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Abstract: The RecoDust process is a pyrometallurgical process for treating steel mill dusts that
cannot be recycled internally due to their zinc content, providing numerous benefits compared to
conventional processes. State-of-the-art processes often face the problem of recycling only zinc, but
not iron, which is frequently landfilled and withdrawn from a closed loop. Furthermore, these
processes are also often limited to a specific zinc content in the feedstock. Within the described
RecoDust smelting campaigns, basic oxygen converter dust with about 15 wt.% zinc was taken as
feedstock. After high-temperature treatment of the input material, the RecoDust slag (RDS) has a zinc
content of 0.4 wt.% and the crude zinc oxide (CZO) has a ZnO content of up to 80 wt.%. The RDS is
suitable for use in the sinter plant as a secondary raw material. To investigate the influence of adding
RDS to a common sintering mixture, sintering pot tests followed by RDI (reduction disintegration
indices) tests were carried out. The influence of the admixture of RDS on the RDI values is not
detectable. The CZO was fed into a soda extraction system for halogen removal. The halogen removal
of this two-stage leaching was highly efficient with over 90% for chlorine.

Keywords: RecoDust; flash-reactor; steel mill dust

1. Introduction

Besides the reduction of carbon dioxide emissions, from an environmental point of
view, an increase in the resource efficiency is an important goal for metallurgical processes.
European steel producers have increased recycling rates of by-products over the last
decades to improve the circular economy, which is one of the important pillars to enhance
sustainability in steelmaking processes [1,2].

Zinc is a widely used metal with a production of about 14 million tons per year; its
main application is the galvanization of steel [3]. After the end of life, galvanized steel
scrap is brought back into the basic oxygen furnace (BOF) or the electric arc furnace (EAF).
The proportion of scrap in the BOF is between 20 and 30 wt.%. Steel mill dusts are still
by-products, which are problematic regarding recycling, due to their high zinc content.
Most of the literature discusses the possibilities of EAF dust recycling [4].

For BOF dusts, three main mechanisms of dust formation are described in literature [5].
With an average of 67 wt.%, the ejection of metal and slag is the main mechanism. The
second one is the vaporization of metals and elements such as zinc, lead, and chlorine,
which accounts for a share between 14 and 36 wt.%, and the entrainment of charged
material is the third, with an amount of 0–18 wt.%, [5].

The most common process for the treatment of steel mill dust is the Waelz process;
a rotary kiln is fed with pelletized materials such as coal or lime/sand. Natural gas and
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air generate the reducing/oxidizing atmospheres. The Waelz kiln has a typical annual
capacity of 60–220 kt and recovers only one metal—zinc. Iron is collected in the Waelz slag,
which can in general be used as construction material, and zinc is collected in the Waelz
oxide and can be used as a secondary zinc resource [6,7]. The main disadvantage of this
process is that only one valuable metal, zinc, is recycled. Iron is lost, and high maintenance
costs, low productivity, and a requirement of 16 wt.% zinc make the process unusable for
low-zinc-content dusts.

For low zinc-containing dusts, mostly originating from the BOF process, other recy-
cling techniques must be used. Another different technology operated in various specific
systems is the rotary hearth furnace (RHF). The RHF produces a zinc-rich dust and direct
reduced iron. The most established RHF process is FASTMET, where the feed is a mixture
of pelletized iron oxides and a carbon source. The temperature in the RHF has a maximum
of 1300 ◦C for 6 to 12 min [8]. The main disadvantages of this technology are the high
investment and operating costs and the high temperature requirements. This technology
was suited for recycling EAF dusts with a zinc content below 5 wt.%; Due to problems
such as ZnO blockages at higher zinc content, it is being reengineered to overcome these
problems [9,10].

Other recycling techniques are using a shaft furnace and producing hot metal and
a zinc-rich dust. These treatment solutions are the DK process and the OxyCup process;
in both processes steel mill dusts are mixed with other residues, such as mill scale, BOF
sludge, sinter dust, secondary dusts, ore fines, carbon fines, and cement [11,12]. In the case
of the DK process, a blast furnace is used with a typical amount of about 50 wt.% BOF dust.
This blast furnace allows the use of high zinc loads to be processed; the maximum zinc
load of almost 40 kg/t (which corresponds to 4 wt.%) hot metal is up to 400 times higher
than the average of European blast furnaces [13]. Other drawbacks of this process are the
necessary agglomeration step of the feed material, the costs for the smelting step and the
high energy consumption [4,14].

The OxyCup process uses a specially designed cupola furnace for the reduction and
melting, based on the production of self-reducing carbon bricks. A typical feed has a ZnO
content of 1 wt.% and an iron content of about 35 wt.% [11]. Disadvantages are high costs
for the smelting step and a short operating cycle of the equipment [4].

Table 1 describes the main disadvantages and advantages of the most common treat-
ment solutions for steel mill dusts.

Table 1. Potential pyrometallurgical treatment solutions for steel mill dusts based on [14–18].

Process Products Disadvantages Advantages

Waelz Zinc-rich dust
(Waelz oxide)

- High maintenance costs
- Low productivity
- High requirements for zinc

content of raw materials (Zn > 16)
- Only one valuable metal is

recovered (Zn) [19]

Well-established technology and
reliable process

Fewer operation steps and simple process

RHF Zinc-rich dust;
direct reduced iron

- High initial investment and
operating costs

- High operating temperature
requirements

Well-established technology and
reliable process

Fewer operation steps and simple process
High metallization rate of residue

OxyCup
Zinc-rich dust;

molten iron.
Slag

Short operating cycle of the equipment
High costs for smelting

Many types of dust that can be recycled
High metal recovery rate

High added value of the product

DK Hot metal,
zinc-rich dust

High energy consumption
Serious environmental pollution
Poor long-term operation safety

Well-established technology and
reliable process

Serious low equipment investment
The produced pig iron can be used in the

casting process
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The aim of the RecoDust process is to separate zinc from iron in the form of an iron-
rich fraction, called RecoDust slag (RDS), and a zinc-rich fraction, called crude zinc oxide
(CZO). The RecoDust process could be a technology where these dusts are transferred into
two valuable products—RecoDust slag (RDS) and crude zinc oxide (CZO)—without any
pre-treatment. From an operational point of view, the plant is very small, and it should be
possible to install as a part of the integrated still mill. Furthermore, there are no technical
limitations regarding the zinc content of the dust feed.

From the economic side, the RecoDust process has enormous potential. The revenues
of the two products are considered to be EUR 420 per ton of CZO and about EUR 40 per ton
RDS. The price of the CZO depends on the zinc price and on the purity. The price for the
RDS is assigned to a low-grade iron ore. On the OPEX side, the costs for natural gas and
oxygen are about EUR 50 and 30 per ton feed, respectively. Taking treatment charges into
account being normally paid by the steel mill, the RecoDust solution should be realizable.

In this paper, the RecoDust process, results of a smelting campaign, and the evaluation
of the products for recycling are described.

2. Materials and Methods

In this section, the dust feed for the Flash-Reactor and the results are described. Further
treatment of the two products of the RecoDust process (RDS and CZO) are mentioned.

The flowchart of the RecoDust process is shown in Figure 1. The slagging takes place
in the central part called the Flash-Reactor, which is heated by a natural gas/oxygen burner
with an air excess ratio below one to provide a reducing gas atmosphere. In this step,
the dust feed smelts, and the non-volatile components are collected at the bottom of the
Flash-Reactor as the RDS (product #1). The volatile components are evaporated and leave
the Flash-Reactor with the flue gas, which is fired in the next process step—the converter
(post-combustion). After further quenching of the flue gas, the cleaning takes place, where
the CZO (product #2) is collected.
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Figure 1. Flowchart of the RecoDust process, reprinted with permission from [20], Springer, 2020.

2.1. Feed Material and Characterization

The dust feed used in the experiments is a by-product from an industrial BOF. For
the use in the pneumatic conveying machine, the fraction > 400 µm was sieved out. The
investigation starts with the chemical analysis of the feed material. The feed material must
be dry and free-floating, and the grain size is limited to 400 µm.

2.2. RecoDust Pilot Plant and Methodology

The pyrometallurgical experiments were carried out in the RecoDust pilot plant at the
Chair of Thermal Processing Technology, Montanuniversitaet Leoben (Leoben, Austria).
A smelting campaign consists of up to eight trials with up to 250 kg dust feed. The
dosing rate of the feed depends on the chemical composition of the dust feed and can
reach a maximum of 250 kg/h. One important challenge/requirement for a high zinc
separation (“dezincification”) is to reach a desired uniform dosing rate over the whole
process duration. The pilot plant is shown in Figure 2. Coming from the storage tank, the
BOF dust is sent pneumatically to the burner of the Flash-Reactor with natural gas. The
pneumatic conveying is designed for entrained flow and the transport gas is also part of
the fuel gas and reducing agent. Due to this, the input material is fed into the central part
of the flame, leading to a very fast smelting and reduction/slagging of the feed material
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with very high chemical reaction rates. Physical properties such as grain size distribution
and bulk density help to estimate the optimal pneumatic conveying conditions. The main
chemical reactions in the Flash-Reactor are:

3Fe2O3 + H2 → 2Fe3O4 + H2O (1)

Fe3O4 + H2 → 3FeO + H2O (2)

3Fe2O3 + CO→ 2Fe3O4 + CO2 (3)

Fe3O4 + CO→ 3FeO + CO2 (4)

ZnO + H2 → Zn + H2O (5)

ZnO + CO→ Zn + CO2 (6)
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The primary explosion protection of the transmitting vessel is done by inerting with
nitrogen. In the process, the transmitting vessel is purged with nitrogen until the oxygen
concentration is below the limiting oxygen concentration of 10%. After conveying and
before opening the transmitting vessel, the inerting is performed again by nitrogen purging
until the methane concentration is below 4%. Due to the high metallization degree of
the BOF dust (10–35%), natural gas is also a good option as a conveying gas apart from
nitrogen. If oxygen would be used, a potential exothermic oxidation reaction of the metallic
iron could occur (local hot spots being a safety-related handling problem). The occurring
chemical reaction is:

xFemet. + y/2O2 ↔ FexOy (7)

The conditions of the executed smelting campaign K12 (six trials K12-1 to K12-6 were
done) are shown in Table 2. All six trials were carried out with a Flash-Reactor temperature
of 1700 ◦C. The air excess ratio of the burner is 0.7 in the first four trials K12-1 to K12-4 and
0.8 in the last two trials, K12-5 and K12-6. One trial has a total feed of up to 250 kg.

When the dosing of the dust feed is done, both products, the iron-rich RDS and the
zinc-rich CZO, are collected, and samples are taken for wet chemical analysis.



Metals 2023, 13, 1191 5 of 13

Table 2. Experimental program and conditions of the smelting campaign K12.

Trial Air Excess Ratio Flash-Reactor Temperature
[◦C]

K12-1 0.7 1700
K12-2 0.7 1700
K12-3 0.7 1700
K12-4 0.7 1700
K12-5 0.8 1700
K12-6 0.8 1700

2.3. Evaluation of the Products of the RecoDust Process: The RDS and the CZO

Due to the low zinc content of the RDS (<0.5%), process internal recycling at the sinter
plant or the blast furnace (depending on the grain size distribution) is possible. If the RDS
is used at the sinter plant, the effects of its usage there can be pretested in laboratory scale.
These tests were operated in a so-called lab-scale sinter pot (~200 kg material input). Before
operating the sinter pot, the RecoDust slag was mixed to a common sinter mixture with an
amount of 3.29 wt.% and sinter pot tests were carried out. Afterwards, RDI tests according
to ISO 4696-1 [21] of the finished sinter products are conducted and the mixture with RDS
was compared with a mixture without it. The sample designation is shown in Table 3; those
with RDS in the mixture are designated as MRDS1 and MRDS2 and those without RDS in
the mixture as BMA1 and BMA2.

Table 3. Designation of the samples for the low-temperature reduction disintegration, data from [22].

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Designation MRDS1 MRDS2 BMA1 BMA2 BMB1 BMB2
Percentage
RDS [wt.%] 3.29 3.29 0 0 0 0

The RDI test consists of two steps. The first step, the low-temperature reduction disin-
tegration, is carried out in a vertical reduction furnace, shown in Figure 3, at a temperature
of 500 ◦C and a gas composition of 58% nitrogen, 20% carbon monoxide, 20% carbon
dioxide, and 2% hydrogen. Each sample has a weight of at least 2 kg and a grain size
between 10 and 12.5 mm. In the second step, the sample from the reduction tube is placed
into the tumble drum, which rotates for a total of 300 revolutions at a rate of 30 revolutions
per minute. The tumbled samples are sieved at 6.30 mm, 3.15 mm, and 500 µm. The used
tumble drum is shown in Figure 4.

CZO, the second product of the RecoDust process, is treated by a so-called double-step
leaching process to decrease the chlorine content of the CZO as a result of its harmful
behavior in a zinc electrolysis since the aim is to achieve a product quality that can be in
principle used as secondary raw material in the primary zinc industry (no search regarding
the current demand on secondary raw materials in the zinc industry was performed during
this study). The decrease of chlorine in this case is more important than fluoride since the
chlorine content in the feedstock is five times higher.

The applied leaching process consists of two steps and was supported by Chair of
Nonferrous Metallurgy, Montanuniversitaet Leoben.

In the first step, the dust is leached at 60–70 ◦C with pH~10 and a solid/liquid ratio
of 250 g/under addition of soda (Na2CO3). The alkaline metals and chlorine are thereby
leached with a yield of approx. 90%. The addition of soda is necessary for a precipitation
of dissolved zinc (reaction 1) as a hardly soluble carbonate.
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ZnCl2(aq) + Na2CO3 ↔ ZnCO3(s) + 2NaCl (reaction 1) (8)

A solid–liquid separation of the filter cake prepares the material for the second step, in
which fresh water is heated up to 50–60 ◦C at a pH~10 and a solid/liquid ratio of 500 g/L.
By adding soda, the halogen content is further reduced. The flowsheet of the double-step
soda leaching is shown in Figure 5.
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3. Results
3.1. Feed Material Characterization

The results of the chemical analysis are shown in Table 4. The iron content of the
dust feed is about 50 wt.%. The metallization degree of the sample is calculated with the
following formula [24]:

FeMg =
Femet

Fetot
(9)

The reduction degree of iron is calculated with [24]:

FeRed = (1− O
1.5 ∗ Fetot

) ∗ 100 (10)

Oxygen (O) and total iron (Fetot) must be given in Mol.
The basicity B2 is calculated with

B2 =
CaO
SiO2

(11)

The basicity B4 is calculated with

B4 =
CaO + MgO
Al2O3 + SiO2

(12)

3.2. Chemical Analysis of the RecoDust Slag and the Crude Zinc Oxide

As mentioned before, a uniform dosing rate is necessary for a high dezincification
rate. The target dosing rate during the first four trials was 140 kg/h and 170 kg/h in trials
K12-5 and K12-6. In Figure 6, the dosing rates of the six trials K12-1 to K12-6 are shown.
The worst dosing rate occurs in trial K12-1 with a dosing of rate up to 830 kg/h. During
trial K12-4, the target dosing rate of about 140 kg/h could be achieved for almost the full
duration of the process. Trials K12-5 and K12-6 had a stop during the trial due to technical
problems, so they are split into two parts. After the break of trial K12-5, the dosing rate
was much lower (125–160 kg/h) than the target dosing rate of 170 kg/h. In contrast, the
dosing rate during trial K12-6 after the stop started higher than the target dosing rate with
more than 250 kg/h and ended at about 188 kg/h.
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Table 4. Chemical composition of the dust feed.

Species Dust Feed [wt.%]

CaO 8.45
Fetot 50.05
Femet 20.78
FeRed 31.06

Zn 14.60
B2 6.40
B4 7.01

SiO2 1.32
Al2O3 0.11
MgO 1.57

Cl 0.06
F 0.01

3.2.1. Chemical Analysis of the RDS

Figure 7 shows the most important chemical parameters, which are the content of
Fetot, Al2O3, and zinc derived from the chemical analyses. Furthermore, the calculated
FeRed is shown. The zinc content of the RDS in trial K12-1 shows a significantly higher
value with a proportion ~4 wt.% due to the high dosing rate of up to 830 kg/h. Trials K12-2
to K12-4 show a decreasing zinc content, from 0.54 to 0.41 wt.%, probably because of the
lowest dosing rate in trial K12-4. Trial K12-5 was carried out with an air excess ratio of 0.8
and shows a further decrease in the zinc content to 0.3 wt.-%. Trial K12-6 has a higher zinc
content, with a value of 0.87 wt.%, which is most likely a result of the lower dosing rate in
trial K12-5 and the higher dosing rate in trial K12-6.
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The Al2O3 content is an important indicator for the wear of refractory material. The
RDS in trial K12-1 has an Al2O3 content of 4 wt.%, which is clearly below that of 9 to
14 wt.% in trials K12-2 to K12-6. This is because the higher dosing rate leading to a shorter
residence time of the RDS in the Flash-Reactor until the tapping starts. The iron reduction
degree shows no correlation with the air excess ratio and is between 15 and 20% in all
six trials. The total iron content of the RDS in trial K12-1 shows the highest value with
~55 wt.% due to the lower thinning effect of the refractory. Trials K12-2 to K12-6 have total
iron contents of 47 to 53 wt.%.

Thinning effects with remaining RDS from previous trials should be mentioned; for
example, in case trial K12-2, the remaining RDS from trial K12-1 has a higher zinc content
of more than four wt.%.

3.2.2. Chemical Analysis of the Crude Zinc Oxide

The chemical parameters of the CZO are shown in Figure 8, the most important one
being the ZnO content. The CZO of trial K12-1 has the highest ZnO content with 83 wt.%,
which is most likely based on the dosing rate of more than 800 kg/h and the different
conveying conditions. In trials K12-2 to K12-6, the ZnO content lies between 65 and 80 wt.%.
Based on this, there is no correlation between the air excess ratio and the ZnO content
of the RDS. Trial K12-1 shows the lowest total iron content with ~5 wt.%. In the other
trials, the total iron content lies between 9 and 18 wt.%. Another important parameter
for the quality of the CZO is the chlorine content, which decreases from 1.05 wt.% in trial
K12-1 to 0.4 wt.% in trial K12-6. In summary, a too-high dosing rate during K12-1 led to
higher contents of volatile components, such as zinc, and chlorine and lower contents of
non-volatile components, such as Fetot.

3.2.3. RDI Tests with the RDS

The results of the RDI tests are shown in Figure 9. The RDI + 6.3 (the figure “6.3”
in RDI + 6.3 means the share of material remaining after sieving of 6.3 mm; RDI test is
described in Section 2.3) is between 71 and 75% for all samples, the RDI − 3.15 (again, the
figure “−3.15” means the share of material being with particle sizes smaller than 3.15 mm
after sieving) is between 10–12%, and the RDS − 0.05 is between 2.3–2.99%. The RDI + 6.3
of every sample is between 71.1 and 74.6%. Samples MRDS1 and MRDS2 have an RDI + 6.3
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of 73.71 and 74.4%, in the middle of the other samples. The RDI − 3.15 values of samples
MRDS1 and MRDS2 (11.85 and 10.49%) are also in the middle of all samples. Regarding the
value RDI − 0.05, there is also no significant deviation of the samples with RDS compared
to the samples without RDS [22]. To sum up, the addition of RDS to the sinter pot mixture
has no influence on the RDI values +6.3, −3.15, and −0.05 and can therefore be considered
as being suitable regarding the mechanical stability of the final sinter product.
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Figure 9. RDI content of the mixture with 3.3 wt.% RDS in comparison to the mixture without RDS,
data from [22].

3.2.4. Soda Leaching

The results of both soda leaching trials are shown in Table 5. The most important
parameter is the removal of chlorine. The iron and zinc content of every product is also
shown in Table 5. The feed has a chlorine concentration of 3790 mg/kg, which equals
to 0.379 wt.%. After the first washing step, the concentration of chlorine decreased to
282 (VK1/1) and 283 mg/kg (VK2/1) and to 212 (VK1/2) and 211 mg/kg (VK2/2) after
the second washing step, respectively. The concentration of zinc increased from 59.5 wt.%
in the feed to 61.7 or 61.5 wt.% after the second washing step. The concentration of iron
decreased from 12.9 wt.% in the feed to 12.2 wt.% after the second washing step. The results
showed the suitability to upgrade the quality of the CZO being an important indicator that
RecoDust produces a zinc-enriched material being potentially useable in zinc industry.
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Table 5. Content of zinc, total iron, and chlorine of the feed, after the first and second washing steps
of both samples.

Element Feed VK 1/1 VK 1/2 VK 2/1 VK 2/2

Zn [wt.%] 59.5 59.9 58.9 61.7 61.5
Fe [wt.%] 12.90 13.7 13.3 12.2 12.2

Cl [mg/kg] 3790 282 212 283 211

4. Discussion and Conclusions

In the current paper, a method for the efficient selective recovery of iron and zinc
from steel mill dusts is presented and experimentally demonstrated. To recycle the iron-
rich fraction of the RecoDust process, which is the RDS, a certain purity must be reached
with special focus on the zinc content to be as low as possible. Due to the new pneumatic
conveying system of the RecoDust pilot plant, a high zinc separation rate (“dezincification”)
of more than 98% could be observed; however, the zinc separation efficiency strongly
depends on achieving the target dosing rate. In the trials shown here, the zinc content
of the RDS equaling to 0.4 wt.% demonstrated the ability that RecoDust can produce an
Fe-rich product with enough quality for an internal recycling as secondary iron source.
The 0.4 wt.% zinc is much lower than that of the commissioning phase of the pneumatic
conveying system (when starting the pneumatic conveying system, zinc content of 3.1 wt.%
was obtained in the RDS) [25]. This low zinc content now being obtained in the RDS is
due to the stable uniform dust dosing rate managed by the pneumatic conveying system.
The lowest RDS zinc content was achieved in trial K12-5 using an air excess ratio of 0.8.
Trial K12-6, which also had an air excess ratio of 0.8, shows a higher zinc content in the
RDS due to two reasons. On the one hand, the dosing rate was higher than the target
dosing rate. On the other hand, the air excess ratio was higher (0.8 instead of 0.7). These
results show that, by achieving the target dosing rate, a higher air excess ratio can lead
to the same dezincification and makes the RecoDust process more efficient. This high
dezincification of the dust feed is necessary to reuse the RDS as an iron ore substitute. To
understand the influence of RDS in the sinter mixture, some sinter pot and subsequent
RDI tests were conducted and compared to a standard sinter mixture without RDS. The
values of RDI + 6.3, RDI − 3.15, and RDI − 0.05 show no significant deviation between
the mixture with RDS and a standard sinter without RDS. This test should be repeated to
obtain a deeper understanding of the RDS influence on the final sinter.

The goal to create a CZO product purity, which could be in principle returned to the
primary zinc industry, has been fulfilled. Although the high Fetot content in the CZO has a
negative impact on the possible revenue, it must be considered that the CZO comes from a
pilot plant. Additionally, an optimized burner and Flash-Reactor geometry should make it
possible to further reduce the total iron content in the CZO. To remove chlorine of the CZO,
a double-step soda leaching was applied successfully.

With the results described in this paper, the possibility of treating steel mill dusts
with possible recovery routes for the RDS and the CZO are described. In summary, the
RecoDust process has several advantages over the state-of-the-art processes, which have no
requirement for a pre-treatment, a compact plant size, and the possibility of a selective zinc
and iron recovery. Furthermore, the dezincification rate with this feed material is about
98%. Another challenge for future research is to demonstrate the flexibility of RecoDust
in terms of treating different feed materials. Apart from dusts with varying zinc contents,
the mixture of BOF and EAF dusts will also be investigated. From the current point of
view, a large spectrum of dusts (BOF, EAF, BOF-EAF mixture) should be processable with
RecoDust to derive secondary iron- and zinc-rich products with enough purity for a further
internal recycling (RDS to be returned into the sinter plant or BF) or external recycling
(CZO to zinc industry).
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