stockline were observed to break 

easier than the intact B2 briquette from the same level. 

Based on these observations, the briquettes containing the BF sludge were not compromised in 

terms of strength. These results are in line with the cold strength determined by the tumbling 

index measurements after 28 days of curing, as presented in Section 4.3.1.2. 

4.3.3.2 Reducibility 

The diffractogram of the B2 briquette recovered at 4246 mm below the stockline is presented 

in Figure 4.15 a). At this position in the shaft, cementite (Fe3C) was detected in the briquette. 

In fact, at 4246 and 4639 mm below the stockline, cementite was detected in all recovered 

briquettes suggesting low oxygen and high carbon monoxide partial pressures. However, 
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according to the SEM-EDS analyses, Figure 4.15 b), the periclase detected in the XRD 

contained iron which suggests that the solid solution (Fe,Mg)O was present under these 

reducing conditions. Therefore, three different iron phases ((Fe,Mg)O, Fe and Fe3C) were 

present simultaneously in the briquettes. These results are in line with previous results from the 

EBF where more than two iron phases were present simultaneously during the descent due to 

the continuous reduction of the iron oxides at the agglomerate surface while the conditions 

within the agglomerate did not allow further reduction [116]. 

a) b) 

 

 

Figure 4.14 a) Vertical positions of the baskets in the EBF. b) Photographs of several recovered 

briquettes. 

The DoR was calculated according to Equation (4.4) for each briquette and the results are 

presented in Figure 4.16. The B2 briquettes consistently reached higher reduction degrees 

further down in the EBF. The same was not observed for the reference and B1 briquettes. 

Therefore, average values representing the DoR of the briquettes from 2422 mm below the 

stockline and downwards in the EBF were calculated. The average DoR was calculated to 72, 

71 and 90 % for the reference, B1 and B2 briquette, respectively. Similar to the laboratory-scale 

experiments, consistently increasing DoR with increasing C/O molar ratios was not observed 

in the recovered briquettes. Possibly, the difference can be attributed to the local conditions 

experienced by each briquette during the descent in the EBF; e.g., the B2 briquettes were 
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consistently facing towards the wall (Figure 4.17 a)). The lower probe indicated that the 

conditions towards the wall were more reducing (Figure 4.17 b)). Nonetheless, the lower 

average DoR of the B1 briquette as compared to the reference was considered acceptable. Thus, 

the addition of upgraded BF sludge up to 20 wt.%, as tested in the present study, was concluded 

not to have a detrimental impact on the reducibility of the briquettes when charged to the EBF. 

Therefore, in comparison to the intrinsic reducibility of each briquette determined in the 

laboratory-scale experiments, the reducing conditions in the EBF allowed sufficient time for 

the B2 briquette to reach a high DoR. 

a) b) 

 
 

Figure 4.15 a) Diffractogram of the B2 briquette recovered from 4246 mm below the stockline. b) 

Micrograph from 4246 mm below the stockline with EDS spectrum of a solid solution 

(Fe,Mg,Mn,Ca)O.  

 

4.3.3.3 Effect on Zinc Load 

The zinc content of the reference briquette was determined to 0.039 %, as seen in Table 4.7. 

Thus, at a feasible charging rate of 100 kg of briquettes per tHM, the zinc load from the 

briquettes is 39 g/tHM. Adding 10 or 20 wt.% of upgraded BF sludge to the briquette increased 

the zinc content, which would significantly increase the zinc load attributed to the briquettes to 

98 or 141 g/tHM, respectively. However, at these rates of additions of upgraded BF sludge, the 

operation with these briquettes requires only shorter periods to cover the annual generation of 

BF sludge. Considering the operation at SSAB Oxelösund, the required rate of addition in order 

to recycle the sludge upgraded using the tornado would be 3.7 wt.%. Alternatively, the 

briquettes with 20 wt.% upgraded BF sludge can be charged at a rate of 18.5 kg/tHM while the 

reference briquettes are charged at a rate of 81.5 kg/tHM. This rate of recycling corresponds to 
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an increased zinc load of 19 g/tHM attributed to the briquettes with upgraded BF sludge, which 

is more acceptable. 

 

Figure 4.16 Degree of reduction of the briquettes in 

the vertical direction in the EBF. 

 

a) b) 

 

 

Figure 4.17 a) Horizontal position of the baskets in the EBF, T denotes tuyere. b) Probe 

measurements by the upper and lower probe. * denotes EBF wall and + denotes EBF wall above 

tuyere No.2. 

 

4.3.4 Industrial-Scale Trials 

Considering that the EBF to a great extent represents the conditions in the industrial-scale BF 

operation [117], the promising results of the basket samples were considered of interest to verify 

in industrial-scale BF trials. For this purpose, cold-bonded briquettes with non-treated BF 
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sludge were used as an approximation of the addition of upgraded sludge. Furthermore, the 

briquettes used in the industrial-scale trials had a lower amount of BF sludge as compared to 

the briquettes used in the basket samples charged to the EBF, compare Table 3.3 and 3.4. The 

chemical composition of the briquettes produced for the industrial-scale trials is presented in 

Table 4.11. The difference in carbon content between the RB and BSB was only 0.9 percentage 

due to a shortage of BF dust during the briquetting of the BSB; i.e., the content of BF dust in 

the BSB did not reach the expected level according to the designed recipe presented in 

Table 3.4. The difference in the chemical composition reflects the substitution of the iron-rich 

desulfurization scrap with BF sludge. 

Table 4.11 Chemical composition of RB and BSB charged in the industrial-scale trials 

Sample Fe CaO SiO2 Al2O3 MgO MnO C S Zn K 

RB 37.3 23.2 8.0 2.8 2.6 1.2 9.1 0.70 0.076 0.24 

BSB 36.2 24.3 7.9 2.5 2.7 1.0 10.0 0.76 0.081 0.21 

The cold strength after 21 days of curing of the RB, the first batch of the BSB and the second 

batch of the BSB, determined by the tumbling tests, was 81, 74 and 68 %, respectively. Thus, 

replacing desulfurization scrap by BF sludge decreased the cold strength. The difference in the 

cold strength measured for the first and second batch of the BSB can be attributed to the 

shortage of BF dust that arose during the briquetting process. Although both batches of the BSB 

had lower tumbling indices, the required cold strength for top-charging in the BF is 60 % [102]. 

Thus, the briquettes with BF sludge were considered suitable to charge in the industrial-scale 

BF trials.  

4.3.4.1 Trial and Reference Period 

A planned maintenance stop in the steel plant occurred during the trial period, which resulted 

in a decreased production of HM (from 266 to 238 tHM/h) during approximately 14 hours. 

After the trial period, the operation with RB was performed subsequently for a few days as the 

reference period. After comparing data from the trial and reference periods and removing 

effects linked to the decreased production, no disturbances could be attributed to the BSB. The 

product quality and process stability in terms of HM quality and its variation, as well as 

variations in parameters such as top gas efficiency and pressure drop, was similar during the 

reference and trial period, Table 4.12. Furthermore, effects from fines generation in the shaft, 

e.g., in terms of lower permeability or disturbed descent connected to the lower tumbling 

indices of the BSB as compared to the RB, were not observed. 

The average sludge generation was higher during the trial period as compared to the reference 
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period, as shown in Table 4.13. The dust generation peaked during the second day of the trial 

period, later receding to the same level as the first day. The peak value of the dust generation 

in the trial period was more likely due to the increased gas velocity above burden level (going 

from 1.10 to 1.16 m/s), observed during a six-hour window of the decreased production, rather 

than the lower cold strength; especially as the dust generation reconciled to the same level as 

before. The higher gas velocity originated from a lowered oxygen enrichment (going from 4.5 

to 1.7 %) and therefore higher specific blast volumes (going from 911 to 971 Nm3/tHM) during 

the 14 hours of decreased production. Furthermore, the dust generation was, on average, lower 

during the trial period as compared to the reference period suggesting that other factors than the 

tumbling indices had an impact on the dust generation. The weight of these observations are 

modest as sampling over longer periods is generally required in order to accurately determine 

sludge and dust amounts. During the trial and reference period, the collection of the sludge was 

continually monitored whereas the solids content was measured once per day. The dust 

generation was determined on a daily basis. 

Table 4.12 Comparison of operational parameters from the trial 

and reference period used in the Masmod calculations. 

Parameter Unit Trial Reference 

Pellets kg/tHM 1345 1345 

Briquettes kg/tHM 97.3 99.6 

Reducing agent rate kg/tHM 451 449 

Slag rate kg/tHM 166 162 

Blast flow kNm3/h 243 246 

Specific blast volume Nm3/tHM 936 917 

Blast temperature °C 1099 1096 

Flame temperature °C 2163 2167 

Top gas flow kNm3/h 380 385 

Top gas temperature °C 114 135 

EtaCO % 56.4 56.3 

Direct reduction ratio % 32.2 31.8 

Permeability index PV bosh 2.40 2.35 

Hot metal quality °C 1438 1436 

Hot metal quality %C 4.71 4.60 

Hot metal quality %Si 0.35 0.34 

Hot metal quality %S 0.04 0.06 

The average zinc content in the BF sludge generated during the trial period was 0.58 %, with a 

maximum of 0.80 % during the second day. The average zinc content of the sludge during the 

reference period was determined to 0.40 %. In addition, the average zinc content of the dust 
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was determined to 0.21 and 0.05 % during the trial and reference period, respectively. Thus, 

the average outlet of zinc via the top-gas was determined to 52.4 and 20.2 g/tHM during the 

trial and reference period, respectively. In contrast, the increase in zinc input by replacement of 

RB with BSB was only 3.1 g/tHM. An elevated outlet of zinc is normally expected after lowered 

production whereafter most of the increase in zinc outlet was not attributed to the increased zinc 

load of the BSB briquettes, especially as the maximum registered zinc content of 0.80 % in the 

sludge coincided with the observed increased top gas temperature going from 109 to 130°C. 

Table 4.13 Sludge and dust generation during the trial and reference 

period. 

(kg/tHM) Sludge Dust 

Day Trial Reference Trial Reference 

1 2.7 2.5 13.8 18.3 

2 3.1 3.1 21.9 18.3 

3 3.5 2.9 13.5 17.0 

Average 3.1 2.8 16.4 17.9 
 

4.3.4.2 Reductant Rates in the Industrial-Scale Trials 

The results of cases one through four, defined in Table 3.5, are presented in Figure 4.18. The 

reductant rates reproduced as coke equivalents, including carbon in the briquettes and injected 

dust, were similar in all cases. The cross-calculations allowed the comparison of each briquette 

in the same process conditions. Based on these calculations, the extra carbon charged to the 

process when replacing the RB with the BSB substituted approximately 1 kg of the coke per 

tHM. However, this was calculated with the assumption that all briquettes had the same 

oxidation degree (Equation (3.5)). 

Based on the results presented here and the previous section, the recycling of BF sludge to the 

industrial-scale BF via the cold-bonded briquettes was achieved without any negative effects. 

Based on the rate of addition of the cold-bonded briquettes and the annual production of HM 

from BF No.3, 11.4 kton of upgraded BF sludge can be recycled via cold-bonded briquettes 

each year. This recycling rate covers the annual on-site generation of BF sludge. Naturally, in 

the application of these results, zinc has to be separated from the BF sludge prior to recycling.  

4.3.4.3 Potential for Higher Recycling Rates 

The EBF trials indicated that more upgraded BF sludge could be recycled via the cold-bonded 

briquettes without affecting the performance of the briquettes in the process. These results 

suggest that more BF sludge than the annual generation at BF No.3 can be recycled. Thus, some 
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previously landfilled sludge could be incorporated in the briquettes. As the briquettes produced 

for the EBF trials were analyzed for the valences of iron, a more accurate heat and mass balance 

could be determined, cases 5-7 in Table 3.5.  

 

Figure 4.18 Calculation cases 1-4: consumption of 

coke, PC and coke equivalents from briquettes and 

BF dust injection. 

The wt.% of iron with different valences in the briquettes charged as basket samples to the EBF 

was used to calculate the oxidation degree according to Equation (3.5). The oxidation degree, 

i.e., the number of oxygen atoms per iron atoms, was calculated to 0.57, 0.80 and 0.89 for the 

reference, B1 and B2 briquette, respectively. Although the briquettes with upgraded BF sludge 

had a higher oxidation degree, they also showed a higher self-reducing capability according to 

the C/O molar ratios as calculated in Section 4.3.1.1. For a fixed production rate of HM, the 

higher fraction of metallic iron and lower oxidation degree charged to the BF using the reference 

briquettes required less carbon for complete reduction as compared to the B1 and B2. The lower 

carbon requirement is illustrated in Figure 4.19; the reference briquette had the lowest overall 

reduction rate. Nonetheless, the carbon content in the upgraded BF sludge was high enough to 

reduce the additional iron oxides. Therefore, the coke consumption was not negatively affected 

when incorporating up to 20 wt.% of the sludge in the briquettes. 

Geerdes et al. [43] presented a rule of thumb where charging 10 kg of scrap per tHM decreases 

the coke rate by 2-3 kg/tHM. In the present study, the desulfurization scrap mainly consists of 

metallic iron (approximately 60 %). Referring to Table 3.4, the difference in scrap charged to 

the BF between the reference briquettes and B2 briquettes was about 9 kg/tHM more for the 

reference with a total charging rate of 99 kg of briquettes per tHM. According to the rule of 
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thumb, this corresponded to a reduced coke rate of approximately 1.1-1.6 kg/tHM. In addition, 

Robinson [118] characterized BOF coarse and fine sludge from the same site as the present 

study finding that the main iron phase was metallic iron. Therefore, the effect of the addition of 

upgraded BF sludge into the briquettes on the coke rate is even more pronounced as BOF coarse 

and fine sludge were replaced by the upgraded BF sludge. Based on the above, the calculations 

should be made with a constant charging rate of metallic iron between the cases in order to 

study the effect of the upgraded BF sludge on the coke rate. 

 

Figure 4.19 Calculation cases 5-7: consumption of 

coke, PC and coke equivalents from briquettes and BF 

dust injection. 

Table 4.14 summarizes important parameters for the three calculation cases considering 

charging of the briquettes produced using the recipes of Table 3.3 in the industrial-scale BF. 

The addition of 20 wt.% upgraded BF sludge in the briquettes was accompanied by a minor 

decrease in the required charging rate of iron ore pellets. Furthermore, the addition of upgraded 

BF sludge generated a more acidic briquette, which is reflected by the higher BOF slag addition 

and slag rate required to keep the B2 basicity constant at a value of one.  The lower amount of 

metallic iron and higher amount of iron oxides charged to the process contribute to increased 

gas volumes. Consequently, the calculated gas flow rate and top gas temperature increased 

slightly. 

The addition of higher amounts of upgraded BF sludge is beneficial in terms of some parameters 

as presented above. Utilizing these higher recycling rates of BF sludge would allow landfilled 

sludge to be utilized. However, a carefully executed zinc balance over the integrated steel plant 

is required to evaluate if this way of recycling will generate an excessive load of zinc in the BF. 
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Table 4.14 BF parameters for the different cases. 

Parameter Unit Case 5 Case 6 Case 7 

Iron ore pellets kg/tHM 1325 1325 1324 

BOF slag kg/tHM 30 38 42 

Slag rate kg/tHM 149 153 154 

Top gas flow kNm3/h 372.3 375.5 376.7 

Top gas temperature °C 134.6 135.9 136.5 

EtaCO % 56.3 56.1 56.0 

Blast flow including moisture kNm3/h 242.0 243.9 244.5 
 

4.4 Recycling of the High-Zinc Fraction to the Steel Shop 

4.4.1 Technical-Scale Smelting Reduction Experiments 

4.4.1.1 Characterization of the Agglomerates 

The chemical composition of the cold-bonded agglomerates is presented in Table 4.15. A 

representative subsample of a crushed and finely ground briquette was used in the analysis. The 

high calcium to silicon ratio is suitable for charging to the HM desulfurization plant as it will 

not act detrimental for the sulfur removal capacity of the slag in the desulfurization process. 

Table 4.15 Chemical composition in wt.% of the cold-bonded agglomerates used in the 

technical-scale experiments. Fe(III) was calculated based on Fetot, Femet and Fe(II). 

Femet Fe(II) Fe(III) O in FeOx CaO SiO2 MgO Al2O3 

21.0 2.5 13.3 6.4 23.0 5.8 2.5 2.2 

MnO K2O TiO2 V2O5 P2O5 Na2O Zn C 

1.9 0.19 0.68 0.43 0.09 0.38 0.93 11.6 

The mineralogical composition of the cold-bonded agglomerates is illustrated in Figure 4.20. 

The identified phases were: hematite, magnetite, iron, periclase, graphite, calcite and 

portlandite. Wüstite was not present above the detection limit of the XRD. Thus, the majority 

of the Fe(II) content presented in Table 4.15 corresponds to the Fe(II) in magnetite. 

Furthermore, lime was not detected in the XRD, suggesting that the calcium detected in the 

XRF was present as calcite and portlandite. 

The reduction during smelting reduction of carbon-composite pellets has been proposed to 

occur mainly via the carbon inside the pellet, with little contribution from the carbon in the HM 

[119]. The carbon in the cold-bonded agglomerates of the present study is distributed as carbon 

in coke, coal, calcite and carburized metallic iron. The metallic iron content of the agglomerate 

originates from the desulfurization scrap. Therefore, this iron can be assumed to be carburized 

to 4.5 wt.% carbon, which means that 9.5 % of the total carbon content in the agglomerate is 

found in this carburized metallic iron. Furthermore, making the conservative assumption that 
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all calcium in the agglomerate is distributed as calcite implies that 42.3 % of the total carbon 

content will leave as carbon dioxide during the calcination upon heating, Equation (4.5). 

CaCO3 ↔ CaO + CO2  (4.5) 

 

 
Figure 4.20 Diffractogram of the cold-bonded agglomerate 

used in the technical-scale experiments. 

Based on the above, the carbon content available for reduction is at least 48.2 % of the total 

carbon content in the agglomerate. Therefore, the carbon to oxygen molar ratio is at least 1.2 

when considering the moles of oxygen bound to iron, Table 4.15. Thus, the agglomerate is self-

reducible and the high C/O molar ratio is beneficial according to the literature presented in 

Section 4.3.1.1.  

4.4.1.2 Smelting Reduction of Cold-Bonded Briquettes 

In the industrial process, the cold-bonded agglomerates would be charged to a ladle holding 

small amounts of HM. This HM is remaining desulfurized HM left over in the ladle when 

charging the BOF. The temperature of this HM was estimated at 1350°C. Thus, the temperature 

of the HM during the experiments in the 80 kg induction furnace was aimed for 1350°C. 

Furthermore, in the industrial process, the time between charging the briquettes to the ladle, 

tapping HM from the torpedo car to the ladle and transporting the ladle to the HM 

desulfurization plant is approximately ten minutes. Therefore, ten minutes was chosen as the 

longest time the briquettes were in contact with the melt in the technical-scale experiments. The 

propagation of the melt-in of the briquettes during these experiments is presented in 

Figure 4.21. A majority of the briquette was still to be melted after ten minutes. 

The results presented in Figure 4.22 suggest that the average carbon content for the whole 
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briquette decreased slightly during the smelting reduction. Furthermore, the results of the 

valences of iron, determined by XRF and titration, indicated that the briquettes are not on 

average more reduced after being in contact with the melt for up to ten minutes as compared to 

the shorter times. The XRD analysis showed that the qualitative change in the mineralogy was 

limited to the detection of three peaks of brownmillerite in the briquettes having been in contact 

with the melt for seven minutes or longer. Furthermore, the diffractograms showed a distinct 

decrease in the relative intensities of the peaks corresponding to portlandite already after one 

minute in contact with the melt. 

 
Figure 4.21. Propagation of the melt-in of the briquettes after 1, 5 and 10 minutes. 

 

 
Figure 4.22 Wt.% of the carbon and the iron of 

different valences analyzed in samples of the briquettes 

after contact with the HM. 

In order to study the propagation of the reduction in detail, XRD was run on samples from 

within the briquette that had been in contact with the melt for six minutes. The sample positions 

are presented in Figure 4.23 a). Figure 4.23 b) presents the diffractograms of the Melt, Middle 
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and Atmosphere samples. In the sample labeled Melt, the highest relative intensity was analyzed 

for metallic iron. In addition, wüstite was detected. The absence of wüstite in the diffractogram 

presented in Figure 4.20 suggests that this phase is only present as a reaction product. 

Furthermore, the relative intensities of the higher iron oxides in the sample labeled Melt was 

low, suggesting a high degree of reduction. Between the rim and the center of the briquette, in 

the sample labeled Melt-middle, the iron oxide analyzed for the highest relative intensity was 

magnetite. Furthermore, wüstite was detected in this sample as well. In both the Middle and 

Middle-atm. samples, hematite was detected as the major iron phase and wüstite was not found. 

These results suggest that, as the reduction progress, the reduced part is melted and enters the 

HM. This explains how the reduction can progress while the briquette, as a whole, appears to 

undergo little to no reduction as shown by, e.g., the Fe(III) content in Figure 4.22. However, 

the heat surrounding the rim of the briquette allowed for the reduction of hematite as magnetite 

was analyzed for the highest relative intensity of the iron oxide phases in the sample labeled 

Atmosphere. 

 
Figure 4.23 a) sample positions for XRD analyses of partly reduced briquette. b) Diffractograms 

corresponding to the sample positions. 

Wang et al. [120] studied the reduction-melting behavior of carbon composite pellets. In the 

study, four stages were identified to occur in the formation of an iron nugget separated from the 

slag phase: i) heating, ii) reduction, iii) carburization of the iron and iv) melting of the 

carburized iron and slag separation [120]. Based on Figure 4.21, part of the briquette had gone 

through all the stages. Considering that the reduction during smelting reduction mainly occurs 
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via the carbon inside the agglomerate [119], the cold-bonded briquette undergoes several 

endothermic reactions that limit the temperature increase in the briquette. These reactions 

include the reduction via carbon as well as the calcination reaction Equation (4.5) and 

dehydration of portlandite Equation (4.6). The dehydration of portlandite in nitrogen 

atmosphere has been shown to occur in temperatures between 355 and 442°C [121]. In addition, 

direct carbonation of portlandite Equation (4.7) has been reported in temperatures between 200 

and 355°C in carbon dioxide atmosphere [121]. Thus, the high relative intensity of portlandite 

in the diffractogram of the sample labeled Middle in Figure 4.23 suggests that the middle part 

of the briquette was still undergoing the first stage, i.e., heating. 

Ca(OH)2 ↔ CaO + H2O  (4.6) 

Ca(OH)2 + CO2 ↔ CaCO3  (4.7) 

Based on the low temperature of the center part of the briquette and the poor reduction and 

melt-in behavior, the idea of utilizing the same agglomerate recipe in cold-bonded pellets was 

to allow these smaller agglomerates to be reduced and enter the melt fully. 

4.4.1.3 Smelting Reduction of Cold-Bonded Pellets 

The mineralogy of the pellets being in contact with the melt suggested that, after a time of 

contact between four and eight minutes, the iron oxides were reduced to amounts below the 

detection limit of the XRD, Figure 4.24 a), which suggests complete reduction. However, 

although the pellets were completely reduced and smaller in size as compared to the briquettes, 

they still had melt-in problems, Figure 4.24 b). These results are in line with the conclusions 

made by Ding et al. [122] 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. Furthermore, they concluded that the rate-limiting step in the 

dissolution was the separation of the metallic phase from the slag phase. As an example, the 

dissolution time for a pellet of 10 mm in diameter could be lowered from >35 minutes down to 

2-3 minutes by changing the melting point of the slag in the pellet [122]. In the present study, 

the start of the formation of the liquid slag phase was calculated to 1342°C using the Equilib 

module of FactSage 7.2 with the FToxid database. This calculation was made by considering 

the CaO-SiO2-MgO-Al2O3-MnO system utilizing the slag composition based on Table 4.15. 

Although the liquid formation started at 1342°C, the temperature of complete melting was 

calculated to 2204°C. Thus, similar to the results of Ding et al. [122], the thermodynamic 

calculations of the present study suggested that the rate of dissolution was limited by the high 
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temperature of the melting interval of the slag phase. 

 
Figure 4.24 a) diffractograms of cold-bonded pellets after contact with HM. b) Mass loss curve 

during the smelting reduction of cold-bonded pellets. 

Although the melt-in of the pellets was unsuccessful in the conditions tested in the experiments, 

the recycling route was considered to be feasible. Successful reduction to metallic iron means 

that the agglomerates, although reporting to the slag phase, will be recycled since the magnetic 

part of the crushed desulfurization slag is recycled completely [28]. 

To prevent the accumulation of zinc in the recycling system, the evaporation of zinc has to 

occur during the reduction in order to avoid recycling of potentially zinc-rich desulfurization 

scrap to the BF. The zinc content of the agglomerates during the smelting reduction experiments 

was analyzed and the results are presented in Figure 4.25. Noteworthy is the difference in 

starting zinc content between the agglomerates produced using the same recipe. Possibly, the 

tendency to concentrate one of the recipe’s constituents in the pellet size fractions that were 

sieved off occurred. Nevertheless, the reduction of zinc compounds and evaporation of zinc 

from the pellets were effective during the smelting-reduction, Figure 4.25 b). However, the 

briquettes, which partly were in the heating stage throughout the whole experiment, showed no 

decrease in the average zinc content of the agglomerate. Thus, based on the technical-scale 

experiments, the cold-bonded pellets appears to be feasible in terms of recycling the high-zinc 

fraction to the HM desulfurization station. In such a scenario, the carbon content of the 

high-zinc fraction of the upgraded BF sludge will act as a reducing agent and the metallic iron 

content will ultimately be recycled to the BF via the desulfurization scrap. 

4.4.2 Industrial-Scale Trials 

4.4.2.1 Hot Metal Desulfurization Plant 

Cold-bonded briquettes were used in the industrial-scale trials as no pelletizing disc was 
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available for the production of the required amount of pellets. Concerning the poor behavior of 

the briquettes in the technical-scale experiments, the recipe of the briquettes used in the 

industrial-scale trials was designed to have a lower melting interval of the slag phase. 

Furthermore, the temperature of the HM charged from the torpedo to the ladle is generally 80°C 

higher than the HM temperatures tested in the technical-scale experiments. These factors work 

towards an improved melt-in behavior of the briquettes. 

a) b) 

  
Figure 4.25 Zinc content (given in wt.%) in the a) briquettes and b) pellets exerted to the technical-

scale smelting reduction trials. The whiskers represent the analytical error given by the accredited 

laboratory performing the analyses. 

The upgrading of BF sludge was not made in industrial-scale. Therefore, the recipe of the 

briquettes tested in the industrial-scale trials did not include BF sludge. Instead, they were 

designed to study the feasibility of the recycling route. If proven successful, the BOF sludge 

included in the recipes, Table 3.7, could be partially replaced with the high-zinc fraction of the 

upgraded BF sludge. Table 4.16 presents the chemical composition of the briquettes utilized in 

the industrial-scale trials. The calcium to silicon ratio was decreased, which lowered the 

calculated melting interval of the slag phase from 1342-2204°C, as presented in Section 4.4.1.3, 

to 1329-1959°C. Nonetheless, the calcium to silicon content in the briquette was still high and 

therefore suitable for charging prior to the HM desulfurization as it will not deteriorate the 

sulfur removal capacity of the slag during the desulfurization process.  

Table 4.16 Chemical composition (wt.%) of the briquettes used in the industrial-scale trials. 

Fetot CaO SiO2 MnO P2O5 Al2O3 MgO V2O5 C S 

42.3 22.6 8.8 1.8 0.2 3.1 4.4 1.3 2.0 0.3 

Part of the iron in the briquettes is in the form of metallic iron coming from the steel scrap fines 

and the coarse and fine BOF sludge. The rest is iron oxides from both the coarse and fine BOF 
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sludge as well as the mill scale. The degree of self-reducibility was not determined for the 

briquettes. However, considering the low carbon content, there is a risk of incomplete reduction 

of present iron oxides. In that case, the endothermic reduction reactions via carbon inside the 

briquette will not occur. Therefore, the rate of heating of the briquette will improve and the iron 

oxides may enter the slag phase prior to being reduced as proposed by dos Santos et al. [119]. 

These iron oxides will lower the temperature of the start of melting and complete melting of 

the slag. Consequently, the reduction of the iron oxides will occur by the silicon in the HM 

[123] at the slag/HM interface. Dos Santos et al. [119] suggested that carbon in the HM will 

participate in the reduction as well. In such a scenario, reducing the iron oxides in the slag phase 

is essential as these will control the oxygen partial pressure at the interface between the slag 

and HM, which lowers the sulfur partition ratio (%Sslag/%SHM) and the rate of desulfurization 

[123]. 

During the operation in the industrial-scale trial, the moisture content and strength of the 

briquettes allowed a safe operation without any incidents. Charging the briquettes to the ladle 

caused minor dusting. The melt-in of the briquettes prior to the start of the desulfurization 

operation was evaluated visually. Charging up to 1.2 kg/tHM enabled melting of all added 

briquettes. However, only partial melt-in was noticed when charging 2.3 kg/tHM. Nonetheless, 

after the desulfurization process, no briquettes were observed, indicating a successful melt-in. 

The desulfurization efficiency, expressed as deS, was calculated according to Equation (4.8) 

where %SHM and %SSteel are the sulfur contents of the HM and final steel, respectively. The 

average deS for different steel grades have been recorded by SSAB Luleå and the deS for the 

same steel grades with added briquettes were recorded in the trials. Figure 4.26 presents the 

relative deS, i.e., the deS achieved with the additions of briquettes for a specific steel grade 

divided by the average deS for the same steel grade without briquette additions. In the figure, 

the mass of the briquettes added is presented as well. Considering these two parameters, the 

deS was unaffected by the briquette additions. Rather, the efficiency was mainly affected by 

the calcium carbide (CaC2) additions. Therefore, adding the briquettes to the ladle prior to the 

desulfurization process did not affect the efficiency of the desulfurization. 

deS =
%SHM−%SSteel

%SHM
  (4.8) 

The final steel quality was not impaired in any of the trials suggesting that up to 300 kg/batch 

or 2.3 kg/tHM is possible to add in the process. This recycling rate corresponds to 5400 metric 
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tons of briquettes per year. This recycling rate will not result in the complete recycling of the 

high-zinc fraction of upgraded BF sludge at the present integrated steel plant. Therefore, 

recycling to the BOF was considered as well. 

 

Figure 4.26 Relative desulfurization and briquette additions plotted against 

calcium carbide additions. 

 

4.4.2.2 Basic Oxygen Furnace 

Charging the briquettes together with the scrap to the BOF caused minor dusting. Nonetheless, 

the briquettes allowed for safe operation without any incidents related to, e.g., the moisture 

content. The dephosphorization efficiency, expressed as deP, was calculated according to 

Equation (4.9) where %PHM and %PCS are the phosphorous contents of the HM and crude steel, 

respectively. The deP values for the trials are presented in Figure 4.27 a). In the figure, deP 

(trials) represents the dephosphorization efficiency of the trials, whereas the deP (average) 

represents the average dephosphorization efficiency of the corresponding steel grade without 

briquette additions. 

deP =
%PHM−%PCS

%PHM
  (4.9) 

The dephosphorization is favored by high basicity, low temperature of the slag and low slag 

viscosity [124]. Furthermore, slag formation is a major factor in successful dephosphorization 

as initial formation of dicalcium silicate may dissolve phosphorous pentoxide (P2O5) and 

prevent phosphorus reversal later in the blow [124]. The chemical composition of the briquettes 

used in the industrial-scale trials, presented in Table 4.16, had lower B2 basicity than the BOF 

slag that is operated at SSAB Luleå. Furthermore, melts with lower basicities generally have 
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higher viscosities. Finally, as the temperature of the batches with added briquettes were not on 

average lower than the average temperature for batches without briquettes, the slag formation 

was concluded to be the explanation for the improved deP. Thus, adding the briquettes together 

with the cooling scrap appeared to improve the early slag formation in the BOF process. 

 
Figure 4.27 a) Dephosphorization efficiency during the trials and the corresponding average for the 

steel grade produced. b) Sulfur pick-up attributed to the briquettes calculated by mass balancing. 

The sulfur content of the briquettes caused sulfur pick-up in the crude steel, Figure 4.27 b). 

The sulfur pick-up attributed to the briquettes was determined by material balance calculations 

where the analyzed or estimated sulfur contents of all ingoing and outgoing material streams 

were considered. The sulfur pick-up in the present study is comparable to that of Tang et al. 

[34] when considering the same range of kg of agglomerates added per tHM to the BOF. Due 

to the sulfur pick-up in the crude steel, the charging of the cold-bonded briquettes to the BOF 

of the steel shop in the present thesis was limited to certain steel grades. Based on this, the 

calculated annual capacity for recycling of briquettes in the BOF was determined to 8700 metric 

tons. 

4.4.2.3 Recycling Capacity in the Steel Shop 

Based on the above, the total amount of briquettes that could be recycled to the steel shop, 

including both the HM desulfurization plant and BOF, was estimated to 14 100 metric tons per 

year. Depending on which method is used for upgrading the BF sludge, the amount of solids 

reporting to the high-zinc fraction varies, as seen in Section 4.2. Consequently, this determines 

the required wt.% of the high-zinc fraction in the briquette recipe that results in the complete 

recycling of this fraction. Using hydrocycloning as upgrading method, 22 wt.% of the briquette 

recipe has to be constituted of the high-zinc fraction. The corresponding number for tornado 

treated BF sludge is 46 wt.%. In the latter case, replacing both the coarse and fine BOF sludge 
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in the briquette recipe, Table 3.7, would not result in the complete recycling of the high-zinc 

fraction. Therefore, in this scenario, the use of higher contents of the high-zinc fraction in the 

briquettes can be studied or means to increase the recycling rate of briquettes to the steel shop 

has to be considered. 

In the paper by Andersson et al. [125] (Paper IV), alternative low-sulfur binders including 

quicklime (CaO), slaked lime (Ca(OH)2) and a synthetic organic binder were studied finding 

that these performed poorly compared to cement. Thus, finding the cement content that 

generates the appropriate handling characteristics while lowering the sulfur load from the 

agglomerates and thus improving the recycling capacity to the BOF may enable the complete 

recycling of the high-zinc fraction of tornado-treated BF sludge. E.g., in the current recipe, 

46 % of the total sulfur load in the briquettes can be attributed to the cement. Therefore, 

lowering the cement content will allow an increased recycling rate of the briquettes while 

maintaining the same sulfur load in the BOF, see Table 4.17. At 5 wt.% cement, the total 

recycling rate to the steel shop would be 16 250 metric tons per year, which would require 

40 wt. % of the agglomerate recipe to be constituted by the high-zinc fraction of upgraded BF 

sludge to recycle this fraction completely. This number corresponds to the complete 

replacement of BOF fine and coarse sludge in the recipe. 

Table 4.17 Recycling capacity at constant sulfur load to the BOF while decreasing the cement 

content of the agglomerate recipe. 

Cement content (wt.%) 10 9 8 7 6 5 

Recycling capacity (metric tons) 8700 9060 9450 9870 10340 10850 

The industrial-scale trials were performed without the high-zinc fraction of BF sludge. The 

main differences between the BOF sludges used in the present work and the high-zinc fraction 

of the upgraded BF sludge are the iron, carbon and calcium content as well as the distribution 

of iron phases. In terms of iron, the BOF sludge has higher iron content and the predominant 

iron phase is metallic iron [118]. The carbon content of the BOF sludge is significantly lower, 

which is reflected in the chemical composition presented in Table 4.16. Furthermore, the 

calcium content of the BOF sludge is higher than in the high-zinc fraction of the upgraded BF 

sludge. Based on these differences, incorporating the high-zinc fraction of upgraded BF sludge 

in the briquettes would introduce the endothermic self-reducing reactions. Consequently, the 

effect of the BF sludge additions on the melt-in has to be studied in order to verify the recycling 

potential. As agglomerates including high carbon-containing BF flue dust have been 

successfully recycled to the BOF [33,34], the rise of melt-in problems is most likely to be seen 
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when recycling to the HM desulfurization plant. Considering the results in the technical-scale 

experiments with pellets, the rise of melt-in problems could be tackled with reducing the 

agglomerate size, which would allow recycling via the desulfurization scrap to the BF. 

However, in order to solve the melt-in problems, an appropriate melting temperature interval 

of the agglomerate’s internal slag should be designed. 
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5 Concluding Discussion: Holistic Concept for Recycling 

The present section presents a holistic concept for in-plant recycling of BF sludge developed 

based on the experiments performed and reported in the thesis as well as the knowledge 

acquired from the reported literature. This holistic concept was derived based on three key 

aspects: i) managing zinc in the process, ii) maximizing the raw-material efficiency and iii) 

maintaining the high quality of steel and the production capacity. Furthermore, the process 

analyses presented by Andersson et al. [126] (Paper V) were considered in order to maximize 

energy efficiency. These calculations suggested that the BF should be the main recycling route 

chosen over the steel shop. 

5.1 Introducing Pretreatment of Blast Furnace Sludge 

Based on the information presented in Section 1.3.2, BF sludge has to be pretreated by 

separating the zinc into a high-zinc fraction in order to be able to recycle the low-zinc fraction 

of the BF sludge to the BF. Prior to the present work, characterization and subsequent 

pretreatment of BF sludge collected after a primary gas-cleaning cyclone had not been reported. 

In this thesis, the characteristics of a fine-sized BF sludge with low zinc content, collected after 

a primary cyclone, were determined and utilized in identifying and evaluating possible 

pretreatment methods. These pretreatment methods showed varying results in terms of zinc 

distribution to the high-zinc fraction and the amount of solids that reported to the low-zinc 

fraction, see Table 5.1. 

Table 5.1 Comparison of the separation of zinc achieved in the upgrading experiments presented in 

Section 4.2. HZF denotes high-zinc fraction and LZF denotes low-zinc fraction. 

Method 
Additional 

information 

Zn distribution 

to HZF (%) 

Solids distribution 

to LZF (%) 

Sulfuric acid leaching pH 3, 298 mV 80 93 

Sulfuric acid leaching pH 1, 500 mV 95 86 

Sulfuric acid leaching pH 1, 600 mV 93 86 

Sulfuric acid leaching pH 1, 700 mV 92 86 

Hydrocycloning One-stage 67 67 

Hydrocycloning Two-stage 71 66 

Tornado-treatment Simultaneous drying 81 31 

The required zinc distribution to the high-zinc fraction to enable recycling of the low-zinc 

fraction to the BF is plant-specific. Based on the results presented in Table 5.1, the most 

efficient pretreatment method was found to be the sulfuric acid leaching. This method is also 

the most selective and would enable the largest portion of the BF sludge to be recycled to the 

BF. Although this method was found to have the most efficient and selective zinc separation, it 
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has not been developed in pilot-plant or industrial scale. However, based on the results of Li et 

al. [78], a process layout has been developed, which can be further improved and studied on a 

larger scale. Both hydrocycloning and tornado-treatment successfully generated a low-zinc and 

high-zinc fraction of the BF sludge. These two methods would require the high-zinc fraction to 

be recycled in the steel shop in order to maximize the raw material efficiency while managing 

zinc in the system.  

The holistic view on recycling of BF sludge is illustrated in Figure 5.1. The flowsheet is an 

extended version of the on-site recycling within the pellet-based integrated steel plant presented 

by Wedholm [28]. In the figure, the off-gas dust and sludges from the BF, HM desulfurization 

plant and BOF are included in order to present a more comprehensive view on the recycling. 

The first addition to the recycling system presented by Wedholm [28] is the dezincing unit, 

Figure 5.1, which refers to the unit that separates zinc from the BF sludge. The flowsheet was 

drawn based on the experiments performed after using the tornado process. Thus, recycling of 

both the low-zinc and high-zinc fraction of the BF sludge was included. 

 

Figure 5.1 Illustration of the holistic view on recycling of off-gas dust within the integrated steel 

plant with the process considerations for BF sludge developed based on the results presented in 

this thesis. 
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5.2 Recycling to the Blast Furnace 

In previous research, the low-zinc fraction of upgraded BF sludge had only been recycled to 

the BF via the sinter or cold-bonded pellets. Based on the results in Section 4.3, the low-zinc 

fraction of the tornado-treated BF sludge was feasible to recycle via cold-bonded briquettes to 

the BF. 

According to Figure 1.3, replacing a dust catcher with a primary cyclone significantly improves 

the amount of off-gas particles that can be recycled to the BF as the distribution of the solids in 

the BF dust increases. The results of the present thesis show that, if pretreatment of BF sludge 

is introduced after the cyclone, the potential for recycling to the BF can be increased even 

further. 

The additional zinc load provided by the low-zinc fraction of the BF sludge in order to 

completely recycle this fraction was calculated to 19 g/tHM. Furthermore, the industrial-scale 

trials suggested that adding BF sludge to the cold-bonded briquettes allowed for continued 

smooth-running of the process with no detrimental effects on the HM quality.  

5.3 Recycling to the Steel Shop and Potential for Complete Recycling 

In the reported literature, the high-zinc fraction of pretreated BF sludge had not been considered 

for in-plant recycling in existing processes. However, in order to maximize the raw-material 

efficiency while avoiding the accumulation of zinc in the BF, the high-zinc fraction of the 

upgraded BF sludge can be considered for recycling in the steel shop.  

The industrial-scale trials performed in this thesis suggested that cold-bonded briquettes can be 

recycled to both the HM desulfurization plant and BOF. By avoiding recycling to steel grades 

of low sulfur content, the recycling route did not affect the final steel quality. In these 

industrial-scale trials, BOF fine and coarse sludge were included in the agglomerate where after 

they are included in the recycling route of the steel shop presented in Figure 5.1. Recycling 

these residues to the steel shop contradicts the maximization of the energy-efficiency according 

to the process analyses [126]. However, including these residues will aid in designing a recipe 

with a particle size distribution that is suitable for producing cold-bonded briquettes with 

adequate properties for handling during recycling.  

Depending on the pretreatment method, different amounts of fine and coarse BOF sludge in the 

recipe for the briquettes utilized, Table 3.7, will be replaced in order to recycle the high-zinc 

fraction of upgraded BF sludge completely. Considering the discussion in Section 4.4.2.3, 



Concluding Discussion: Holistic Concept for Recycling 

87 

means to improve the recycling capacity to the steel shop is required to be developed in order 

to recycle the high-zinc fraction completely if tornado-treatment is employed. Alternatively, 

alterations to the dimensioning and operational parameters of the tornado can be made in order 

to generate an improved sharpness of separation and lowering of the distribution of solids to 

the high-zinc fraction. Regardless, the potential to completely recycle the high-zinc fraction is 

promising but experiments to verify this are required. Nonetheless, the second addition to the 

recycling system presented by Wedholm [28] was the steel shop recycling route. 

5.4 The Outlet of Zinc from the Integrated Steel Plant 

The reason for recycling the high-zinc fraction outside the BF was to avoid the accumulation 

of zinc and excessive zinc loads in the BF. Therefore, as both the fine and coarse fraction of 

BOF sludge are recycled to the BF, the zinc contained in the high-zinc fraction of upgraded BF 

sludge should not report to the BOF sludges. The reduction and evaporation of zinc in the 

agglomerates during the smelting reduction experiments is presented in Figure 4.25. These 

results suggest that cold-bonded pellets should be utilized when recycling to the steel shop. 

Based on these results, the zinc in the pellets recycled to the desulfurization station will end up 

in the secondary dust. The secondary dust is a residue generated in a filter treating the off-gas 

from the desulfurization station and the off-gas from the BOF prior to the start of blowing. The 

zinc in the agglomerates charged together with the cooling scrap to the BOF would at least 

partly be reduced and evaporated during the charging of desulfurized HM to the converter. 

Additional experiments are required to determine to what degree the zinc will evaporate before 

the start of the blow. The distribution of zinc to the secondary dust could be maximized by 

prolonging the time prior to the blow depending on the bottleneck of the production.  

Considering the suggested recycling scenario, the main outlet of zinc from the integrated steel 

plant would be the secondary dust. This residue is by far the lowest in tonnage, 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. In order to maximize 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. 

Utilizing the secondary dust as the outlet of zinc requires robustness in the pretreatment method 

chosen for the BF sludge in terms of coping with the variations in BF sludge composition. 

Therefore, experiments evaluating the capability of the pretreatment method to successfully 
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separate zinc, independent on variations in the BF sludge, are necessary prior investment and 

installation. Based on the chemical dust formation mechanism of zinc phases in the BF sludge, 

the separation by size is deemed robust when comparing the condensed phases and the 

mechanically formed dust. 

5.5 Final Aspects 

The present thesis set out to study the potential for complete recycling of BF sludge (with a low 

zinc content and fine particle size distribution) within the integrated steel plant without the 

incorporation of a stand-alone pyrometallurgical process. In order to achieve this, upgrading 

and cold-bonded agglomeration were employed. Utilizing cold-bonded agglomerates in the 

form of briquettes was presented as a low-cost alternative to the RHF by Fontana et al. [60]. 

However, drawbacks of this recycling route relevant for this thesis were identified and listed 

as: i) negative impact on desired steel quality, ii) progressive accumulation of volatile impurities 

has to be monitored and iii) limited quality and quantity of residues can be recycled [60]. 

Concerning the first aspect, the results of the present thesis suggested that recycling can be 

made without negatively affecting the quality of the steel. Regarding the second aspect, the 

results concerning the evaporation of zinc from the agglomerates during recycling to the steel 

shop suggest that the management of volatile impurities is realistic. In conjunction to the third 

aspect, Fontana et al. [60] discussed that cold-bonded briquettes could not be used in zero-waste 

steelmaking and the remaining residues have to be recycled by a third party or disposed of in a 

landfill. The statement of the previous sentence is valid for both cold-bonded briquettes and the 

RHF route. Nonetheless, considering the environmental report from SSAB Luleå as cited in 

Section 1.2.2.1, 90 % of the in-plant fines were recycled internally or externally [27]. Realizing 

the potential to recycle the BF sludge completely would improve this figure to 96 %. The 

remaining 4 % is constituted by BOF sludge (3.6 %) and secondary dust (0.4 %). Furthermore, 

the current challenge in recycling the remaining BOF sludge at SSAB Luleå solely concerns 

the drying of the sludge since the zinc content is controlled by the scrap quality charged to the 

BOF. 
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6 Conclusions 

The present thesis focused on the complete recycling of a fine-grained BF sludge of low zinc 

content, generated in a pellet-based BF without the possibility to recycle via an on-site sinter 

plant. In order to recycle the sludge, upgrading by creating a low-zinc fraction has to be 

performed. As a first step to choose upgrading methods, the BF sludge was characterized, 

concluding that: 

 81 % of the zinc was distributed in weak acid soluble zinc phases suggesting that a 

hydrometallurgical process could be used to upgrade the BF sludge. 

 Although the particle size distribution of the BF sludge was finer and more narrow than 

previously reported BF sludges, zinc was still mainly distributed in the finest fraction, 

suggesting that physical separation methods could be employed to upgrade the sludge. 

Based on the characterization, sulfuric acid leaching, hydrocycloning and tornado treatment 

were studied, finding that: 

 Sulfuric acid leaching was the most promising method to separate zinc from the iron, 

carbon and solids for recycling in the BF. 

 Hydrocycloning and tornado treatment successfully created a low-zinc and high-zinc 

fraction and, furthermore, the tornado treatment simultaneously dried the sludge. 

The low-zinc fraction of the tornado-treated BF sludge was incorporated in cold-bonded 

briquettes and the feasibility to recycle this fraction of the sludge to the BF was studied in 

laboratory and pilot-plant scale trials concluding that: 

 The intrinsic reduction rate of the briquettes was increased when adding the upgraded 

BF sludge owing to the increased C/O molar ratio. 

 The additional iron oxides provided by the upgraded BF sludge limited the amount of 

upgraded BF sludge that could be added to the briquettes and still facilitate an adequate 

reduction in a laboratory-scale experiment representing a fast burden descent rate. 

 Additions of up to 20 wt.% of the low-zinc fraction of tornado-treated BF sludge to the 

cold-bonded briquettes did not render any negative effects concerning reducibility, 

strength or swelling in the LKAB EBF. 

The feasibility of recycling the BF sludge via cold-bonded briquettes to the BF was studied in 

industrial-scale operation finding that: 
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 Adding 3.8 wt.% of BF sludge to the cold-bonded briquettes did not negatively affect 

the operation of the process, which suggested that the annual generation of BF sludge 

could be recycled after upgrading. 

The high-zinc fraction of the tornado-treated BF sludge was incorporated in cold-bonded 

agglomerates and studied in technical-scale smelting reduction experiments aiming for 

recycling in the HM desulfurization plant finding that: 

 The briquettes showed melt-in problems due to the size of the briquettes together with 

the endothermic reactions occurring upon heating. 

 The pellets were completely reduced in the experiments but still showed melt-in 

problems due to the high melting interval of the agglomerate’s internal slag. 

Industrial-scale trials were performed aiming to study the feasibility of recycling cold-bonded 

briquettes to the steel shop, finding that: 

 2.3 kg of briquettes per tHM could be recycled to the HM desulfurization plant without 

negatively affecting the process or the final quality of the steel. This recycling rate 

corresponded to 5400 metric tons of briquettes annually. 

 Charging briquettes together with the scrap to the BOF improved the dephosphorization 

but induced sulfur pick-up in the steel. Due to the sulfur pick-up, the maximum amount 

of briquettes that could be recycled annually was determined to 8 700 metric tons. 

Based on the results from the experimental work, a concept to completely recycle the BF sludge 

within the integrated steel plant was suggested. The concept required additional experiments to 

verify its viability.  
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7 Future Work 

Based on the present work, the complete recycling of BF sludge within the integrated steel 

plant, without stand-alone pyrometallurgical process units such as the RHF, appears to be a 

realistic aim. The main concern regards the recycling to the steel shop and the following is 

suggested to be studied: 

 The feasibility of recycling the high-zinc fraction included in pellets to the HM 

desulfurization station and BOF should be studied in laboratory-scale experiments. The 

melting point of the internal slag of said pellet should be designed carefully and the 

experiments should be conducted in such a way that the conditions are more accurately 

representing the process conditions in the industrial scale. In terms of the experiments 

representing the HM desulfurization station, the agglomerates should be exerted to a 

higher temperature than the 1350°C of the present work in order to simulate the contact 

with the HM from the torpedo. The experiments concerning the BOF should mainly 

focus on designing a pellet which zinc content exits prior to the start of the blow in order 

to refrain from providing extra zinc to the BOF coarse and fine sludge. 

 The means to improve the recycling capacity should be studied by lowering the cement 

content of the pellets and/or by considering binders of lower sulfur contents. 

 If the tornado process is to be used, the proper dimensioning should be studied in order 

to maximize the zinc separation and distribution of solids, iron and carbon in the low-

zinc fraction. 

Considering the literature survey and the results concerning the characterization and upgrading 

of the BF sludge of the present work, BF sludge from each plant is unique. Therefore, on a 

broader perspective, the physical upgrading methods employed on the present fine-grained BF 

sludge with low zinc content may not be feasible on other fine-grained BF sludges. Therefore, 

the hydrometallurgical processing route is suggested to be further studied. Achieving a 

successful sulfuric acid leaching operation with subsequent solution purification would remove 

the requirement of recycling of a high-zinc fraction of the BF sludge as the zinc may be 

concentrated via, e.g. solvent extraction. The following is suggested in such a study: 

 Precipitation of dissolved iron by oxidation and increasing pH is possible as shown by 

Li et al. [78]. However, the future study should utilize gases and by-products or residues 

generated within the steel plant to achieve the oxidizing conditions and raised pH. The 

same approach, i.e., utilizing gases or by-products, should be employed for precipitation 



Future Work 

92 

of calcium in order to avoid introducing fluorides to the system by adding zinc(II) 

fluoride. 

 The zinc(II) sulfate in solution should be concentrated and/or precipitated in order to 

generate a sellable zinc product. 

 The effect on variations in the chemical composition and mineralogy of the BF sludge 

should be studied in order to design a robust process. 

 Scale-up experiments on the designed process should be carried out. 

In comparison to the physical separation methods, the benefit of the hydrometallurgical plant 

is the superior zinc separation that can be achieved. Thus, the upgrading of previously landfilled 

BF sludge can be considered for recycling in the BF. Naturally, this assumes that the leached 

BF sludge behaves similar to the low-zinc fraction of the tornado-treated BF sludge in the cold-

bonded briquettes when charged to the BF. 

 



References 

93 

8 References 

[1] M. Reuter, U. Boin, E. Verhoef, K. Heiskanen, Y. Yang and G. Georgalli: The Metrics of 

Material and Metal Ecology: Harmonizing the Resource, Technology and Environmental 

Cycles, 16th ed., Elsevier, 2005. 

[2] M. Geissdoerfer, P. Savaget, N. M. P. Bocken and E. J. Hultink: The Circular Economy – 

A new sustainability paradigm? Journal of Cleaner Production, 2017, Vol. 143, pp. 757. 

[3] D. W. Pearce and R. K. Turner: Economics of Natural Resources and the Environment, John 

Hopkins University Press, Baltimore, Maryland, USA, 1989. 

[4] J. af Geijerstam and M. Nisser: Bergsbruk – Gruvor Och Metallframställning, 1st ed., 

Norstedts Förlagsgrupp AB, Stockholm, Sweden, 2011. 

[5] National Slag Association: Slag in History, Accessed February 1, 2019, 

http://www.nationalslag.org/slag-history. 

[6] A. Gunnarsson and P. Nyblom: Slaggsten Och Slagghus - Unika Kulturskatter, 2nd ed., 

Balkong förlag, Stockholm, Sweden, 2016. 

[7] C. J. Adams: Recycling of Steel Plant Waste Oxides - A Review, Canada Centre for Mineral 

and Energy Technology, 1979, pp. 1. 

[8] G. Relf: Recycling of Steel Plant Waste Materials, Steel Times Annual Review, 1976, Vol. 

204 (8), pp. 718. 

[9] N. J. Cavaghan and F. B. Traice: Utilization of In-Plant Fines, Journal of the Iron and Steel 

Institute, 1970, Vol. 208 (6), pp. 538. 

[10] W. M. Mathias and A. Goksel: Reuse of Steel Mill Solid Wastes, Iron and Steel Engineer, 

1975, Vol. 52 (12), pp. 49. 

[11] H. D. George and E. B. Boardman: IMS-Grancold pelletizing system for steel mill waste 

material, Iron and Steel Engineer, 1973, Vol. 50 (11), pp. 60. 

[12] N. G. West: Recycling Ferruginous Wastes: practice and trends, Iron and Steel 

International, 1976, Vol. 49 (3), pp. 173. 

[13] Euroslag: Statistics 2016, Accessed February 8, 2019, https://www.euroslag.com/research-

library-downloads/downloads/. 



References 

94 

[14] C. H. Kim and S. M. Jung: In-plant Recycling of Ironmaking Waste Material at Pohang 

Works, SEAISI Quarterly, 1998, Vol. 27 (1), pp. 29. 

[15] H. T. Makkonen, J. Heino, L. Laitila, A. Hiltunen, E. Pöyliö and J. Härkki: Optimisation 

of steel plant recycling in Finland: dusts, scales and sludge, Resources, Conservation and 

Recycling, 2002, Vol. 35 (1-2), pp. 77. 

[16] G. Endemann, H. B. Lüngen and C. D. Wuppermann: Dust, scale and sludge generation 

and utilisation in German steelworks, Stahl Und Eisen, 2006, Vol. 126 (9), pp. 25. 

[17] B. Das, S. Prakash, P. S. R. Reddy and V. N. Misra: An overview of utilization of slag and 

sludge from steel industries, Resources, Conservation and Recycling, 2007, Vol. 50 (1), pp. 40. 

[18] P. Butterworth, K. Linsley and J. Aumonier: Hydrocyclone treatment of blast furnace 

slurry within British Steel, La Revue De Métallurgie, 1996, Vol. 93 (6), pp. 807. 

[19] Y. Itoh and A. H. Fieser: Zinc Removal from Blast Furnace Dust. Iron and Steel Engineer, 

1982, Vol. 59 (8), pp. 33. 

[20] S. Uno, Y. Umetsu, M. Ohmizu and S. Munakata: Dezincing equipment and operation 

based on wet classification of wet-cleaned BF dust, Nippon Steel Technical Report (Overseas), 

1979, (13), pp. 80. 

[21] J. G. Jeon and S. J. Jin: POSCO'S achievement for the recycling of sludge, SEAISI 

Quarterly, 2002, Vol. 31 (4), pp. 53. 

[22] S. Honingh, G. Van Weert and M. A. Reuter: Turning blast furnace dust into a source of 

zinc and lead units: A progress report on testwork at Corus IJmuiden. In proceedings of: Fourth 

International Symposium on Recycling of Metals and Engineered Materials. TMS, Pittsburgh, 

PA, USA, 2000, pp. 313. 

[23] R. K. Agrawal and P. K. Pandey: Productive recycling of basic oxygen furnace sludge in 

integrated steel plant, Journal of Scientific & Industrial Research, 2005, Vol. 64, pp. 702. 

[24] V. I. Shatokha, O. O. Gogenko and S. M. Kripak: Utilising of the oiled rolling mills scale 

in iron ore sintering process, Resources, Conservation and Recycling, 2011, Vol. 55 (4), pp. 

435. 

[25] Y. Topkaya, N. Sevinç and A. Günaydın: Slag treatment at Kardemir integrated iron and 



References 

95 

steel works, International Journal of Mineral Processing, 2004, Vol. 74 (1-4), pp. 31. 

[26] SSAB Tunnplåt AB, Metallurgi, Luleå: Miljörapport 2000, Published in 2001. 

[27] SSAB Luleå: Miljörapport 2017, Published in 2018. 

[28] A. Wedholm: Briquetting - Taking Advantage of Fine-Grained Residues in a Sustainable 

Manner. In proceedings of: SCANMET V. Swerea MEFOS, Luleå, Sweden, 2016, pp. 71. 

[29] J. P. Birat: Recycling and by-products in the steel industry, La Revue De Métallurgie, 2003, 

Vol. 100 (4), pp. 339. 

[30] S. H. Liu: Process Selection for Recycling Dusts and Sludges at China Steel, SEAISI 

Quarterly, 2010, Vol. 39 (1), pp. 54. 

[31] T. Hansmann, P. Fontana, A. Chiappero, I. Both and J. L. Roth: Technologies for the 

optimum recycling of steelmaking residues, Stahl Und Eisen, 2008, Vol. 128 (5), pp. 29. 

[32] A. K. P. Singh, M. T. Raju and U. Jha: Recycling of Basic Oxygen Furnace (BOF) sludge 

in iron and steel works, International Journal of Environmental Technology and Management, 

2011, Vol. 14 (1-4), pp. 19. 

[33] F. Su, H. O. Lampinen and R. Robinson: Recycling of sludge and dust to the BOF converter 

by cold bonded pelletizing, ISIJ International, 2004, Vol. 44 (4), pp. 770. 

[34] F. Tang, S. Yu, P. Fei, H. Hou, F. Qian and X. Wang: Novel concept of recycling sludge 

and dust to BOF converter through dispersed in-situ phase induced by composite ball explosive 

reaction, International Journal of Minerals, Metallurgy, and Materials, 2017, Vol. 24 (8), pp. 

863. 

[35] K. Lundkvist, M. Brämming, J. Hagemalm, P. Lagerwall and A. Wedholm: Case Study of 

Reclaiming Zinc Content Containing Sludge from Settling Ponds. In proceedings of: ICSTI 

2018. ASMET, Vienna, Austria, 2018, pp. 1. 

[36] SSAB EMEA AB och SSAB Merox AB Oxelösund: Miljörapport 2015, Published in 

2016. 

[37] Worldsteel Association: Steel Statistical Yearbook 2009, Published in 2010. 

[38] Worldsteel Association: World Steel in Figures 2018, Published in 2018. 



References 

96 

[39] R. Remus, M. A. Aguado Monsonet, S. Roudier and L. D. Sancho: Best Available 

Techniques (BAT) Reference Document for Iron and Steel Production: Industrial Emissions 

Directive 2010/75/EU (Integrated Pollution Prevention and Control), Publications Office of 

the European Union, Luxembourg, 2013. 

[40] L. Lu and O. Ishiyama in Book Section: Iron ore sintering, pp. 395-433 of Iron Ore: 

Mineralogy, Processing and Environmental Sustainability, Edited by L. Lu. 1st ed., 2015, 

Elsevier. 

[41] M. Singh and B. Björkman: Strength of cement-bonded briquettes, Mining, Metallurgy & 

Exploration, 2006, Vol. 23 (4), pp. 203. 

[42] A. K. Biswas: Principles of Blast Furnace Ironmaking: Theory and Practice, Cootha 

Publishing House, Brisbane, Australia, 1981. 

[43] M. Geerdes, R. Chaigneau, I. Kurunov, O. Lingiardi and J. Ricketts: Modern Blast Furnace 

Ironmaking: An Introduction, 3rd ed., IOS Press, Delft, Netherlands, 2015. 

[44] D. E. Esezobor and S. A. Balogun: Zinc accumulation during recycling of iron oxide 

wastes in the blast furnace, Ironmaking & Steelmaking, 2006, Vol. 33 (5), pp. 419. 

[45] K. Mülheims, H. Brinkmann, R. Schwalbe, K. Heinänen, P. Mannila, P. Luoto, L. Sancho, 

D. Carrascal, S. Couris, R. Noll, V. Sturm, A. Brysch, H. W. Gudenau, K. Mavrommatis and 

A. Opfermann: Improved Process Control of Hot Metal Production through a Non-Intrusive, 

Online Sensing System for Metals in the Topgas of the Blast Furnace (PROCSSYMO), European 

Commission, Luxembourg, 2004. 

[46] G. Brunnbauer and G. Kolb: Experiences and operational results with inputs like Alkali 

(K2O + Na2O), Zn and Chlor. In proceedings of: Meeting of European Blast Furnace Committee 

at British Steel. Port Talkbot, UK, 1998, pp. 1. 

[47] K. Raipala, E. Hettula and J. Pietinalho: Experience with Alkalis and Zn in Koverhar BF. 

In proceedings of: Meeting of European Blast Furnace Committee at British Steel. Port Talbot, 

UK, 1998, pp. 1. 

[48] R. Altland, B. Beckmann and K. P. Stricker: Blast furnace process optimization at high oil 

injection rates by alkali and slag cindition control. In proceedings of: Meeting of European 

Blast Furnace Committee at British Steel. Port Talbot, UK, 1998, pp. 1. 



References 

97 

[49] P. G. Perini and J. Merollari: Piombino experience in alkali management with pellet burden 

operation. In proceedings of: Meeting of European Blast Furnace Committee at British Steel. 

Port Talbot, UK, 1998, pp. 1. 

[50] L. Capogrosso and G. Di Maggio: Influence on K2O + Na2O, Cl and Zn inputs on BF 

results at Taranto Works. In proceedings of: Meeting of European Blast Furnace Committee at 

British Steel. Port Talbot, UK, 1998, pp. 1. 

[51] M. T. P. van der Velde, J. van der Stel, L. A. Boon and R. Molenaar: Experience of alkalis 

and zinc on the blast furnaces at Hoogovens IJmuiden. In proceedings of: Meeting of European 

Blast Furnace Committee at British Steel. Port Talbot, UK, 1998, pp. 1. 

[52] E. M. O'Donnell and F. J. Rorick Jr.: Survey of alkali, zinc and chloride levels in North 

American blast-furnace burdens and recent observations of operating results. In proceedings 

of: Meeting of European Blast Furnace Committee at British Steel. Port Talbot, UK, 1998, pp. 

1. 

[53] A. Andersson: Thermodynamic Study of Trace Elements in the Blast Furnace and Basic 

Oxygen Furnace, M.Sc. Thesis, Luleå University of Technology, Luleå, Sweden, 2014. 

[54] I. Mikhailov, S. Komarov, V. Levina, A. Gusev, J. P. Issi and D. Kuznetsov: Nanosized 

zero-valent iron as Fenton-like reagent for ultrasonic-assisted leaching of zinc from blast 

furnace sludge, Journal of Hazardous Materials, 2017, Vol. 321, pp. 557. 

[55] M. Omran and T. Fabritius: Treatment of blast furnace sludge (BFS) using a microwave 

heating technique, Ironmaking & Steelmaking, 2017, Vol. 44 (8), pp. 619. 

[56] D. Winfield, D. Paddison, M. Cross, N. Croft and I. Craig: Performance comparison of a 

blast furnace gravity dust-catcher vs. tangential triple inlet gas separation cyclone using 

computational fluid dynamics, Separation and Purification Technology, 2013, Vol. 115, pp. 

205. 

[57] C. P. Heijwegen and W. Kat: Beneficiation of Blast Furnace Sludge, World Steel 

Metalwork. Export Man., 1984, pp. 35. 

[58] J. M. McClelland and G. E. Metius: Recycling ferrous and nonferrous waste streams with 

FASTMET, The Journal of the Minerals, Metals & Materials Society, 2003, Vol. 55 (8), pp. 30. 

[59] T. Ibaraki and H. Oda: Dust recycling technology by the rotary hearth furnace at Nippon 



References 

98 

Steel's Kimitsu Works, La Revue De Métallurgie, 2002, Vol. 99 (10), pp. 809. 

[60] P. Fontana and R. Degel: Zero-waste steel production. Metallurgical Plant and Technology 

International, 2004, Vol. 27 (1), pp. 66. 

[61] J. Vereš, M. Lovás, Š Jakabský, V. Šepelák and S. Hredzák: Characterization of blast 

furnace sludge and removal of zinc by microwave assisted extraction, Hydrometallurgy, 2012, 

Vol. 129-130, pp. 67. 

[62] T. Mansfeldt and R. Dohrmann: Chemical and mineralogical characterization of blast-

furnace sludge from an abandoned landfill, Environmental Science and Technology, 2004, Vol. 

38 (22), pp. 5977. 

[63] C. A. C. M. Dias, S. N. Monteiro, R. T. Faria Jr and C. M. F. Vieira: Characterization of 

blast furnace sludge for clayey ceramic fabrication, Materials Science Forum, 2012, Vol. 727-

728, pp. 715. 

[64] R. Kretzschmar, T. Mansfeldt, P. N. Mandaliev, K. Barmettler, M. A. Marcus and A. 

Voegelin: Speciation of Zn in blast furnace sludge from former sedimentation ponds using 

synchrotron X-ray diffraction, fluorescence, and absorption spectroscopy, Environmental 

Science and Technology, 2012, Vol. 46 (22), pp. 12381. 

[65] M. Omran and T. Fabritius: Improved removal of zinc from blast furnace sludge by particle 

size separation and microwave heating, Minerals Engineering, 2018, Vol. 127, pp. 265. 

[66] A. López-Delgado, C. Pérez and F. A. López: The influence of carbon content of blast 

furnace sludges and coke on the adsorption of lead ions from aqueous solutions, Carbon, 1996, 

Vol. 34 (3), pp. 423. 

[67] P. Van Herck and C. Vandecasteele: Evaluation of the use of a sequential extraction 

procedure for the characterization and treatment of metal containing solid waste, Waste 

Management, 2001, Vol. 21 (8), pp. 685. 

[68] C. Földi, R. Dohrmann and T. Mansfeldt: Mercury in dumped blast furnace sludge, 

Chemosphere, 2014, Vol. 99, pp. 248. 

[69] H. M. Ahmed, A. Persson, L. S. Ökvist and B. Björkman: Reduction behaviour of self-

reducing blends of in-plant fines in inert atmosphere, ISIJ International, 2015, Vol. 55 (10), pp. 

2082. 



References 

99 

[70] V. Trinkel, O. Mallow, P. Aschenbrenner, H. Rechberger and J. Fellner: Characterization 

of blast furnace sludge with respect to heavy metal distribution, Industrial & Engineering 

Chemistry Research, 2016, Vol. 55 (19), pp. 5590. 

[71] J. M. Steer and A. J. Griffiths: Investigation of carboxylic acids and non-aqueous solvents 

for the selective leaching of zinc from blast furnace dust slurry, Hydrometallurgy, 2013, Vol. 

140, pp. 34. 

[72] C. P. Heijwegen and W. Kat: Zinc-bearing Waste Products in the Iron and Steel Industry; 

Their Composition and Possible Hydrometallurgic Processing Methods, World Steel & 

Metalworking, 1983, Vol. 5, pp. 26. 

[73] U. Leimalm, M. Lundgren, L. Sundqvist Ökvist and B. Björkman: Off-gas dust in an 

experimental blast furnace part 1: Characterization of flue dust, sludge and shaft fines, ISIJ 

International, 2010, Vol. 50 (11), pp. 1560. 

[74] L. Wang, X. Lu, X. Wei, Z. Jiang, S. Gu, Q. Gao and Y. Huang: Quantitative Zn speciation 

in zinc-containing steelmaking wastes by X-ray absorption spectroscopy, Journal of Analytical 

Atomic Spectrometry, 2012, Vol. 27 (10), pp. 1667. 

[75] P. Van Herck, C. Vandecasteele, R. Swennen and R. Mortier: Zinc and lead removal from 

blast furnace sludge with a hydrometallurgical process, Environmental Science & Technology, 

2000, Vol. 34 (17), pp. 3802. 

[76] M. L. Sammut, J. Rose, A. Masion, E. Fiani, M. Depoux, A. Ziebel, J. L. Hazemann, O. 

Proux, D. Borschneck and Y. Noack: Determination of zinc speciation in basic oxygen furnace 

flying dust by chemical extractions and X-ray spectroscopy, Chemosphere, 2008, Vol. 70 (11), 

pp. 1945. 

[77] D. Banerjee: Metal recovery from blast furnace sludge and flue dust using leaching 

technologies, Research Journal of Chemistry and Environment, 2007, Vol. 11 (3), pp. 18. 

[78] B. Li, Y. Wei, H. Wang, Y. Yang and Y. Yin: Preparation of ZnSO4· 7H2O and Separation 

of Zinc from Blast Furnace Sludge by Leaching-Purification-Crystallization Method, ISIJ 

International, 2019, Vol. 59 (1), pp. 201. 

[79] L. Piezanowski, S. Raynal, J. Hugentobler and M. Houbart: Selective hydrometallurgical 

extraction of Zn/Pb from blast furnace sludge. In proceedings of: AISTech 2015. Association 



References 

100 

for Iron & Steel Technology, Cleveland, OH, USA, 2015, pp. 1803. 

[80] K. Nishioka, T. Maeda and M. Shimizu: Dezincing behavior from iron and steelmaking 

dusts by microwave heating, ISIJ International, 2002, Vol. 42 (SUPPL.), pp. S19. 

[81] M. Omran and T. Fabritius: Utilization of blast furnace sludge for the removal of zinc from 

steelmaking dusts using microwave heating, Separation and Purification Technology, 2019, 

Vol. 210, pp. 867. 

[82] G. Auer, M. Spanka, C. Hamann and C. Adam: Thermal zinc extraction from steel mill 

dust, Clausthal-Zellerfeld, 2019, Vol. 72 (1), pp. 27. 

[83] A. J. Lynch: Mineral Crushing and Grinding Circuits: Their Simulation, Optimisation, 

Design, and Control, Elsevier Scientific Publishing Company, Amsterdam, Netherlands, 1977. 

[84] J. Tikka, N. O. Lindfors and E. Bäcklund: Learning from nature: the tornado process. In 

proceedings of: 6th International Heavy Minerals Conference. South African Institute of Mining 

and Metallurgy, Hluhluwe, South Africa, 2007, pp. 10. 

[85] J. Tikka, M. Hensmann, N. O. Lindfors and E. Bäcklund: Utilization of Tornado processed 

blast furnace gas cleaning sludge in blast furnace injection. In proceedings of: ICSTI 2012. 

Brazilian Metallurgy, Materials and Mining Association, Rio de Janeiro, Brazil, 2012, pp. 1957. 

[86] M. Hallin, L. Hooey, J. Sterneland and D. Thulin: LKAB's experimental blast furnace and 

pellet development, La Revue De Métallurgie, 2002, Vol. 99 (4), pp. 311. 

[87] P. L. Hooey, A. Bodén, C. Wang, C. E. Grip and B. Jansson: Design and application of a 

spreadsheet-based model of the blast furnace factory, ISIJ International, 2010, Vol. 50 (7), pp. 

924. 

[88] M. Lundgren, B. Björkman, U. Leimalm and L. Sundqvist Ökvist: Off-gas dust from 

experimental and production blast furnaces. In proceedings of: The 6th European Coke and 

Ironmaking Congress. Messe, Düsseldorf, Germany, 2011, pp. 1. 

[89] E. Ortega-Rivas in Book Section: Hydrocyclones, Ullmann's Encyclopedia of Industrial 

Chemistry. 2007, Wiley Online Library. 

[90] V. N. Ramachandra Sarma, K. Deo and A. K. Biswas: Dissolution of zinc ferrite samples 

in acids, Hydrometallurgy, 1976, Vol. 2 (2), pp. 171. 



References 

101 

[91] N. Kanari, D. Mishra, I. Gaballh, et al: New process for the treatment of EAF dust. In 

proceedings of: Recycling and Waste Treatment in Mineral and Metal Processing: Technical 

and Economic Aspects. Luleå University of Technology, Swerea MEFOS and The Mineral, 

Metals & Materials Society, Luleå, Sweden, 2002, pp. 221. 

[92] B. A. Wills and T. J. Napier-Munn: Mineral Processing Technology: An Introduction to 

the Practical Aspects of Ore Treatment and Mineral, 7th ed., Butterworth-Heinemann, Oxford, 

United Kingdom, 2006. 

[93] M. Rhodes: Introduction to Particle Technology, 2nd ed., Wiley, Chippenham, United 

Kingdom, 2008. 

[94] N. A. El-Hussiny and M. E. H. Shalabi: A self-reduced intermediate product from iron and 

steel plants waste materials using a briquetting process, Powder Technology, 2011, Vol. 205 

(1-3), pp. 217. 

[95] C. Bryk and W. K. Lu: Reduction phenomena in composites of iron-ore concentrates and 

coals, Ironmaking & Steelmaking, 1986, Vol. 13 (2), pp. 70. 

[96] N. Shivaramakrishna: The role of internal coal in the reduction of composite pellets, Fuel 

and Energy Abstracts, 1997, Vol. 1 (38), pp. 5. 

[97] L. Lu, J. Pan and D. Zhu in Book Section: Quality requirements of iron ore for iron 

production, pp. 475-504 of Iron ore: Mineralogy, Processing and Environmental 

Sustainability, Edited by L. Lu. 1st ed., 2015, Elsevier. 

[98] M. Singh and B. Björkman: Strength of cement-bonded briquettes, Mining, Metallurgy & 

Exploration, 2006, Vol. 23 (4), pp. 203. 

[99] I. Fernández Olmo, E. Chacon and A. Irabien: Influence of lead, zinc, iron (III) and 

chromium (III) oxides on the setting time and strength development of Portland cement, Cement 

and Concrete Research, 2001, Vol. 31 (8), pp. 1213. 

[100] I. Kolářová, P. Šiler and F. Šoukal: The influence of zinc on the hydration and 

compressive strength of Portland cement, Advanced Material Research, 2014, Vol. 1000, pp. 

43. 

[101] D. K. Dutta, D. Bordoloi and P. C. Borthakur: Hydration of Portland cement clinker in 

the presence of carbonaceous materials, Cement and Concrete Research, 1995, Vol. 25 (5), pp. 



References 

102 

1095. 

[102] H. Ahmed, A. Persson, L. Sundqvist and B. Biorkman: Energy efficient recycling of in-

plant fines, International Journal of Chemical, Molecular, Nuclear, Materials and Metallurgical 

Engineering, 2014, Vol. 8, pp. 488. 

[103] M. Singh and B. Björkman: Testing of cement bonded briquettes under laboratory and 

blast furnace conditions Part 1 - Effect of processing parameters, Ironmaking & Steelmaking, 

2007, Vol. 34 (1), pp. 30. 

[104] M. Singh and B. Björkman: Effect of processing parameters on the swelling behaviour 

of cement-bonded briquettes, ISIJ International, 2004, Vol. 44 (1), pp. 59. 

[105] T. El Kasabgy and W. K. Lu: The Influence of calcia and magnesia in wustite on the 

kinetics of metallization and iron whisker formation, Metallurgical Transactions B, 1980, Vol. 

11 (3), pp. 409. 

[106] G. H. Li, Z. K. Tang, Y. B. Zhang, Z. X. Cui and T. Jiang: Reduction swelling behaviour 

of haematite/magnetite agglomerates with addition of MgO and CaO, Ironmaking & 

Steelmaking, 2010, Vol. 37 (6), pp. 393. 

[107] H. T. Wang and H. Y. Sohn: Effect of CaO and SiO2 on swelling and iron whisker 

formation during reduction of iron oxide compact, Ironmaking & Steelmaking, 2011, Vol. 38 

(6), pp. 447. 

[108] T. Sharma, R. C. Gupta and B. Prakash: Effect of firing condition and ingredients on the 

swelling behaviour of iron ore pellets, ISIJ International, 1993, Vol. 33 (4), pp. 446. 

[109] H. Fredriksson and I. Svensson: On the Mechanism of Catastrophic Swelling of Cold-

Bonded Pellets, Scandinavian Journal of Metallurgy, 1974, Vol. 3 (5), pp. 185. 

[110] H. Wang and H. Y. Sohn: Effects of reducing gas on swelling and iron whisker formation 

during the reduction of iron oxide compact, Steel Research International, 2012, Vol. 83 (9), pp. 

903. 

[111] C. E. Seaton, J. S. Foster and J. Velasco: Structural changes occurring during reduction 

of hematite and magnetite pellets containing coal char, Transactions of the Iron and Steel 

Institute of Japan, 1983, Vol. 23 (6), pp. 497. 



References 

103 

[112] R. Conceição Nascimento, M. Breda Mourão and J. D. Trani Capocchi: Reduction-

swelling behaviour of pellets bearing iron ore and charcoal, Canadian Metallurgical Quarterly, 

1998, Vol. 37 (5), pp. 441. 

[113] K. S. Abdel Halim, M. Bahgat, H. A. El-Kelesh and M. I. Nasr: Metallic iron whisker 

formation and growth during iron oxide reduction: basicity effect, Ironmaking & Steelmaking, 

2009, Vol. 36 (8), pp. 631. 

[114] M. Singh and B. Björkman: Effect of Reduction Conditions on the Swelling Behaviour of 

Cement-bonded Briquettes, ISIJ International, 2004, Vol. 44 (2), pp. 294. 

[115] M. Alibert, H. Gaye, J. Geiseler, D. Janke, B. J. Keene, D. Kirner, M. Kowalski, J. 

Lehmann, K. C. Mills, D. Neuschültz, R. Parra, C. Saint-Jours, P. J. Spencer, M. Susa, M. Tmar 

and E. Woermann: Slag Atlas, 2nd ed., Verlag Stahleisen GmbH, Düsseldorf, 1995. 

[116] J. Sterneland, M. A. T. Andersson and P. G. Jönsson: Comparison of iron ore reduction 

in experimental blast furnace and laboratory scale simulation of blast furnace process, 

Ironmaking & Steelmaking, 2003, Vol. 30 (4), pp. 313. 

[117] L. Hooey, B. E. Sköld, L. Sundqvist Ökvist, M. Seppänen and G. Zuo: LKAB’s 

Experimental Blast Furnace–the Learning Curve. In proceedings of: The 5th European Coke 

and Ironmaking Congress. Jernkontoret, Stockholm, Sweden, 2005, pp. 12. 

[118] R. Robinson: Studies in Low Temperature Self-Reduction of By-Products from Integrated 

Iron and Steelmaking, Doctoral Thesis, Luleå University of Technology, Luleå, Sweden, 2008. 

[119] D. M. dos Santos and M. Breda Mourão: High‐temperature reduction of iron oxides by 

solid carbon or carbon dissolved in liquid iron–carbon alloy, Scandinavian Journal of 

Metallurgy, 2004, Vol. 33 (4), pp. 229. 

[120] G. Wang, Q. Xue, X. She and J. Wang: Reduction–melting behaviors of boron-bearing 

iron concentrate/carbon composite pellets with addition of CaO, International Journal of 

Minerals, Metallurgy, and Materials, 2015, Vol. 22 (9), pp. 926. 

[121] V. Materic and S. I. Smedley: High temperature carbonation of Ca(OH)2, Industrial & 

Engineering Chemistry Research, 2011, Vol. 50 (10), pp. 5927. 

[122] Y. L. Ding and N. A. Warner: Smelting reduction of carbon-chromite composite pellets - 

Part 2: dissolution kinetics and mechanism, Transactions of the Institution of Mining and 



References 

104 

Metallurgy (Section C: Mineral Processing and Extractive Metallurgy), 1997, Vol. 106, pp. 

C64. 

[123] P. K. Iwamasa and R. J. Fruehan: Effect of FeO in the Slag and Silicon in the Metal on 

the Desulfurization of Hot Metal, Metallurgical and Materials Transactions B, 1997, Vol. 28 

(1), pp. 47. 

[124] B. Deo and R. Boom: Fundamentals of Steelmaking Metallurgy, 1st ed., Prentice-Hall, 

Hemel Hempstead, United Kingdom, 1993. 

[125] A. Andersson, M. Andersson, E. Mousa, A. Kullerstedt, H. Ahmed, B. Björkman and L. 

Sundqvist-Ökvist: The Potential of Recycling the High-Zinc Fraction of Upgraded BF Sludge 

to the Desulfurization Plant and Basic Oxygen Furnace, Metals, 2018, Vol. 8 (12), pp. 1057. 

[126] A. Andersson, A. Gullberg, A. Kullerstedt, E. Sandberg, M. Andersson, H. Ahmed, L. 

Sundqvist-Ökvist and B. Björkman: A Holistic and Experimentally-Based View on Recycling 

of Off-Gas Dust within the Integrated Steel Plant, Metals, 2018, Vol. 8 (10), pp. 760. 



Paper I





ISIJ International, Vol. 57 (2017), No. 2

© 2017 ISIJ 262

ISIJ International, Vol. 57 (2017), No. 2, pp. 262–271

* Corresponding author: E-mail: anton.andersson@ltu.se
DOI: http://dx.doi.org/10.2355/isijinternational.ISIJINT-2016-512

Characterization and Upgrading of a Low Zinc-Containing and Fine 
Blast Furnace Sludge – A Multi-Objective Analysis

Anton ANDERSSON,1)* Hesham AHMED,1,2) Jan ROSENKRANZ,1) Caisa SAMUELSSON1) and Bo BJÖRKMAN1)

1) Luleå University of Technology, Division of Minerals and Metallurgical Engineering, SE 971 87 Luleå, Sweden.
2) Central Metallurgical Research and Development Institute, P.O. Box 87-Helwan, Cairo, Egypt.

(Received on August 25, 2016; accepted on October 3, 2016)

Ore-based steelmaking generates a variety of residues including dusts, sludges and slags. Recycling of 
these residues within the process or via other applications is essential for sustainable production from 
both environmental and economic aspects. In blast furnace (BF) ironmaking, there are generally two resi-
dues leaving the gas cleaning equipment; namely, BF dust and BF sludge. Traditionally, the dust is recy-
cled via the sinter or, in the case of pellet based BF, via cold bonded agglomerates and injection. As the 
main output of zinc from the BF is the top gas, the sludge has to be dezinced prior to recycling to prevent 
accumulation of zinc in the furnace. Although dezincing of BF sludge has been successfully accomplished 
using e.g., hydrocycloning, the studied sludges are generally coarse sized and high in zinc. Furthermore, 
information is lacking regarding the efficiency of separation of different hydrocyclone setups. In the pres-
ent work, hydrocycloning of a fine sludge, with low zinc content, generated by a pellet based BF has been 
studied. The gas cleaning equipment used to produce the sludge was running a primary aerocyclone and 
a scrubber. A characterization of the sludge has been conducted together with an evaluation of the sepa-
ration efficiency of the hydrocyclone in order to assess the hydrocyclone performance and limitations. 
Furthermore, the dezincing using the hydrocyclone has been compared to that of sulfuric acid leaching. 
The results suggest that 51 to 93% of the sludge can be recycled depending on the demand on zinc 
removal and the chosen dezincing route.
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1. Introduction

Ore-based steelmaking generates a variety of residues 
including dusts, sludges and slags. Recycling of these resi-
dues within the process or via other applications is essential 
for sustainable production from both an environmental and 
economic aspect. Environmental legislation and the cost of 
raw material and energy continue to drive efforts towards 
increased recycling.

In BF ironmaking, the ferrous burden agglomerates 
charged can be of several types including sinter, pellets 
and lump ore. Regardless of which type of agglomerate is 
charged, mechanically and chemically formed dust leaves 
the furnace via the top-gas. In general, this top-gas carry-
ing the dust particles goes through gas cleaning equipment, 
generating a coarser fraction commonly labeled BF dust and 
a scrubbed, finer, fraction labeled BF sludge.

Depending on the way the BF is operated there are dif-
ferent ways of recycling these residues. At integrated steel 
works operating a sinter plant, the BF dust is generally 
included in the sinter and consequently recycled back to 
the BF. Operating on pellets the recycling of BF dust back 
to the BF can be achieved via cold-bonded agglomerates 

and injection through the tuyeres. Due to the characteristics 
of zinc, there are similarities in the challenges of recycling 
both the dust and sludge back to the BF, regardless of fer-
rous burden agglomerate. The main output of zinc in the BF 
is through the top gas. Recycling of all dust and sludge back 
to the BF implies that an accumulation of zinc would occur.

As the recycling of BF dust via the sinter is established, 
the challenge of the zinc accumulation has been recog-
nized and studied previously. To enable the recycling of 
BF sludge to the BF, a bleed of zinc has to be introduced. 
Therefore, by dezincing the sludge, a zinc-depleted frac-
tion can be recycled, consequently decreasing the material 
being landfilled. When recycling zinc containing residues 
via the sinter, part of the zinc content is evaporated during 
the sintering process.1) Therefore, when operating the BF on 
pellets, recycling the BF dust via cold-bonded agglomerates 
and injection, the requirements imposed on zinc removal 
from BF sludge is higher than when operating on sinter.

The removal of zinc from BF sludge has been success-
fully accomplished using hydrocyclones in lab scale,2,3) pilot 
plant scale3,4) and full scale.3,5) Furthermore, hydrocycloning 
in a one stage,2–5) two stage3,4) and a three stage6) process 
has been reported. Also, zinc has been successfully leached 
from BF sludge using sulfuric acid,7) hydrochloric acid2,8) 
and a mix of prop-2-enoic acid and methylbenzene9) with 
varying results for the unwanted dissolution of iron. Other 
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dezincing methods that have been reported include flota-
tion2) and microwave heating.10)

Two characteristics of the different BF sludges previ-
ously subjected to hydrocycloning can be identified as i) the 
sludges have a coarse particle size distribution2,5) and ii) the 
zinc contents are in the range of,2,4,5) or significantly higher5) 
than, 1% Zn. The difference in particle size distribution 
observed between different sludges can be attributed to the 
gas cleaning equipment separating the BF dust and sludge. 
Operating an aerocyclone instead of a simple dust catcher 
as primary gas cleaning equipment generates a significantly 
finer sludge.

In the current paper, hydrocycloning of a fine sludge, 
with low zinc content, generated by pellet operated BF with 
gas cleaning equipment running a primary aerocyclone has 
been studied. Previous studies including hydrocycloning of 
BF sludge2–6) have neglected the efficiency of separation 
in the evaluation of the results. In the present paper, an 
assessment of the efficiency of separation has been included 
in the evaluation of hydrocyclone operating and dimension-
ing parameters. Also, the efficiency of separation has been 
considered in a comparison of one- and two-stage hydrocy-
cloning. Furthermore, the thorough characterization of the 
BF sludge included in the present paper has been utilized 
in the assessment of the hydrocycloning performance and 
limitations. Additionally, the hydrocyclone experiments 
have been evaluated utilizing a multi-objective optimiza-
tion approach aiming to maximize the removal of zinc and 
recovery of iron, carbon and total solids.

In addition to the characterization and hydrocycloning, 
leaching experiments in sulfuric acid have been performed 
to offer a comparison of what can be expected in terms of 
zinc removal and recovery of iron, carbon and total solids 
from a fine BF sludge with low zinc content when dezincing 
with either leaching or hydrocycloning.

2. Experimental

2.1. Characterization
Fresh BF sludge from SSAB Oxelösund, sampled by 

SSAB Merox, was used in the present study. Table 1 
presents a summary of the different experiments included 
in the study. The chemical composition of the sludge was 
determined by SSAB using a Thermo Scientific ARL 9800 
X ray fluorescence (XRF) instrument operating a rhodium 
tube. The carbon and sulfur content of the sludge was deter-
mined by SSAB using the LECO CS444 combustion infra-
red detection instrument and the zinc content was analyzed 
by ALS Scandinavia AB using inductively coupled plasma 
mass spectrometry (ICP-MS). 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.

Ultrasonic sieving was performed in water using a 20 
μm stainless steel sieve and polyamide cloth sieves with 
openings of 11 μm and 5 μm. The ultrasound was applied 
to avoid agglomeration of the particles during the sieving 
operation. The ultrasonic sieving was used to fractionate the 
sludge in order to analyze the different size fractions using 
XRF, LECO and ICP-MS according to the above.

Laser diffraction using a CILAS 1064 unit was utilized 

to determine the particle size distribution of the sludge. The 
results were evaluated using the Fraunhofer approxima-
tion. Furthermore, the mineralogical composition of the BF 
sludge was determined using a PANalytical Empyrean XRD 
unit operating on Cu Kα radiation. Also, the morphology 
and composition of the sludge was studied using scanning 
electron microscopy (SEM) together with energy dispersive 
X-ray spectroscopy (EDS). A Gemini Zeiss Merlin micro-
scope with an Oxford EDS detector was used.

2.2. Hydrocycloning
Hydrocycloning was performed in laboratory scale using 

hydrocyclones from AKW Apparate +  Verfahren GmbH 
with varying sizes of the inlet, apex and vortex finder. 
Also, the experiments were conducted using different inlet 
pressures and solids percentages of the feed. A two-stage 
setup, where the underflow from the first hydrocyclone was 
diluted and fed to a second hydrocyclone, was also tested. 
The two hydrocyclone setups and the sampling points are 
illustrated in Fig. 1.

In order to evaluate the separation achieved in the hydro-
cyclone experiments, two different methods were employed; 
namely, partition curves and sharpness of separation. The 
partition curves, or Tromp curves, were produced based on 
the particle size distribution of the overflow and underflow 
as well as the split of water and solids. The Tromp curve 
relates the particle size to the weight fraction of each par-
ticle size in the feed which reports to the underflow. The 
imperfection, I, calculated according to Eq. (1), was used 
to evaluate the sharpness of separation.

 I
d d

d
=

−75 25

502
................................ (1)

Where d75 represents the particle size where 75% of the 
particles of this particular particle size in the feed report to 
the underflow. The d50 and d25 values are determined analo-
gously with the d75 value. From the equation it is clear that 
a value of zero represents an ideal separation.

Table 1. Summary of experiments included in the present paper.

Experiment Characterization Dezincing Comment

XRF X Chemical composition

LECO X C and S content

ICP-MS X Zn content

Ultrasonic sieving X Fractionation by size

Laser diffraction X Particle size distribution

XRD X Mineralogy

SEM and EDS X Morphology and zinc 
association

Leaching, pH 3 X X Weak acid soluble 
zinc phases

Leaching, pH 1 X Leachability of zinc 
at pH 1

Hydrocycloning X One stage hydrocycloning

Hydrocycloning X Two stage hydrocycloning
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2.3. Leaching
The leaching experiments were conducted using sulfuric 

acid. The choice of acid was based upon availability and 
price to ensure relevant results for industrial practice. Two 
different leaching experiments were conducted. The first 
experiment, aiming at determining the ratio between weak 
acid soluble zinc minerals and franklinite, was conducted at 
a pH of 3, a temperature of 80°C and a liquid solid ratio of 
10. Sampling of the leaching liquor throughout the experi-
ment was used in order to ensure complete leaching of the 
weak acid soluble zinc phases. The experiment was ended 
after six hours. The second experiment was performed at a 
pH of 1, a temperature of 80°C and a liquid solid ratio of 
10. The leaching liquor was sampled throughout the leach-
ing and the experiment was ended after 30 minutes. In both 
leaching experiments the leaching residue was separated 
from the leaching liquor by filtration. After the filtration, the 
filter cake was washed with deionized water. The pH value 
and temperature of the experiments were controlled manu-
ally and yield calculations were based upon the analyses of 
the untreated sludge and washed leaching residue. Sulfuric 
acid of 5 M concentration was used for the pH control.

3. Results and Discussion

3.1. Characterization
Considering the composition of the BF sludge, presented 

in Table 2, dominated by iron and rich in carbon, it is clear 
that it is of interest to recycle this residue back to the pro-
cess. In addition to reducing the amount of material sent to 
landfill, recycling would increase the material and energy 
efficiency of the process. The composition of the sludge 
reflects the operation of the BF. The iron and carbon con-
tent represent the dust formation of the materials charged 
in the highest amounts, namely iron ore pellets, coke and 
coal. The other elements can be attributed to slag formers, 
recycling of in plant residues and gangue in both the iron 
ore pellets and coke.

Zinc, with its boiling point of 907°C, travels with the 
ascending gas in the BF, condensing in the upper parts 
of the furnace. The dust-forming mechanism of zinc can 
therefore be assumed to be mainly chemical rather than 
mechanical. Consequently, it is expected that zinc, having 
little opportunity to form larger particles, will be dominantly 
distributed in the finest fraction of the sludge. Furthermore, 
it is expected that zinc will condense on finer particles to a 
larger extent due to the specific surface area. The results of 
the ultrasonic sieving, presented in Table 3, are in line with 
these expectations.

The zinc content of the sludge studied in the present paper 
is considerably lower compared to sludges that have been 
investigated in previous studies.2,4,5,7,9) In the case of upgrad-
ing using hydrocyclones, the zinc content of the untreated 
sludge in the present study is less than5) or in the range of4) 
the zinc content of the dezinced fraction published previ-
ously. This highlights the aim of dezincing: to introduce a 
bleed of zinc from the furnace, regardless of how low the 
starting zinc content is, rather than reaching a generalized 
zinc content of the dezinced fraction to be recycled.

The fineness of the sludge, as seen in Fig. 2, is an effect 
of utilizing an aerocyclone as the primary gas cleaning 
equipment. In comparison to the widely used gravity dust 
catcher, the aerocyclone is operating at higher efficiencies 
and achieving separation at significantly lower particle 
sizes.11) The effect of using an aerocyclone or a dust catcher 
on the distribution of zinc in the BF sludge is illustrated 
when comparing the results of the ultrasonic sieving of the 

Table 2. Chemical composition in weight% of the BF sludge.

Fe (%) C (%) Zn (%) Ca (%) Si (%) Al (%) Mg (%) P (%) Na (%) K (%) S (%) Ti (%) V (%) Mn (%)

51.5 10.7 0.44 2.8 2.2 0.9 1.0 0.02 0.05 0.07 0.2 0.2 0.2 0.2

Fig. 1. Experimental setups of the hydrocyclone experiments.

Table 3. Distribution of total solids, iron, carbon and zinc in the 
different fractions.

Size fraction (μm) Solids (%) Fe (%) C (%) Zn (%)

>20 12.9  8.4 34.5 10.4

11–20 13.3 14.9  9.3  7.1

5–11 24.5 29.5 12.5  8.8

<5 49.2 47.2 43.6 73.6
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present study with results from a study by Heijwegen and 
Kat.2) In the present study, sludge produced from scrubbing 
the fine fraction generated by an aerocyclone carried 73.6% 
of the total zinc content in the minus five micron fraction. 
The same size fraction contained a comparable figure of 
75% of the total zinc content of a sludge produced by scrub-
bing the fine fraction from a dust catcher.2) In comparison, 
the distribution of the total solids in these fractions was 
49.2% in the present study and 16% in that of Heijwegen 
and Kat.2) Although the behavior of zinc in the BF, and 
therefore the characteristics of the BF sludge, is dependent 
on the operation of the furnace, it is likely that the difference 
observed is an effect of the different primary gas cleaning 
equipment.

Considering the difference between the distribution of 
zinc in BF sludge coming from a primary aerocyclone and a 
primary dust catcher it is clear that the potential to separate 
zinc by size classification equipment is greater in the latter 
case. Nonetheless, the results in Table 3 suggest that the 
effectiveness of utilizing a primary aerocyclone to enable 
recycling of the dust formed in the BF could possibly be 
even further improved by introducing an additional separa-
tion by size. The hydrocyclone, achieving separation by size 
and specific gravity, is a candidate, as it can be operated to 
classify down to cut size, d50, of 2 μm.12)

The main mineral phase in the BF sludge, according to the 
XRD, is hematite. This is reasonable, considering the iron 
content and the fact that mechanical dust formation from 
the iron burden generates hematite dust particles. Further-
more, from the relative intensities, it can be concluded that 
magnetite is the second-most common iron phase followed 
by wüstite. Other mineral phases detected were calcite, peri-
clase and graphite. Also, it is acknowledged that the peaks 
of silica and graphite are overlapping. Running the XRD 
measurement on the plus 20 micrometer fraction, rich in 
carbon, a hump in the diffractogram was observed between 
20 and 30 °2θ, which is attributed to the amorphous coke. 
The diffractogram of this measurement is given in Fig. 3.

Considering the phase determination of zinc in BF sludge 
using XRD, two challenges are faced. First and foremost, 
the probable phases of franklinite and smithsonite are iso-
structural with magnetite and calcite, respectively. Second, 
the zinc content is low, rendering conventional XRD unsuit-

able to use. Two different methods have been reported to 
successfully determine the distribution of the zinc phases 
in waste oxide dusts from integrated steel plants; namely, 
sequential extraction8,13,14) and methods utilizing synchro-
tron induced X rays.14,15) In this study a leaching experiment 
inspired by sequential extraction was conducted in order to 
determine the distribution between acid soluble zinc phases 
and franklinite.

The results of the leaching experiment showed that, at a 
pH of 3 and a temperature of 80°C, 80% of the zinc is read-
ily soluble in weak acid conditions, leaving 20% distributed 
as franklinite. Phases soluble under these conditions are 
zincite and smithsonite. It has been demonstrated that dis-
tinguishing between zincite and smithsonite using sequential 
extraction is problematic.14) Therefore, the results achieved 
in the weak acid leaching were considered satisfactory and 
no attempts to distinguish between the weak acid soluble 
phases were made.

From this leaching experiment it can be concluded that 
a hydrometallurgical process is of interest to investigate, as 
80% of the zinc was leached under weak acid conditions. 
By introducing more harsh leaching conditions it is expected 
that the zinc removal can be further improved by franklinite 
leaching.

The moisture content of the sludge sample allowed the 
sludge to be formed into a tablet. After drying, the tablet 
was split in half to study the fresh surface in the SEM. 
Figures 4(a) and 4(b) illustrate the strategy of the SEM 
study. The two images show the same particle using two 
different detectors. The image in Fig. 4(a) was acquired 
using the Energy selective Backscatter (EsB) detector oper-
ating a grid of 1.45 kV at an acceleration voltage of 1.5 kV. 
The compositional contrast of the low loss backscattered 
electrons detected by the EsB detector was utilized in order 
to distinguish between different phases. The morphology of 
the sludge sample was studied using the Secondary Electron 
(SE) detector, Fig. 4(b). Finally the composition of areas of 
interest was determined using EDS.

The particle of several microns in size seen in Figs. 4(a) 
and 4(b) is an iron oxide particle. It is carrying particles in 
the submicron size range. Particles A, B and C marked in 
Fig. 4(b) are calcium oxide, iron oxide and carbonaceous 
material, respectively. There are two limitations of using 

Fig. 2. Particle size distribution determined by laser diffraction 
and ultrasonic sieving. Fig. 3. Diffractogram of the plus 20 micrometer fraction.
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the EDS detector to analyze the present sample. First, the 
sample is not polished; however, areas such as the one in 
Figs. 4(a) and 4(b) were favored in order to analyze some-
what flat surfaces. Nonetheless, the present approach was 
favored over analyzing polished powder samples mounted 
in epoxy, as it was considered that the information of par-
ticles found on the surface of other particles would be lost 
due to polishing. The second limitation of the EDS analysis, 
using the present approach, is recognized as the difficulty 
to analyze particles in the micron size range considering 
the interaction volume. Therefore, an acceleration voltage 
of 6.0 kV was utilized as a compromise between interac-
tion volume and information from the spectra. Considering 
this, the approach cannot be used to get information about 
the elemental composition related to mineral phases of the 
submicron particles on the surface of the larger substrate 
particle. However, in combination with the XRD it can be 
determined that it is more likely that particle A is calcite 
rather than calcium ferrite and that the iron content of the 
EDS analysis of this particle comes from the fact that the 
interaction volume penetrates into the iron oxide substrate 
particle. Also, using the results from the XRD as a start-
ing point, it can be assumed that the carbonaceous particle 

marked C in Fig. 4(b) is either coke or graphite.
Using the approach described above the sample was 

analyzed, giving information that can be summarized as 
following. First, the morphology of the carbonaceous par-
ticles is generally flaky. Furthermore, particles larger than 
several microns generally carry particles in the submicron 
and micron range adhered to their surfaces. These particles 
found on the surface include particles of coke or graphite, 
iron oxide, calcium oxide and particles rich in silicon and 
aluminum. Also, agglomerates of particles in the micron and 
submicron range were found. The agglomerates are hard to 
analyze, as the surface is generally rough and the interaction 
volume includes several phases.

Concerning zinc, no larger particles with a composition 
corresponding to zincite, smithsonite or franklinite were 
found. However, zinc was readily found in the sample, as 
about 76% of the analyzed points contained zinc. From the 
EDS analyzes it was found that the matrix of the carbona-
ceous particles did not contain any zinc. Nevertheless, con-
sidering that the micron and submicron particles deposited 
on the surface carry zinc, these particles of coke or graphite 
are associated with zinc. Furthermore, the seemingly clean 
surfaces of larger iron oxide particles, such as area D in 
Fig. 4(b), were analyzed for zinc, suggesting that zinc is 
included in the iron oxide matrix on the surface. As zinc 
was detected in spectrums rich in calcium and silicon, the 
results suggested that zinc is associated with all phases and 
it could therefore not be determined if the condensation of 
zinc is favored on certain phases.

In order to acquire statistics on association of zinc with 
specific phases, automated scans using INCA software from 
Oxford Instrumentals were conducted. The approach was 
discontinued as the lower limit of particle size scanned with 
confidence was not satisfactory to acquire statistical results 
representing the whole sample. Therefore, the results of the 
qualitative association of zinc, as presented above, were 
considered satisfactory.

3.2. Hydrocycloning
3.2.1. Response to Dimensioning and Operating Parame-

ters
As the efficiency of separation is affected by the param-

eters that were altered in the study, a set of experiments was 
conducted to investigate the response of the performance 
when changing the inlet pressure and dimensioning of the 
hydrocyclone.

The response of the capacity, or feed rate, with increas-
ing inlet pressure is illustrated by Fig. 5(a). Increasing inlet 
pressure results in an increase in the capacity. Consequently, 
the centrifugal force exerted on the particles in the feed is 
higher and the finer particles settle faster and report to the 
underflow, decreasing the cut size, d50, Fig. 5(a). Further-
more, it was observed that the imperfection is on average 
lower for inlet pressures of 1.6 bar and higher. Thus, a 
higher inlet pressure favors sharpness of separation.

As illustrated by Fig. 5(b), increasing inlet pressure is 
accompanied by a decrease in zinc content of the underflow. 
Intuitively, this contradicts the trend of lower cut size with 
increasing inlet pressure, considering the distribution of 
zinc in the finer fractions, as shown in Table 3. On the one 
hand, the lower cut size works towards an increased amount 

Fig. 4. Images of the same particle using two different detectors. 
a) Image captured using EsB b) Image captured using SE 
detector. Particles A, B and C are calcium oxide, iron 
oxide and carbonaceous material judged to represent coke 
or graphite, respectively. Area D is a clean surface of the 
larger iron oxide particle.
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of fines in the underflow. On the other hand, the efficiency 
of separation increases with increasing inlet pressures; this 
results in an increased portion of the particles finer than five 
micron reporting to the overflow. The net effect of this is 
decreased zinc content of the underflow, as illustrated in Fig. 
5(b). Considering the actual recovery of zinc in the under-
flow, the results are more erratic. This is due to the fact that 
no clear trend was observed for the solids recoveries when 
varying the inlet pressure.

By changing the diameter of the apex, keeping all other 
parameters constant, the effect of different ratios between 
the diameter of the vortex finder and apex was studied. 
Figure 6 illustrates the effect of different ratios on the 
separation efficiency curve and Table 4 presents the imper-
fection and cut size, d50, of the experiments. Figure 6 shows 
that the definition of the imperfection used fails to describe 
the sharpness of separation for a ratio of two. Therefore, the 
experimental results were modeled according to Eq. (2).16,17)
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The equation represents an efficiency curve and Y is the 
fraction of feed reporting to the underflow, X is the particle 
size, A is a value representing the slope of the curve, B is 
the by-pass, i.e., intersection with the Y-axis, and C is the 
cut size. Using Eq. (2), the three experiments were described 

and the d25, d50, d75 and imperfection were calculated for 
each modeled experiment. The imperfection calculated from 
the modeled experiments, presented in Table 4, quantifies 
what can be observed in Fig. 6, i.e., increasing the ratio 
from two to three continuosly improves the sharpness of 
separation.

The Tromp curve in Fig. 6 shows that keeping the diam-
eter of the vortex finder constant while increasing the diam-
eter of the apex brings more finer particles into the under-
flow and, consequently, the cut size is decreasing. As the 
zinc is mainly distributed in the minus five micron fraction, 
Table 3, the recovery of zinc in the underflow is increased. 
Thus, operating at a ratio of three compared to 2.4 or two 
improves the recovery of zinc in the overflow. Furthermore, 
the additional fines reporting to the underflow when operat-
ing on a ratio lower than three significantly increase the zinc 
content of the underflow. Therefore, increasing the ratio of 
the diameter of the vortex finder and apex from two to three 
improves the sharpness of separation and alters the cut size, 
favoring the separation efficiency of zinc.

3.2.2. Comparison of One- and Two-stage Hydrocycloning
The separation efficiency curves of the one- and two-

stage hydrocyclone experiments yielding the most effi-
cient separation for one-stage and two-stage experiments, 
respectively, are presented in Fig. 7. The figure illustrates 
that most of the minus five micron fraction reports to the 
overflow. The tabulated values of the imperfection, Table 
5, show that, as expected, the sharpness of separation of the 
two-stage experiment is superior to that of the one-stage. 

Fig. 5. a) Effect of inlet pressure on the relative capacity and d50. 
b) Effect of inlet pressure on the zinc content in the under-
flow.

Fig. 6. The effect of difference in ratio between the diameter of 
vortex finder and apex.

Table 4. The effect of difference in ratio between the diameter of 
the vortex finder and apex on the d50 and imperfection.

Ratio d50 (μm) Imperfection 
(Experimental)

Imperfection 
(Modeled)

3 6.7 0.35 0.38

2.4 6.2 0.44 0.49

2 5.2 N.A 0.72
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The imperfection is improved by 16% when operating the 
two stage setup compared to the one stage.

The separation efficiency curves of both the one-stage 
and two-stage experiments deviate from the typical smooth 
S-shape of this type of curve. This deviation appears 
between 14 μm and 25 μm. The appearance of the curves 
in this size range suggests that each curve is made up of 
two separate curves; one of less dense phases with a higher 
cut point and one of denser phases. This is an effect of the 
heterogeneity of the sludge.

The results of the zinc removal and iron, carbon and 
solids recovery for the experiments presented in Fig. 7 are 
presented in Table 6. Considering the distribution of zinc 
with size, Table 3, the difference in zinc removal can be 
attributed to the higher recovery of the finest particles in 
the two-stage experiment compared to the one-stage, as 
seen in Fig. 7. The repeatability of the experiments was 
confirmed by running the same setup in triplicate. By keep-
ing all parameters constant, only changing sludge samples 
between each experiment, it was found that the distribution 
of zinc in the overflow was 70.3, 73.6 and 72.7%. From 
these experiments, the standard deviation was calculated to 
1.7%. Therefore, the zinc removal of the two experiments 
presented in Table 6 is separated by more than one standard 
deviation. The standard deviation of the solids, iron and 
carbon recoveries was 0.9, 0.8 and 1.3% respectively.

Comparing the results presented in Tables 3 and 6 the 
zinc removal and corresponding iron recovery achieved in 
the hydrocycloning is above what can be expected when 
considering the ultrasonic sieving. This suggests that the 
dominant zinc containing phase is less dense than the oxidic 

iron phases. Therefore, the results of the leaching can be 
complemented by suggesting that the distribution between 
zincite and smithsonite is dominantly smithsonite, as this 
mineral has a lower density.

Considering the size distribution of carbon, as seen in 
Table 3, the recovery of carbon in both experiments could 
be expected to be significantly higher. However, graphite 
and coke, detected in the XRD, have considerably lower 
specific gravities than e.g., the iron oxide phases. The results 
are considered to be reasonable. Furthermore, the flaky mor-
phology of the carbonaceous particles, observed in the SEM, 
also supports that carbon tends to the overflow.

The effect of the association of zinc with the different 
phases, observed in the SEM, on the results of the hydro-
cycloning is unclear. The particles in the submicron and 
micron range found on the surface of larger particles may 
leave the host particle as a result of the action of the pump 
in the hydrocyclone rig.

3.2.3. Multi-Objective Optimization of the Hydrocyclon-
ing Process

In Figs. 8(a) and 8(b), results from all the different 
experimental setups are presented. Each data point repre-
sents one unique hydrocyclone setup with respect to design 
and process parameters. In order to evaluate the results, a 
multi objective optimization approach was employed. Four 
objectives were identified; namely, maximizing the removal 
of zinc from the sludge and maximizing the recovery of 
iron, carbon and solids. Figure 8(a) illustrates that there 
is no conflict between increasing the recovery of iron and 
solids. Figures comparing the recovery of solids and carbon 
as well as iron and carbon were produced; these are omitted 
to avoid repetition. These figures illustrate that there was no 
conflict in any of these cases.

Figure 8(b) shows that there are two regions, denoted 
1 and 2, where there is essentially no conflict between an 
increased zinc removal and recovery of iron. When operat-
ing setups reaching zinc removals above 67%, the region 
denoted 3 in Fig. 8(b), there is a pronounced conflict with 
the recovery of iron. The same trends were observed for the 
objectives of maximizing the recovery of total solids and 
carbon with the zinc removal. These figures are omitted to 
avoid unnecessary repetition. Table 7 summarizes the con-
flicts of the different objectives.

Based on the principle of classification of the hydrocy-
clone and the results of Table 3 it is clear that there will be 
a conflict between zinc removal and the recovery of iron, 
carbon and total solids when aiming at a high zinc removal. 
Furthermore, studying Fig. 8(b), the previous argument that 
the separation of iron from zinc is not entirely governed by 
size is strengthened, as the combination of zinc removal and 
iron recoveries recorded is better than what can be expected 

Fig. 7. Separation efficiency curves, Tromp curves, of the one- 
and two-stage experiments.

Table 5. Comparison of the d50 and imperfection of the one- and 
two-stage experiments.

Experiment d50 (μm) Imperfection

One-stage 6.7 0.35

Two-stage 7.0 0.29

Table 6. Removal of zinc and recovery of iron, carbon and solids 
of the one- and two-stage hydrocyclone experiments.

Experiment Zn removal 
(%)

Fe recovery 
(%)

C recovery 
(%)

Solids 
recovery (%)

One-stage 67 74 50 67

Two-stage 71 72 49 66
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from Table 3. Also, the previous arguments regarding the 
effect of density and morphology of the carbonaceous 
material on the recovery are confirmed when considering 
all experiments.

By assuming no conflict in the two regions of the two vir-
tually horizontal lines, denoted 1 and 2 in Fig. 8(b), the best 
hydrocyclone setups regarding zinc removal and recovery 
of iron, carbon and total solids were selected. Furthermore, 
the hydrocyclone setup yielding the highest zinc removal 
and corresponding recoveries was selected for the conflict 
region denoted 3. The results of these experimental setups, 
presented in Table 8, are the basis of the decision-making 
regarding choice of hydrocyclone design and operating 
parameters.

From a process point of view there is a threshold of 
minimum zinc removal required to enable recycling to the 

BF without inducing an accumulation of zinc in the fur-
nace. This value has to be determined by a plant-specific 
system analysis and is therefore not reported in this paper. 
However, from the results presented in Table 8, it is clear 
that the required zinc removal will determine the amount 
of iron, carbon and total solids that can be recovered from 
the BF sludge. Therefore, the setup allowing the recovery 
of iron, carbon and solids to be maximized while satisfying 
the zinc removal criteria determined by the system analysis 
should be chosen.

If the required zinc removal is within the area of conflict, 
region 3 in Fig. 8(b), there is yet another parameter to be 
considered; namely, operating a one- or two-stage setup. 
As the one stage setup can be designed to remove 74% 
of the zinc while recovering 66, 37 and 59% of the iron, 
carbon and solids, respectively, the additional complexity 
and capital cost of a two-stage setup can be avoided while 
still achieving satisfactory results using a one-stage hydro-
cyclone.

The dimensional and operating aspects of the three hydro-
cyclone setups yielding the results of region two and three 
in Table 8 are in line with the results of section 3.2.1, i.e., 
a high inlet pressure and a high ratio between the diameter 
of the vortex finder and apex of three. Also, the main dif-
ference in the increased zinc removal with the, essentially, 
constant iron recovery of region one can be attributed to 
higher ratios of the diameter of the vortex finder and apex.

3.2.4. Effect of Origin of BF Sludge
The solids recovery in the present study is significantly 

lower than what is reported in the literature for similar 
figures of the zinc removal.4,5) Furthermore, the maximum 
zinc removal achieved in the present study is considerably 
lower than what has been achieved previously.3–5) Interest-
ingly, the highest zinc removal figures of 90–91%3–5) have 
been reported for solids recoveries outperforming that which 
is reported for the 77% zinc removal in the present study. 
This shows that, indeed, the circumstances determining the 
properties of the sludge have a great influence on the effi-
ciency of the hydrocyclone in reaching a high zinc removal 
while recovering solids rich in iron and carbon to the BF.

The major factor determining the efficiency of using the 
hydrocyclone as a dezincing unit, aiming at recovering as 
much solids as possible in the underflow, is the primary gas 
cleaning equipment. As discussed in section 3.1, the results 
from ultrasonic sieving of the sludge in the present study 
and that of Heijwegen and Kat2) suggested that using hydro-
cycloning to dezinc the sludge had less potential after using 
a primary aerocyclone compared to a primary dust catcher. 
It is likely that the difference in performance observed 
between the literature and the present study, as discussed 

Fig. 8. a) Iron recovery vs. solids recovery. b) Iron recovery vs. 
Zn removal. Each point in the figures represents a unique 
experimental setup.

Table 7. Matrix of conflicts for the objectives. X denotes where a 
conflict between the objectives exists. Not applicable is 
denoted N.A.

Zn removal 
→max

Fe recovery 
→max

C recovery 
→max

Solids recovery 
→max

Zn removal 
→max N.A. X X X

Fe recovery 
→max N.A. N.A. – –

C recovery 
→max N.A. N.A. N.A. –

Solids recovery 
→max N.A. N.A. N.A. N.A.

Table 8. Results of the highest zinc removals of the three regions 
marked in Fig. 8(b).

Region Zn removal 
(%)

Fe recovery 
(%)

C recovery 
(%)

Solids 
recovery (%)

1 55 78 61 73

2 67 73 50 68

3 77 57 32 51
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above, also stems from the use of different primary gas 
cleaning equipment.

No data to compare the overall efficiency of using either 
a primary aerocyclone or dust catcher together with a 
hydrocyclone were available. However, based on the results 
of the present study, it has been estimated that the recy-
cling achieved by operating a primary aerocyclone can be 
improved from 79% to 92% of the total dust emissions by 
introducing a hydrocyclone. This estimation is site-specific 
and based on the assumption that the one-stage hydrocy-
clone setup yielding the highest zinc removal was required 
to enable recycling of the BF sludge. Furthermore, as the 
overflow of the hydrocyclone is theoretically self-reducing, 
there is potential to agglomerate and recycle the remaining 
part of the dust emission from the BF to e.g., the desulfur-
ization plant or basic oxygen furnace.

3.3. Hot Sulfuric Acid Leaching
There are cases where sulfuric acid has been regarded 

as unsuitable to use as leaching agent.2,9) In both of these 
cases the conditions of the leaching have not justified the 
use of the acid, whether the conditions are too mild2) or 
leaching time is unreasonably prolonged, at least for the 
purpose of zinc removal, resulting in a high leaching yield 
of iron.9) However, studies show that the use of sulfuric acid 
is superior to other mineral acids such as hydrochloric acid 
and nitric acid when it comes to removing as much zinc as 
possible from BF sludge.7,9) It has also been demonstrated 
that sulfuric acid is superior to hydrochloric acid and nitric 
acid in the leaching of zinc in synthetic zinc ferrite.18) In the 
present study, the hot acid leaching using sulfuric acid at pH 
1 resulted in a leaching yield of 95% of the zinc, leaving 
a residue with a zinc content of 0.025%. In addition, the 
recovery of iron in the residue was 91%. These results are in 
line with results presented in the literature,7) suggesting that, 
indeed, sulfuric acid is a good leaching agent for dezincing 
BF sludge while maintaining most of the iron in the residue.

The course of the hot sulfuric acid leaching is presented 
in Fig. 9. The leaching of zinc is essentially completed after 
ten minutes and prolonged leaching solely works towards 
increased heat losses, acid consumption and leaching of 
iron. Therefore, by ending the leaching experiment earlier 
the recovery of iron in the residue could have been further 
improved.

Calculating the final leaching recovery of zinc based on 
the analysis of the filtrate sample suggests that the recovery 
reaches a value of 105%. The deviation can be an effect 
of the use of different methods of analysis in the untreated 
sludge and filtrate. In order to follow the leaching operation 
in terms of leaching recovery, Fig. 9, rather than concentra-
tion of zinc in the leaching liquor, the ratio of the leaching 
recoveries obtained based on the analysis of the residue and 
filtrate was utilized to scale down the leaching recoveries of 
the samples of the leaching liquor sampled after 5, 10 and 
15 minutes.

A leaching operation using the setup of the current paper 
would successfully dezinc the sludge, enabling the recycling 
of a leaching residue containing 86% of the total solids, 91% 
of the iron and 100% of the carbon in the original sludge. 
However, if the demand on the zinc removal is lower, the 
leaching procedure can be designed to retain more iron in 
the residue. If the leaching of the weak acid soluble zinc 
phases, zincite and smithsonite, achieved at pH 3 is satis-
factory, the iron recovery can be increased to above 96%. 
Furthermore, this would increase the total recycling of sol-
ids in the sludge to 93%.

Solution purification was not considered in the experi-
mental part of this paper. However, an approach similar 
to that described and studied in the European Commission 
funded project “Integrated, cost effective and clean treat-
ment of EAF dust (INTECT)”19) can be considered. Cemen-
tation of iron by elemental zinc would further increase the 
recycling and maximize the material utilization. Adding 
alkali metal carbonates to the cemented leaching liquor 
would precipitate zinc carbonate. Finally, the production of 
zinc oxide by thermal decomposition of the zinc carbonate 
makes the zinc product suitable for sale to zinc processing 
plants, thus maximizing the recycling and minimizing the 
landfill at the steel plant.

4. Conclusions

In the present paper, BF sludge with low zinc content, 
generated in a BF operating an aerocyclone as the primary 
gas cleaning equipment, has been studied. The characteriza-
tion of the sludge has been utilized as a starting point in 
order to design and evaluate the performance of two dif-
ferent zinc removal processes; namely, hydrocycloning and 
sulfuric acid leaching. Using a multi-objective optimization 
approach to evaluate the results of the different hydrocy-
cloning setups it was found that there is no conflict between 
the increased recovery of iron, carbon and solids. However, 
as a consequence of the characteristics of the sludge, a 
conflict between removal of zinc and recovery of iron, car-
bon and solids arises when aiming at removing more than 
67% of the total zinc. Depending on the requirement on the 
removal of zinc, it was concluded from the multi-objective 
optimization analysis that three different hydrocyclone set-
ups are optimal to use:

•  A, comparably, low requirement on the zinc removal 
allows 55% of the zinc to be removed while recover-
ing 78, 61 and 73% of the iron, carbon and solids, 
respectively.

•  A, comparably, medium requirement on the zinc 
removal allows 67% of the zinc to be removed while 

Fig. 9. Leaching recovery with time for the sulfuric acid leaching 
at pH 1.
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recovering 73, 50 and 68% of the iron, carbon and 
solids, respectively.

•  Maximizing the zinc removal allows 77% of the zinc 
to be removed while recovering 57, 32 and 51% of the 
iron, carbon and solids, respectively.

From the sulfuric acid leaching experiments it was con-
cluded that:

•  By hot sulfuric acid leaching, 95% of the zinc can be 
removed from the sludge while recovering 91, 100 and 
86% of the iron, carbon and solids, respectively, for 
charging in the BF.

•  Depending on the requirements on the zinc removal, 
the leaching can be designed to further increase the 
amount of sludge, and therefore iron, to be recycled 
in the BF.

Thus, the results of the lab-scale experiments of the pres-
ent paper suggest that it is possible to dezinc the BF sludge, 
making it eligible for in-plant recycling. This would enable 
the recycling of 51 to 93% of the BF sludge, depending 
on the requirement on zinc removal and chosen dezincing 
route.
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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 
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× 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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Abstract: In ore-based steelmaking, blast furnace (BF) dust is generally recycled to the BF via the
sinter or cold-bonded briquettes and injection. In order to recycle the BF sludge to the BF, the sludge
has to be upgraded, removing zinc. The literature reports cases of recycling the low-zinc fraction
of upgraded BF sludge to the BF. However, research towards recycling of the high-zinc fraction of
BF sludge within the ore-based steel plant is limited. In the present paper, the high-zinc fraction of
tornado-treated BF sludge was incorporated in self-reducing cold-bonded briquettes and pellets. Each
type of agglomerate was individually subjected to technical-scale smelting reduction experiments
aiming to study the feasibility of recycling in-plant residues to the hot metal (HM) desulfurization
(deS) plant. The endothermic reactions within the briquettes decreased the heating and reduction rate
leaving the briquettes unreduced and unmelted. The pellets were completely reduced within eight
minutes of contact with HM but still showed melt-in problems. Cold-bonded briquettes, without BF
sludge, were charged in industrial-scale trials to study the recycling potential to the HM deS plant
and basic oxygen furnace (BOF). The trials illustrated a potential for the complete recycling of the
high-zinc fraction of BF sludge. However, further studies were identified to be required to verify
these results.

Keywords: recycling; blast furnace sludge; smelting reduction; desulfurization; basic oxygen furnace;
cold-bonded briquettes; cold-bonded pellets; low-sulfur binders

1. 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. Domestic environmental legislation [1] as well as the cost of raw
material and energy continue to drive efforts towards increased recycling. However, the recycling has
to be economically feasible and possible from a process technical standpoint.

One of the residues that is in general recycled completely—with no landfill—is the dry blast
furnace (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 wet finer residue is normally collected by scrubbing the gas;
namely, the BF sludge. The BF sludge is generally landfilled despite having a chemical composition
dominated by iron and carbon. There are three principal reasons that this residue is not recycled:
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the zinc content, the fine particle size distribution and the water content. Generally, 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 pre-treated,
removing zinc, before recycling in order to avoid its accumulation. The effects of zinc in the BF include
increased reductant rates, reduced life of carbon-based refractories and scaffold formations, which may
lead to a disturbed descent [2]. Thus, avoiding the accumulation of zinc in the furnace is essential.

The removal of zinc from BF sludge and recycling of the low-zinc fraction via the sinter [3–7] or
cold-bonded pellets [7] to the BF has been implemented in industrial scale. However, on-site recycling
of the high-zinc fraction generated in the dezincing process has not been reported. A logical step in
recycling of the high-zinc fraction is to consider the available on-site processes, e.g., the hot metal (HM)
desulfurization (deS) plant and basic oxygen furnace (BOF).

The BOF has been acknowledged as an alternative route for recycling of off-gas dusts from the
integrated steel plant [8–12]. In one publication, recycling to the BOF by replacing the sinter used
as coolant was stated to be limited in tonnage and was recognized as a partial solution for recycling
of integrated steel plant dusts [8]. Nonetheless, industrial-scale trials have shown that off-gas dust
from the BOF as well as BF dust can successfully be recycled via cold-bonded agglomerates to the
BOF in the amounts of 23 [9] and 40 [10] kg per ton HM (kg/tHM). In the former study, 23 kg/tHM
was the maximum recycling rate used in the trials [9]. In another study, cold-bonded briquettes were
shown to be suitable to recycle all BOF sludge back to the BOF [11]. In addition, hot briquetting has
been employed to recycle the BOF dust back to the BOF in industrial practice [12]. As the BOF has
been recognized as a possible recycling route for in-plant residues, a logical succession is to study the
potential of recycling the high-zinc fraction of upgraded BF sludge using this process.

Recycling to the BOF sets limitation on the agglomerates regarding their sulfur content,
as recycling to this process is accompanied by sulfur pick-up in the crude steel [10]. This might
limit the recycling rate in this process depending on the quality requirement of the produced steel
and the sulfur removal capacity of the BOF process. Tang et al. [10] reported steel grades with sulfur
requirements stricter than 0.008 wt.% were not eligible for recycling whereas steel grades allowing up
to 0.015 wt.% sulfur could be used to recycle up to 40 kg/tHM. In order to meet the required quality of
the steel, recycling prior to the deS of the HM should be considered as well. Prior to the current paper,
research on this recycling route was yet to be reported.

In the present paper, smelting reduction of cold-bonded agglomerates in the form of briquettes
and pellets was studied in technical-scale experiments aiming for recycling the high-zinc fraction of
upgraded BF sludge in the HM deS plant. In addition, the potential for recycling the sludge was
studied in industrial-scale trials by charging cold-bonded briquettes, without BF sludge, to the HM deS
plant. In order to study the feasibility of improving the recycling capacity while maintaining the high
quality of the final steel, the cold-bonded briquettes were charged to the BOF in industrial-scale trials as
well. Furthermore, the sulfur pick-up of the crude steel was addressed by producing and characterizing
cold-bonded briquettes produced with binders of low-sulfur contents in laboratory-scale.

2. Materials and Methods

2.1. Technical-Scale Experiments

2.1.1. Material Characterization and Agglomeration

BF sludge from SSAB Oxelösund was upgraded, generating a low-zinc and high-zinc fraction,
by utilizing the tornado process. The tornado is a high-velocity cyclone operating on pre-heated air.
Tikka et al. [13] have previously described the equipment. The average iron, carbon, sulfur, and zinc
content based on three samples of the high-zinc fraction of the BF sludge is presented in Table 1.
The samples were taken during the operation of the tornado. A ThermoScientific ARL 9800 X-ray
fluorescence (XRF) instrument with a rhodium tube (Thermo Fisher Scientific, Waltham, MA, USA)
was used to determine the iron content of the sludge. A LECO CS444 combustion infrared detection
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analyzer (LECO, St. Joseph, MI, USA) was used for the determination of carbon and sulfur. Inductively
coupled plasma sector field mass spectrometry (ICP-SFMS) was used to analyze the zinc content.
The digestion of the sample prior to the ICP-SFMS analysis was achieved by microwave-assisted
dissolution in a mixture of nitric acid, hydrochloric acid, and hydrofluoric acid. The analysis was
performed using a Thermo Finnigan Element 1 ICP-SFMS instrument (Thermo Fisher Scientific,
Waltham, MA, USA).

Table 1. Wt.% of iron, carbon, sulfur and zinc in the high-zinc fraction of the upgraded blast
furnace sludge.

Fe C S Zn

29.6 19.5 0.31 1.57

The high-zinc fraction of the tornado-treated BF sludge was incorporated in both cold-bonded
briquettes and pellets using the recipe presented in Table 2. Desulfurization scrap is fines of the
magnetic fraction of the deS slag. Secondary dust is a dry filter dust collected from the steel shop.
The recipe presented in Table 2 was designed to form self-reducing agglomerates.

Table 2. Recipe (wt.%) used for the briquettes and pellets in the technical-scale experiments.

High-Zinc Fraction of BF Sludge Desulfurization Scrap Secondary Dust Cement

25 50 15 10

Before the briquetting, the materials were mixed in a SoRoTo 40 L-33 (Soroto, Glostrup, Denmark)
forced action mixer with several impellers. The briquetting was accomplished using a TEKSAM
VU600/6 unit (TEKSAM, Hanstholm, Denmark) operating vibrating press technology. The hexagonal
briquettes were approximately 7 cm high and 6.5 cm edge to edge. The briquettes were cured in
humidified atmosphere for 24 h and then left in ambient room conditions for about 28 days. Prior to
the experiments, the cured briquettes were dried to avoid explosions.

The deS scrap in the pellet recipe was ground using a rod mill to generate an appropriate particle
size distribution for pelletization. The pellets were produced using a Mars Mineral DP14 Agglo Miser
(Mars Mineral, Mars, PA, USA) equipped with a pelletizing disc of 35.6 cm in diameter. Screening of
the pellets was performed to achieve a narrow size fraction between 9.5 mm and 10 mm. After curing,
the pellets were dried to avoid explosions during the experiments.

2.1.2. Smelting Reduction Experiments

The smelting reduction experiments utilizing the briquettes were performed in an induction
furnace with 80 kg of HM. A smaller induction furnace with 10 kg of HM was used in the experiments
testing the pellets. In both cases, pig iron from BF No. 3 at SSAB Luleå was re-melted. The temperature
of the melt during the experiments was aimed for 1350 ◦C. The principle of the tests was the same
in both setups: the agglomerate was added to the surface of the melt and removed and quenched
in nitrogen gas after predetermined times. The briquettes were scooped out of the melt whereas the
pellets were tied with platinum wires and lifted out of the melt.

The mass loss during the smelting reduction was measured by recording the weight of each
agglomerate before and after contact with the melt. The agglomerates were analyzed for the chemical
composition using XRF, titration (ISO 9035) and LECO analysis. Furthermore, a PANalytical Empyrean
X-ray diffraction (XRD) unit operating a cobalt tube (Malvern Panalytical, Almelo, The Netherlands)
was used to determine the mineralogical composition.
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2.2. Industrial-Scale Trials

Table 3 presents the recipe used to produce the briquettes for the industrial-scale trials. The fine
fraction of steel scrap 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. The chemical composition
of the briquettes was determined using XRF and LECO analyses.

Table 3. Recipe (wt.%) used to produce the briquettes utilized in the industrial-scale trials.

Fine Fraction of Steel Scrap BOF Coarse Sludge BOF Fine Sludge Mill Scale from Cont. Casting Cast House Dust Cement Water

44 22 18 4 1 10 1

Prior to charging the briquettes to the HM deS plant, the briquettes were dried to 1.2 wt.%
moisture to avoid incidents of smaller explosions. The briquettes were added in ten different trials in
amounts ranging from 0.7 to 2.3 kg/tHM, which corresponded to 100–300 kg per heat. The additions
were made to a ladle holding small amounts of HM in the bottom. After adding the briquettes,
HM 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 briquettes ranging from 4.9 to 10.9 kg/tHM were performed. These charging rates
corresponded to 600–1250 kg of briquettes per heat. The effect on the final steel quality was evaluated.

2.3. Low-Sulfur Binders in Cold-Bonded Briquettes

As the sulfur removal capacity in the BOF may be limited, the recycling rate can be improved
if low-sulfur binders are employed in the cold-bonded agglomerates. Briquette recipes using three
different alternative binders were designed in order to study the feasibility of producing agglomerates
lower in sulfur content with adequate strength for handling and recycling. Quicklime (CaO), slaked
lime (Ca(OH)2), and a synthetic organic binder were used to produce briquettes in laboratory scale,
see Table 4. In addition, cement was used to produce the corresponding recipe for cement-bonded
briquettes to offer a reference in terms of strength.

Table 4. Recipes (wt.%) used to produce the briquettes with the low-sulfur binders.

Binder Fine Fraction of Steel Scrap BOF Coarse Sludge BOF Fine Sludge Mill Scale from Cont. Casting Binder

Cement 1 45.0 22.5 18.0 4.5 10.0
Quicklime 45.0 22.5 18.0 4.5 10.0

Slaked lime 45.0 22.5 18.0 4.5 10.0
Synt. organic

binder 50.0 25.0 20.0 5.0 0.03

1 Same recipe as in Table 3 (excluding cast house dust) but produced in technical scale in order to get a reference in
terms of strength.

The strength of the briquettes was measured after the same curing procedure as described in
Section 2.1.1. In addition, the strength of the briquettes produced using the low-sulfur binders was
tested after curing for 72 h in CO2 atmosphere (10 L/min) in a Nabertherm muffle furnace at a
temperature of 50 ◦C. The strength was evaluated by drop tests on a metal plate from a height of 1.0 m.
The number of consecutive drops was counted until the briquette was broken.
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3. Results and Discussion

3.1. Technical-Scale Smelting Reduction Experiments

3.1.1. Characterization of the Agglomerates

The chemical composition of the cold-bonded agglomerates is presented in Table 5.
A representative subsample of a crushed and finely ground briquette was used in the analysis. The high
calcium to silicon ratio is suitable for charging to the HM deS plant as it will not act detrimental for the
sulfur removal capacity of the slag in the deS process.

Table 5. Chemical composition in wt.% of the cold-bonded agglomerates used in the
technical-scale experiments.

Fe Met. Fe(II) Fe(III) 1 O in FeOx CaO SiO2 MgO Al2O3

21.0 2.5 13.3 6.4 23.0 5.8 2.5 2.2

MnO K2O TiO2 V2O5 P2O5 Na2O Zn C

1.9 0.19 0.68 0.43 0.09 0.38 0.93 11.6
1 Calculated based on Fetot, Femet., and Fe(II).

The mineralogical composition of the cold-bonded agglomerates is illustrated in Figure 1.
The identified phases were: hematite (Fe2O3), magnetite (Fe3O4), iron (Fe), periclase (MgO), graphite
(C), calcite (CaCO3), and portlandite (Ca(OH)2). Wüstite (FeO) was not present above the detection
limit of the XRD. Thus, the Fe(II) content presented in Table 5 corresponds to the Fe(II) in magnetite.
Furthermore, lime was not detected in the XRD suggesting that the calcium detected in the XRF was
present as calcite and portlandite.
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Figure 1. Diffractogram of the cold-bonded agglomerate used in the technical-scale experiments.

The reduction during smelting reduction of carbon-composite pellets has been proposed to
occur mainly via the carbon inside the pellet, with little contribution from the carbon in the HM [14].
The carbon in the cold-bonded agglomerates of the present study is distributed as carbon in coke, coal,
calcite, and carburized metallic iron. The metallic iron content of the agglomerate originates from
the deS scrap. Therefore, this iron can be assumed to be carburized to 4.5 wt.% carbon. This means
that 9.5% of the total carbon content in the agglomerate is found in this carburized metallic iron.
Furthermore, making the conservative assumption that all calcium in the agglomerate is distributed as
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calcite implies that 42.3% of the total carbon content will leave as carbon dioxide during the calcination
upon heating, (Equation (1)).

CaCO3 = CaO + CO2, (1)

This means that the carbon content available for reduction is at least 48.2% of the total carbon
content in the agglomerate. Therefore, the carbon to oxygen molar ratio is at least 1.2 when considering
the moles of oxygen bound to iron (see Table 5). Thus, the agglomerate is self-reducible and the high
C/O molar ratio is beneficial as increasing carbon to oxygen quotients have been shown to facilitate a
faster reduction rate in self-reducing agglomerates [15–18].

3.1.2. Smelting Reduction of Cold-Bonded Briquettes

In the industrial process, the cold-bonded agglomerates would be charged to a ladle holding
small amounts of HM. This HM is remaining desulfurized HM left over in the ladle when charging
the BOF. The temperature of this HM was estimated to be 1350 ◦C. Thus, the temperature of the
HM during the experiments in the 80 kg induction furnace was aimed for 1350 ◦C. Furthermore,
in the industrial process, the time between charging the briquettes to the ladle, tapping HM from
the torpedo car to the ladle and transporting the ladle to the HM deS plant is approximately ten
minutes. Therefore, ten minutes was chosen as the longest time the briquettes were in contact with the
melt in the technical-scale experiments. The propagation of the melt-in of the briquettes during these
experiments is presented in Figure 2. A majority of the briquette is still to be melted after ten minutes.
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The results presented in Figure 3 suggest that the average carbon content for the whole briquette
decreased slightly during the smelting reduction. Furthermore, the results of the valences of iron,
determined by XRF and titration, indicated that the briquettes are not on average more reduced after
being in contact with the melt for up to ten minutes as compared to the shorter times. The XRD
analysis showed that the qualitative change in the mineralogy was limited to the detection of three
peaks of brownmillerite (Ca2(Fe,Al)2O5) in the briquettes having been in contact with the melt for
seven minutes or longer. Furthermore, the diffractograms showed a distinct decrease in the relative
intensities of the peaks corresponding to portlandite already after one minute in contact with the melt.
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In order to study the propagation of the reduction in detail, XRD was run on samples from within
the briquette that had been in contact with the melt for six minutes. The sample positions are presented
in Figure 4a. Figure 4b presents the diffractograms of the Melt, Middle and Atmosphere samples. In the
sample labeled Melt, the highest relative intensity was analyzed for metallic iron. In addition, wüstite
was detected. The absence of wüstite in the diffractogram presented in Figure 1 suggests that this
phase is only present as a reaction product. Furthermore, relative intensities of the higher iron oxides
in the sample labeled Melt was low, suggesting a high degree of reduction. Moving towards the
center of the briquette, the iron oxide analyzed for the highest relative intensity in the sample labeled
Melt-middle was magnetite. Furthermore, wüsite was detected in this sample as well. In both the
Middle and Middle-atm. samples, hematite was detected as the major iron phase and wüstite was not
found. These results suggest that, as the reduction progress, the reduced part is melted and enters
the HM, leaving the center part less reduced. However, the heat surrounding the rim of the briquette
allowed for reduction of hematite as magnetite was analyzed for the highest relative intensity of the
iron oxide phases in the sample labeled Atmosphere.

Wang et al. [19] studied the reduction-melting behavior of carbon composite pellets. In the study,
four stages were identified to occur in the formation of an iron nugget separated from the slag phase:
(i) heating, (ii) reduction, (iii) carburization of the iron, and (iv) melting of the carburized iron and slag
separation [19]. Based on Figure 2, part of the briquette had gone through all the stages. Considering
that the reduction during smelting reduction mainly occurs via the carbon inside the agglomerate [14],
the cold-bonded briquette undergoes several endothermic reactions. These reactions include the
reduction via carbon as well as the calcination reaction (Equation (1)) and dehydration of portlandite
(Equation (2)). The dehydration of portlandite in nitrogen atmosphere has been shown to occur in
temperatures between 355 and 442 ◦C [20]. In addition, direct carbonation of portlandite (Equation (3))
has been reported in temperatures between 200 and 355 ◦C in carbon dioxide atmosphere [20]. Thus,
the high relative intensity of portlandite in the diffractogram of the sample labeled Middle in Figure 4
suggests that the middle part of the briquette was still undergoing the first stage, i.e., heating.

Ca(OH)2 = CaO + H2O, (2)

Ca(OH)2 + CO2 = CaCO3 + H2O (3)

Considering the low temperature of the center part of the briquette and the poor reduction and
melt-in behavior, the idea of utilizing the same agglomerate recipe in cold-bonded pellets was to allow
these smaller agglomerates to fully reduce and enter the melt.
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3.1.3. Smelting Reduction of Cold-Bonded Pellets

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 four
and eight minutes, Figure 5a. However, although the pellets were completely reduced and smaller
in size as compared to the briquettes, they still had melt-in problems, Figure 5b. These results
are in line with the conclusions made by Ding and Warner [21] 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. Furthermore, they concluded that the
rate-limiting step in the dissolution was the separation of the metallic phase from the slag phase. As an
example, the dissolution time for a pellet of 10 mm in diameter could be lowered from >35 min down to
2–3 min by changing the melting point of the slag in the pellet [21]. In the present study, the start of the
formation of the liquid slag phase was calculated to 1342 ◦C using the Equilib module of FactSage 7.2
with the FToxid database. This calculation was made by considering the CaO-SiO2-MgO-Al2O3-MnO
system utilizing the slag composition based on Table 5. Although the liquid formation started at
1342 ◦C, the temperature of complete melting was calculated to 2204 ◦C. Thus, similar to the results of
Ding and Warner [21], the thermodynamic calculations of the present study suggested that the rate of
dissolution was limited by the high temperature of the melting interval of the slag phase.

Although the results of the technical-scale experiments suggested melt-in difficulties, the
industrial-scale trials were considered of interest. The recipe of the agglomerate used in the
industrial-scale trials was designed to have a lower melting interval of the slag phase as compared to
the technical-scale experiments. Furthermore, the temperature of the HM charged from the torpedo to
the ladle is generally 80 ◦C higher than the HM temperatures tested in the technical-scale experiments.
These factors work towards an improved melt-in behavior of the agglomerate.
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Figure 5. (a) Diffractograms of cold-bonded pellets after contact with HM; (b) mass loss curve during
the smelting reduction of cold-bonded pellets.

3.2. Industrial-Scale Trials

3.2.1. Desulfurization Plant

The upgrading of BF sludge was not made in industrial-scale. Therefore, the recipe of the
briquettes tested in the industrial-scale trials in the present study did not include BF sludge. Instead,
they were designed to study the feasibility of the recycling route. If proven successful, the BOF sludge
included in the recipes, Table 3, could be partially replaced with the high-zinc fraction of the upgraded
BF sludge. Table 6 presents the chemical composition of the briquettes utilized in the industrial-scale
trials. The calcium to silicon ratio was decreased, which lowered the calculated melting interval of
the slag phase to 1329–1959 ◦C. Nonetheless, the calcium to silicon content in the briquette was still
high and therefore suitable for charging prior to the deS as it will not deteriorate the sulfur removal
capacity of the slag during the deS process.

Table 6. Chemical composition (wt.%) of the briquettes used in the industrial-scale trials.

Fetot CaO SiO2 MnO P2O5 Al2O3 MgO V2O5 C S

42.3 22.6 8.8 1.8 0.2 3.1 4.4 1.3 2.0 0.3

Part of the iron in the briquettes is in the form of metallic iron coming from the steel scrap fines
and the coarse and fine BOF sludge. The rest is iron oxides from both the coarse and fine BOF sludge as
well as the mill scale. The degree of self-reducibility was not determined for the briquettes. However,
considering the low carbon content, there is a risk that all iron oxides will not be reduced. In that case,
the endothermic reduction reactions via carbon inside the briquette will not occur. Therefore, the rate
of heating of the briquette will improve and the iron oxides may enter the slag phase prior to being
reduced as proposed by dos Santos and Mourão [14]. This will lower the temperature of the start of
melting and complete melting of the slag. Consequently, the reduction of the iron oxides will occur by
the silicon in the HM [22] at the slag/hot-metal interface. Dos Santos and Mourão [14] suggested that
carbon in the HM will participate in the reduction as well. In such a scenario, reducing the iron oxides
in the slag phase is essential as these will control the oxygen partial pressure at the interface between
the slag and HM, which lowers the sulfur partition ratio (%Sslag/%SHM) and the rate of deS [22].

During the operation in the industrial-scale trial, the moisture content and strength of the
briquettes allowed a safe operation without any incidents. Charging the briquettes to the ladle caused
minor dusting. The melt-in of the briquettes prior to the start of the deS operation was evaluated
visually. Charging up to 1.2 kg/tHM enabled melting of all added briquettes. However, only partial
melt-in was noticed when charging 2.3 kg/tHM. Nonetheless, after the deS process, no briquettes were
observed, indicating a successful melt-in.
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Adding the briquettes to the ladle prior to the deS process did not affect the efficiency of the deS.
The final steel quality was not impaired in any of the trials suggesting that up to 2.3 kg/tHM is possible
to add in the process. This corresponds to 5400 metric tons of briquettes per year. This recycling rate
will not result in the complete recycling of the high-zinc fraction of upgraded BF sludge at the present
integrated steel plant. Therefore, recycling to the BOF was considered as well.

3.2.2. Basic Oxygen Furnace

Charging the briquettes together with the scrap to the BOF caused minor dusting. Nonetheless,
the briquettes allowed for a safe operation. The dephosphorization, deP, expressed according to
(Equation (4)) was improved when adding the cold-bonded briquettes together with the scrap,
Figure 6a. The deP (trials) of Figure 6a represents the dephosphorization of the trials of the present
study whereas the deP (average) represents the average dephosphorization of the corresponding steel
type without briquette additions.

deP =
%PHM − %PCS

%PHM
(4)

where %PHM is the phosphorous content in HM and %PCS is the phosphorous content in the crude steel.
The sulfur content of the briquettes caused sulfur pick-up in the crude steel, Figure 6b. The sulfur

pick-up attributed to the briquettes was determined by material balance calculations where the
analyzed or estimated sulfur contents of all ingoing and outgoing material streams were considered.
The sulfur pick-up in the present study is comparable to that of Tang et al. [10] when considering the
same range of kg of agglomerates added per ton HM to the BOF. Due to the sulfur pick-up in the crude
steel, the charging of the cold-bonded briquettes to the BOF of the steel shop in the present study was
limited to certain steel types. Based on this, the calculated annual capacity for recycling of briquettes
in the BOF was determined to 8700 metric tons.
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Based on the above, the total amount of briquettes that could be recycled to the steel shop,
including both the HM deS plant and BOF, was estimated to 14,100 metric tons per year. Depending
on which method is used for upgrading the BF sludge, the amount of solids reporting to the high-zinc
fraction varies [23]. Consequently, this determines the required wt.% of the high-zinc fraction in the
briquette recipe that results in the complete recycling of this fraction. Using hydrocycloning, 22 wt.%
of the briquette recipe has to be constituted of the high-zinc fraction. The corresponding number
for tornado-treated BF sludge is 46 wt.%. In the latter case, replacing both the coarse and fine BOF
sludge in the briquette recipe, Table 3, would not result in the complete recycling of the high-zinc
fraction. Therefore, in this scenario, means to improve the recycling rate of briquettes to the steel
shop has to be considered. Furthermore, incorporating the high-zinc fraction of upgraded BF sludge
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in the briquettes would introduce the endothermic self-reducing reactions. Consequently, the effect
of the BF sludge additions on the melt-in has to be studied in order to verify the recycling potential.
As agglomerates including high carbon-containing BF flue dust have been successfully recycled to
the BOF [9,10], the rise of melt-in problems are most likely to be seen when recycling to the HM
deS plant. Considering the results in the technical-scale experiments with pellets, the rise of melt-in
problems could be tackled with reducing the agglomerate size and designing an appropriate melting
temperature interval of the internal slag composition of the agglomerate.

3.3. Low-Sulfur Binders in Cold-Bonded Briquettes

When recycling to the BOF, the sulfur pick-up was the limiting factor in the present study.
The sulfur content in the briquettes comes from the in-plant residues and the cement. The briquettes
were bound with cement containing 1.37% sulfur. Thus, based on Table 6, 46% of the total sulfur
content in the briquettes can be attributed to the cement. In order to study the feasibility of improving
the recycling rate to the BOF, the use of binders with lower sulfur contents than cement was studied in
laboratory-scale briquetting experiments.

As the briquettes were produced in limited amounts on the technical scale, the strength evaluation
was done using drop tests instead of measuring the tumbling index via ISO 3271. The latter requires
between 30 to 60 kg of material depending on the repeatability of the test. The strength of the
cement-bonded briquettes was superior to the other alternatives, Table 7. The strength of the
briquettes bound using the quicklime and slaked lime improved significantly after curing in CO2 as
compared to in ambient room conditions. Fernández Bertos et al. [24] reported that curing in CO2

atmosphere activates cementitious compounds otherwise considered to have poor hydraulic properties.
Furthermore, the carbonation process induced by the CO2 generates carbonate cementation resulting
in improved strength [24].

Table 7. Sulfur content of binders and number of drops before breaking after curing in ambient room
conditions and CO2, respectively.

Binder No. of Drops (Cured in Room) No. of Drops (Cured in CO2) % S in Binder

Cement 38 / 1.37
Quicklime 1 6 0.11

Slaked lime 1 5 0.53
Synt. organic binder 2 3 0.03

The “/” denotes that these were not cured in CO2.

Robinson [25] characterized BOF coarse and fine sludge from the same steel shop as the present
study. In both residues, portlandite was detected [25]. Thus, the improved strength observed after
the curing in CO2 of the briquette bound using the synthetic organic binder can be attributed to the
portlandite content originating from the BOF coarse and fine sludge.

Using quicklime as a binder, replacing cement, decreased the sulfur content of the briquettes from
0.30 to 0.14%. By lowering the sulfur content of the briquettes to 0.14%, the recycling rate to the BOF
can be increased. Recycling cement-bonded briquettes to the BOF at a rate of 8700 metric tons per year
amounts to an annual sulfur load of 26 metric tons. Replacing cement by quicklime would allow for
18,600 metric tons of briquettes to be recycled each year while maintaining the same sulfur load. Thus,
the total recycling rate to the steel shop would amount to 24,000 metric tons. Possibly, the strength
requirement for handling and charging exceeds the strength measured for the CO2-cured quicklime
briquettes. Therefore, a realistic way forward would be to study other alternative binders or to lower
the cement content in the original recipe, presented in Table 3.

4. Conclusions

In the present paper, the feasibility of recycling in-plant residues, focusing on the high-zinc
fraction of upgraded BF sludge, to the HM deS plant and BOF was studied. The viability of recycling
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the high-zinc fraction of tornado-treated BF sludge to the HM deS plant was studied in technical-scale
smelting reduction experiments. The high-zinc fraction was incorporated in self-reducing cold-bonded
briquettes and pellets. These agglomerates were placed in contact with HM for predetermined times
finding that:

• The endothermic reactions occurring upon heating of the briquette lowered the heating and
reduction rate, which hindered the melt-in.

• The pellets, being smaller than the briquettes, were fully reduced after eight minutes in contact
with the HM but still showed melt-in problems.

The results of the technical-scale experiments were utilized to design a new cold-bonded briquette
recipe, without the BF sludge fraction, that was charged in industrial-scale trials to the HM deS plant
and BOF to study the recycling potential of the sludge:

• The HM deS plant could be used to recycle up to 2.3 kg of briquettes per tHM, which was the
maximum amount tested in the study.

• Recycling briquettes together with the cooling scrap charged to the BOF enabled recycling of 10.9
kg of briquettes per tHM. The recycling rate was limited by the sulfur pick-up in the crude steel.

The annual recycling rate to the steel shop of the present study was estimated to 14,100 metric
tons. Depending on the upgrading method used to treat the BF sludge, the study indicated that the
high-zinc fraction could be completely recycled via these briquettes. However, due to the endothermic
self-reduction associated with the BF sludge during the smelting reduction, further studies were
identified to be required in order to verify the recycling potential. Furthermore, producing briquettes
using low-sulfur binders in laboratory-scale experiments illustrated a potential of more than a two-fold
increase in the recycling rate to the BOF. However, the strength of these agglomerates was considerably
lower than that of cement-bonded briquettes.
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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.

Metals 2018, 8, 760; doi:10.3390/met8100760 www.mdpi.com/journal/metals
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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 SiO2 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 15–47 3.5–18 3–9 3.5–17 1–10 2.4–2.5

BOF coarse dust 30–85 1.4 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 - - 0.2–4.1 0.03–0.35

BOF primary dedusting 38–85 0.1–6.5 5.7–40 - - 0.1–1.5 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 BF.
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 BF. 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 BF, 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 BF, 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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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 BF. 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 d90 of 25.0 µm, 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 Luleå. 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.

Recipe Upgraded
BF Sludge deS Scrap BOF Coarse

Sludge
BOF Fine

Sludge
Briquette

Fines BF Dust Cement

Ref. 0.0 36.0 18.0 12.0 12.0 10.0 12.0
B1 10.0 31.4 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 Nl/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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Briquettes produced using the recipes of Table 2 were also charged as basket samples to the LKAB
(a mining company in Luleå, 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
CS444 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 Luleå. 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
Luleå. 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 Luleå, 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.%).

Recipe Steel Scrap deS Scrap BOF Coarse
Sludge

BOF Fine
Sludge

Briquette
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
Cont.

BF Dust
(Stored)

BF Dust
(Fresh) BF Sludge Filter Dust Cement Water

BSB 4.0 7.6 3.8 1.9 11.6 2.9
RB 4.0 7.6 0.0 1.9 11.6 2.9

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 deS Scrap Secondary Dust Cement

25 50 15 10

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 Luleå 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
Fines

BOF Coarse
Sludge

BOF Fine
Sludge

Mill Scale from
Cont. Casting

Cast House
Dust Water Cement

44 22 18 4 1 1 10

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 BF. 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 BF.

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.
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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
BF. Furthermore, BOF fine sludge and the low-zinc fraction of upgraded BF sludge are also considered
for the BF. 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.

Method % of Total Zinc in
High-Zinc Fraction

% of Total Iron in
Low-Zinc Fraction

% of Total Carbon in
Low-Zinc Fraction

% of Total Solids in
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 (ZnFe2O4).

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 zinc, 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 B1 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 BF.

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 wüstite 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 Björkman [28,29], who reported that cold-bonded briquettes with
coarser particles had a greater tendency to disintegrate in the LKAB EBF. The d50 of the reference,
and B1 and B2 recipes in the present study were determined to be 255, 185, and 145 µm, 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 (Fe2O3) to magnetite (Fe3O4) and magnetite to wüstite (FeO),
and it the calcination of calcite (CaCO3) had also started. Reaching 2422 mm below the stockline,
the calcination was completed and the reduction of wüstite 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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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 Luleå 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 Luleå was met. Thus, the briquettes with BF sludge were considered suitable to charge
in the full-scale BF.

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 BF.

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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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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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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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 BF.

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:

• 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.

• The low-zinc fraction of BF sludge can be completely recycled to the BF using cold-bonded briquettes.
• Recycling of cold-bonded briquettes to the deS station is feasible but restricted due to

melt-in capacity.
• 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.
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