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Abstract: In metallurgical processes, coke is used, among other materials, in order to implement
the process of removing zinc from waste by reduction and evaporation. Due to the implemented
de-carbonization policy, we are dealing with an increase in costs and decreasing availability of
coke, which leads to an intensive search for other possibilities for conducting the process, which
may generate a fire and explosion hazard in the technological process. This article analyzes the
possibility of using soot in the process of reducing the zinc content in deposited metallurgical waste,
taking into account the issue of fire and explosion safety. The results of the research proved the
possibility of the safe use of the reductor, which is soot and anthracite, as a material replacing coke in
pyrometallurgical processes.

Keywords: coal-bearing materials; metallurgical waste; pyrometallurgical technologies; recycling;
dust explosion

1. Introduction
1.1. Pyrometallurgical Processes

Recent research has shown the possibility of raw material management. Fine-grained
carbon-bearing waste materials generated in the processes of hard coal enrichment, in
coking technologies, or in the chemical industry have the potential to be re-used. They
are most often used as components of coal blends and energy fuels or as alternative fuels
for applications in strictly defined technological processes. In addition, the metallurgical
industry, interested in obtaining metals from primary and waste materials in pyrometallur-
gical technologies, seeks alternative carbon-bearing additives that can replace coke. This
interest is mainly due to economic aspects, as the price of this basic raw material additive
has been growing significantly for several years. This is due to a significant decline in
hard coal mining in the EU. For example, in 2000, the extraction of this raw material in the
EU was equal to 169 million Mg and was further reduced to 56 million Mg in 2020 [1]. In
1990, 13 Member States of the present EU produced hard coal; in 2019, there were only two
countries, i.e., Poland and Czechia.

Limiting coal extraction also results in a reduction in the amount of produced coke
and, as previously noted, it is the basic carbon-bearing material used in pyrometallurgical
technologies for obtaining metals. Its role in these processes should be considered in two
aspects, i.e., energetic and chemical. In the first case, it is the role of coke as a fuel, as a
result of its combustion, to provide the heat necessary to raise the temperature of the charge
in the metallurgical unit, to cause its melting, and to facilitate a series of endothermic
reactions necessary for the proper implementation of a given technological process [2]. The
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chemical aspects of using coke in the discussed processes are related to the course of the
reduction reaction, e.g., of the metal oxide compounds contained in the charge. The basic
reducer enabling their course is carbon monoxide, formed in metallurgical aggregates as
a result of the Boudouard reaction. The amount of coke and coke breeze consumed in
pyrometallurgical processes is very diverse, which is illustrated by the data presented in
Table 1.

Table 1. The amount of coke and coke breeze consumed in pyrometallurgical processes.

Technology Carbon-Bearing
Material Used

Consumption of
Carbon-Bearing Material

Preparation of pig iron in a blast
furnace [2] coke 300–500 kg/t of pig iron

Production of zinc in ISP technology coke 0.8-1.2 kg/kg Zn
Processing of steel dust in rotary kilns coke breeze 1.5–2 kg/kg Zn

Processing of lead secondary raw
materials in rotary and shuttle furnaces coke breeze 50 kg/Mg Pb

Processing of copper slags
in an electric furnace coke 0.25–0.4 kg/kg Cu

The data presented in Table 1 shows how significant amounts of coke and coke
breeze are used in the pyrometallurgical processes of obtaining metals. This indicates the
advisability of looking for other, cheaper, carbon-bearing materials as an alternative to
these two basic carbon carriers in metallurgical processes.

Taking into account the existing deposits of carbon waste materials, mainly from coal
enrichment processes, coking processes, and the chemical industry—the use of which in
the power industry is very limited—it is advisable to conduct research on their use in other
industries [3–10].

The paper presents the results of research on the processing of waste zinc-bearing
materials in a rotary kiln with the use of soot as a carbon-bearing material, which is a waste
generated in the chemical industry.

The effectiveness of the use of fine-grained carbon-bearing materials in metallurgical
aggregates depends on their energetic parameters, reactivity, and the form in which it
occurs. In the majority of pyrometallurgical technologies for obtaining metals from both
primary and secondary raw materials, the process is based on the countercurrent flow of
feed materials and gases. A too-fine charge may float from the aggregate or constitute a
barrier preventing gas flow. Often, agglomeration techniques are used to adapt the form of
the material to that required for a given metallurgical aggregate to fulfill its role depending
on the technological needs.

1.2. Waelz Process

The basic technology for the processing of waste zinc-bearing materials, including
sludge from zinc electrolysis and steel dust, is the rotary process known as the Waelz
process, carried out in rotary kilns. This technology is used in over 30 plants worldwide. It
is assumed that up to 80% of utilized steel dust is processed in this way [11].

In recent years, this technology has been improved in terms of energy (coke) consump-
tion and gaseous emission control. The European Waelz plants fulfill the requirements of
the best available technology for environmental protection. The related Waelz process is
notified in the BREF notes of the European Community [9].

The discussed zinc recovery process takes place by reducing the compounds contained
in the charge [12,13]. The operating temperature of the continuous furnace is usually
1473 K. Inside the furnace, the charge is initially dried and then heated to the required
temperature by a countercurrent flow of exhaust gas. Depending on the angle of inclination
of the furnace, its length, and rotational speed, the residence time of the charge in the
furnace ranges from 4 to 6 h. In a highly reducing atmosphere, zinc is converted to its
elemental form and evaporated to the gas phase, and then oxidized with excess air. Zinc
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oxide is removed from the furnace along with the flue gas stream and released in the
filtration devices. The process gas purification system usually consists of a settling chamber,
a cooling section, and an electrostatic precipitator, often combined with a bag filter. The
slag obtained in the furnace usually contains up to 4 wt.% Zn and 30–45 wt.% Fe. This
is continuously discharged from the hot end of the furnace and directed to the cooling
process. The so-called crude zinc oxide, which is the basic product of the Waelz process,
contains on average 45–55 wt.% Zn; 4–10 wt.% Pb; 2–6 wt.% Fe. It is processed in shaft
furnaces (ISF—Imperial Smelting Furnace) or hydrometallurgical technology. The diagram
of the breakthrough process is presented in Figure 1.
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Due to the temperature distribution, three zones can be distinguished in the fusing
furnace, as shown in Figure 2.
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Figure 2. Scheme of the rotary kiln divided into zones [12]. A detailed description of the reactions in
each zone is provided below.

In the first zone, the process of water removal as well as heating and homogenization
of the feed materials takes place. In this zone, the charge temperature ranges up to 773 K.
In the second zone, calcination reaction takes place, i.e., decomposition of carbonates in
the temperature range from 773 to 1173 K. In the third zone, called the reaction zone, the
main processes related to the reduction of metal oxides take place, including the zinc. The
temperature in this zone ranges from 1173 to 1573 K. The basic reactions taking place in the
various zones of the furnace are presented below [12].

Zone 1:
H2O => H2O(g) (1)

Zone 2:
C + O2 => CO2 (2)

C + CO2 => 2CO (3)

CaCO3 => CaO + CO2 (4)

Fe2O3 + CO => 2FeO + CO2 (5)
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Fe3O4 + CO => 3FeO + CO2 (6)

Zone 3:
ZnO + CO => Zn(g) + CO2 (7)

FeO + CO => Fe + CO2 (8)

Fe3O4·ZnO + CO2 => 3FeO + ZnO + CO2 (9)

ZnO·SiO2 + CO => Zn(g) + SiO2 + CO2 (10)

Additionally, depending on the flux used in the process, the following reaction
takes place:

2FeO + SiO2 => Fe2SiO4 (11)

Reactions (2) and (3) show the actual role of carbon in the discussed technological process.

1.3. Fire and Explosion Safety

Any combustible material can ignite, posing a fire hazard. The greater the fragmen-
tation of the material, the greater the risk. This is due to a more favorable total surface-
area-to-volume ratio of the combustible particle. A larger particle surface means more
favorable heat exchange conditions with the environment, which affects the rate of thermal
decomposition and the rate of the particle combustion reaction. In accordance with [14], it
is assumed that the material fragmentation below 500 µm meets the definition of flammable
dust, which causes an explosion hazard.

The conditions necessary for the ignition of an explosive dust-air mixture include:
the presence of dust and an oxidant, typically atmospheric air, mixing dust with air at
an appropriate (average) concentration excessing the lower explosive limit (LEL); limited
space (e.g., room walls); ignition source, i.e., an energy stimulus [15]. In the power industry,
typical threats are mixtures of coal dust with air, as well as biomass introduced as an
independent or complementary (in relation to coal) fuel [16]. The risk also applies to layers
of settled dust, which can be blown away, e.g., by a blast of air, and thus form a dust-air
cloud; thus, housekeeping is crucial in most of these industries [17]. In the context of the
present research work, dust with a significant carbon content, soot, has the application
potential of increasing the efficiency of the metallurgical process but the potential increase
in the risk of an explosion cannot be left without analysis. There are well-known methods
to be used to assess the risk of explosion in a typical coke plant, e.g., [18] but there is no
literature placed in the context of the application presented in the paper.

2. Materials

The research used zinc-bearing waste materials from the zinc electrolysis process as
well as dust from electric arc furnaces (EAFD). The chemical compositions of individual
materials are presented in Table 2.

Table 2. Summary of the basic chemical composition of materials used in the research.

Zinc-Bearing
Material

Component Content, wt.%

Zn Pb Cd Fe H2O

Material I 19.9 11.5 0.4 - 17.8
Material II 22.7 0.5 0.2 - 52.7
Material III 11.5 0.3 0.02 - 41.3
Steel dust 22.1 2.2 - 31.5 -

The carbon-bearing material used in the research was fine-grained waste soot, the
selected physicochemical properties of which are summarized in Table 3.
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Table 3. Selected physical and chemical properties of soot.

Parameter Unit Value

Total carbon content wt.% 66–68.4
Calorific value kJ kg−1 22.8–33.0
Sulfur content wt.% 0.32

Volatile matter content wt.% 9.91
Ash content wt.% 22.1

Moisture content wt.% 1.7–3.5

The zinc-bearing waste material used in the research came from various stages of zinc
production using the hydrometallurgical method. Mass fractions of these materials in the
charge were similar to the recipes used in industrial conditions and were as follows: sludge
I—at 60%, and sludge II and III at 20% each. In the case of steel dust, this material was
100% of the mixture.

The process of agglomeration of charge materials with the addition of soot in the
amount of 40% of the weight of the zinc-bearing material in working condition was carried
out using the GZP 400-2A intensive mixer and the Improel professional laboratory disc
pelletizer. Before the compacting operation, the soot was pre-dried due to its high humidity.
The material was rolled in on the disc pelletizer until a diameter of 2 mm was obtained.
Maximum diameter was approx. 5 mm. The agglomeration process was carried out with
the addition of hydrated lime in the amount of approx. 5% by weight. Figure 3 shows the
scheme of the system for the preparation of soot agglomerate with the addition of water
and hydrated lime.
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3. Methods

The entire scope of the research included two stages:

• Determination of the characteristic properties of soot in terms of the applicability in py-
rometallurgical processes for obtaining metals (soot grain analysis, thermogravimetric
tests, and explosion tests);
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• Testing the processing of waste zinc-bearing materials in a fusing furnace.

To determine the dust sample’s particle size distribution, a laser diffraction particle
size analyzer was used, as shown in Figure 4.
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The samples were dissolved in water tank and automatically analyzed by the device,
according to [19] standard on particle size analysis. The typical operating range is between
0.5 and 1500 µm, with the use of a green laser (λ = 532 nm). For every sample, three
independent measurements were conducted and averaged.

The thermogravimetric analysis of the sample was carried out on a stand, which
included the NETZSCH STA 449 F3 Jupiter thermal analyzer coupled with the NETZSCH
QMS 403 Aëolos quadrupole mass analyzer (Figure 5).

Energies 2022, 15, x FOR PEER REVIEW 7 of 14 
 

 

The samples were dissolved in water tank and automatically analyzed by the device, 
according to [19] standard on particle size analysis. The typical operating range is between 
0.5 and 1500 μm, with the use of a green laser (λ = 532 nm). For every sample, three inde-
pendent measurements were conducted and averaged. 

The thermogravimetric analysis of the sample was carried out on a stand, which in-
cluded the NETZSCH STA 449 F3 Jupiter thermal analyzer coupled with the NETZSCH 
QMS 403 Aëolos quadrupole mass analyzer (Figure 5). 

The thermal analyzer enabled the observation of the tested sample in the temperature 
range up to 1973 K in the atmosphere of various gases. The analyzer system is vacuum-
tight and enables measurements to be carried out in an inert gas atmosphere, as well as in 
an oxidizing or reducing atmosphere. The maximum temperature progression was 50 
K/min and the balance resolution was 1 μg. The data collection, processing, as well as 
device operation control were carried out using a specialized software package. 

A quadrupole mass analyzer allowed the detection of molecules with a mass number 
from 1 to 300 Da with an accuracy of 0.5 Da. Data collection from the mass analyzer was 
accomplished in two ways: SCAN (searching the dominant mass number range) and MID 
(measuring up to 64 different predefined mass numbers). The analysis was performed 
using the included Proteus analytical software package. 

In order to determine these parameters, the temperature program of the experiment 
on the thermal analyzer was divided into two stages: 
• The first stage consisted in heating the fuel sample to 1163 K in an inert gas atmos-

phere, at a heating rate of 10 K/min; 
• The second, after exceeding 1163 K, synthetic air was introduced into the interior 

space of the furnace. At this stage, the heating rate was slowed down to obtain com-
plete combustion of the fuel sample in the air atmosphere. The heating rate was set 
at 2 K/min. The experiment was completed at a temperature of 1298 K. 
The weight of the sample was about 40 mg, and the total duration of one experiment 

was set to 135 min. 

 
Figure 5. Analyzer NETZSCH STA 449 Jupiter F1 coupled with QMS Aëolos analyzer. 

Maximum explosion pressure (pmax), maximum rate of explosion pressure rise 
((dp/dt)max), lower explosion limit (LEL), and limiting oxygen concentration (LOC) tests 
were carried out in accordance with [19–23] (correspondingly) in a 20-liter spherical vessel 
produced by ANKO S.A., shown in Figure 6. 
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The thermal analyzer enabled the observation of the tested sample in the temperature
range up to 1973 K in the atmosphere of various gases. The analyzer system is vacuum-tight
and enables measurements to be carried out in an inert gas atmosphere, as well as in an
oxidizing or reducing atmosphere. The maximum temperature progression was 50 K/min
and the balance resolution was 1 µg. The data collection, processing, as well as device
operation control were carried out using a specialized software package.
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A quadrupole mass analyzer allowed the detection of molecules with a mass number
from 1 to 300 Da with an accuracy of 0.5 Da. Data collection from the mass analyzer was
accomplished in two ways: SCAN (searching the dominant mass number range) and MID
(measuring up to 64 different predefined mass numbers). The analysis was performed
using the included Proteus analytical software package.

In order to determine these parameters, the temperature program of the experiment
on the thermal analyzer was divided into two stages:

• The first stage consisted in heating the fuel sample to 1163 K in an inert gas atmosphere,
at a heating rate of 10 K/min;

• The second, after exceeding 1163 K, synthetic air was introduced into the interior space
of the furnace. At this stage, the heating rate was slowed down to obtain complete
combustion of the fuel sample in the air atmosphere. The heating rate was set at
2 K/min. The experiment was completed at a temperature of 1298 K.

The weight of the sample was about 40 mg, and the total duration of one experiment
was set to 135 min.

Maximum explosion pressure (pmax), maximum rate of explosion pressure rise ((dp/dt)max),
lower explosion limit (LEL), and limiting oxygen concentration (LOC) tests were carried
out in accordance with [19–23] (correspondingly) in a 20-liter spherical vessel produced by
ANKO S.A., shown in Figure 6.

Energies 2022, 15, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 6. Twenty-liter spherical vessel manufactured by ANKO S.A. 

For the determination of first two of abovementioned indices, two chemical igniters 
of 5 kJ each were used. For other tests, one igniter of 2 kJ was used. The igniters were 
placed near the center of the sphere. 

The tested dust was poured into a dedicated container with a capacity of 0.6 dm3. 
After closing the container, the air pressure inside was raised to 20 bar. 

There is an electro-pneumatic valve in the lower part of the test chamber. In order to 
obtain an initial pressure of 1013 mbar during the test, a vacuum of 0.4 bar was created 
inside the chamber before the dust was sprayed inside the vessel. The initial temperature 
in the test chamber should be 20 °C, and the ignition delay in relation to the dispersion of 
dust inside the chamber should be equal to 60 ms. 

The stand was equipped with a measuring system recording pressure courses over 
time, which was recorded with an accuracy of +/−0.1 bar and a time step of at most 1 ms. 

The criterion for the explosion to occur is the registered overpressure in the chamber 
not lower than 0.5 bar in relation to the initial pressure 𝑝  at the moment of initiating the 
explosion, i.e., 𝑝 ≥ (𝑝 + 0,5 bar). This value takes into account the overpressure gener-
ated by the chemical charges initiating the explosion. Due to the use of two pressure sen-
sors, the maximum explosion pressure was considered to be the arithmetic mean of the 
values recorded by the sensors. 

The test consisted in searching for such a weight concentration of dust in the air for 
which the highest value of the explosion pressure will be recorded. 

The maximum explosion pressure of a dust cloud is determined for a given concen-
tration of dust in the volume of the explosion chamber. The standard also requires confir-
mation of this fact by carrying out subsequent tests in such a way as to determine the 
maximum explosion pressure for the adjacent two lower and two higher concentrations. 
The test was carried out three times and the obtained results were the arithmetic mean of 
three tests, with a correction adjusting the test results to the results obtained at full scale 
(in a test chamber with a capacity of 1 m3). 

The determination of the maximum rate of explosion pressure rise takes place simul-
taneously with the determination of the maximum explosion pressure. 

For determining the lower explosive limit, the test started with a concentration of 500 
g·m−3. The value of the highest concentration of dust in the air, at which the criterion of 
explosion occurrence was not met during three consecutive test trials, was considered the 
lower explosive limit. 

Figure 6. Twenty-liter spherical vessel manufactured by ANKO S.A.

For the determination of first two of abovementioned indices, two chemical igniters of
5 kJ each were used. For other tests, one igniter of 2 kJ was used. The igniters were placed
near the center of the sphere.

The tested dust was poured into a dedicated container with a capacity of 0.6 dm3.
After closing the container, the air pressure inside was raised to 20 bar.

There is an electro-pneumatic valve in the lower part of the test chamber. In order to
obtain an initial pressure of 1013 mbar during the test, a vacuum of 0.4 bar was created
inside the chamber before the dust was sprayed inside the vessel. The initial temperature
in the test chamber should be 20 ◦C, and the ignition delay in relation to the dispersion of
dust inside the chamber should be equal to 60 ms.

The stand was equipped with a measuring system recording pressure courses over
time, which was recorded with an accuracy of +/−0.1 bar and a time step of at most 1 ms.
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The criterion for the explosion to occur is the registered overpressure in the chamber
not lower than 0.5 bar in relation to the initial pressure pi at the moment of initiating
the explosion, i.e., pex ≥ (pi + 0.5 bar). This value takes into account the overpressure
generated by the chemical charges initiating the explosion. Due to the use of two pressure
sensors, the maximum explosion pressure was considered to be the arithmetic mean of the
values recorded by the sensors.

The test consisted in searching for such a weight concentration of dust in the air for
which the highest value of the explosion pressure will be recorded.

The maximum explosion pressure of a dust cloud is determined for a given con-
centration of dust in the volume of the explosion chamber. The standard also requires
confirmation of this fact by carrying out subsequent tests in such a way as to determine the
maximum explosion pressure for the adjacent two lower and two higher concentrations.
The test was carried out three times and the obtained results were the arithmetic mean of
three tests, with a correction adjusting the test results to the results obtained at full scale (in
a test chamber with a capacity of 1 m3).

The determination of the maximum rate of explosion pressure rise takes place simulta-
neously with the determination of the maximum explosion pressure.

For determining the lower explosive limit, the test started with a concentration of
500 g· m−3. The value of the highest concentration of dust in the air, at which the criterion
of explosion occurrence was not met during three consecutive test trials, was considered
the lower explosive limit.

The limiting oxygen concentration was determined for the concentration of dust in
the air for which the highest dynamics of the explosion were determined, i.e., when the
dp/dt parameter was the highest. It is assumed that for this dust concentration in the air,
the explosion conditions are optimal. Then, tests were carried out in an oxygen-depleted
atmosphere (diluting gas: nitrogen), and the limit oxygen concentration was the percentage
of oxygen in the atmosphere at which, in three independent tests, the dust-air mixture was
not ignited for the optimal and two adjacent concentrations.

The research on the processing of zinc-bearing materials was carried out in four series
in a laboratory rotary kiln with a length of 2000 mm, an external diameter of 420 mm, an
internal diameter of 240 mm, and a volume of 0.09 m3.

The furnace was fired with natural gas with a calorific value of 33 MJ/m3. The
measurement of gas and air flow rates was carried out with the use of rotameters. Behind
the furnace, there was a chamber equipped with a charging window and a process gas
discharge system equipped with a tubular water cooler and a fabric filter bag, type FKE-
C-04/6. The temperature measurement in the aggregate was carried out with the use of
Pt–PtRh thermocouples, placed directly under the burner and at the outlet of the process
gases. The scheme of the furnace layout and its view are shown in Figures 7 and 8.
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Before starting the tests, the turning drive (4) was started and the furnace was heated
to the temperature of 1474 K measured on the thermocouple located directly under the
burner (2), and then the charge was introduced into the furnace in the ratio of 7 kg/h. The
temperature in the reduction zone was maintained in the range of 1453–1523 K. The furnace
process gases were extracted by a fan to the collecting system (10). The dust that was
carried along with the gases was partially deposited in the process gas discharge system
and the cooler (8). Process waste was collected in the lower part of the furnace (6). During
the tests, the temperature in the reaction zone of the furnace and downstream of the cooler
was periodically controlled. The vacuum in the system was maintained at 0.5 to 5 mm of
H2O column to prevent gas from bursting at the ends of the furnace. With the increase in
flow resistance on the filter (9), the dust was automatically shaken from the fabric into the
container. An average sample was taken from the obtained crude oxide and analyzed for
the contents of Zn, Pb, Cd, and Fe. Chemical analysis was performed by the AAS method.

4. Results
4.1. Particle Size Distribution

The results of the sample analysis are shown in Figure 9 below. The chart describes
the content (right ordinate axis, %) of a particular fraction (abscissa) and cumulative distri-
bution (left ordinate axis, %) obtained during the abovementioned three measurements.
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The tests showed that the predominant particle size of the soot dust is in the range
of 10–90 µm, which means that the dust can be considered fine-grained. The particle size
distribution has a large impact on the explosion indicators, e.g., the maximum explosion
pressure, as, during an explosion, finer dust will have a better surface-to-volume ratio.

4.2. TG Analysis and Explosion Indices

The results of the TG analysis of the soot sample are shown in Figure 10.
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Figure 10. The results of the TG analysis of the soot dust sample.

As can be seen from this figure, three phases of pyrolysis were observed on the TG curve:

• The first phase is connected with the evaporation of moisture present in the sample
(around 2.88 wt.%), during which the CO2 concentration was equal to zero;

• After the moisture is evaporated, approx. constant ion current is observed (responsible
for the molecular mass of 44, i.e., CO2), in the range of temperatures of approx.
524–914 K. During this phase, a constant decomposition of volatile matter is observed
(<21.72 wt.%);

• At the temperature of 1004 K, the first peak value of the ion current was observed, which
corresponds to Reaction (4), described previously, i.e., carbonates decomposition;

• At the temperature of 1214 K, the highest peak value was observed. During the follow-
ing 2–3 min, the mass of the sample decreased by approx. 25 wt.%, which corresponds
to the introduction of the air into the test chamber, causing sudden oxidation of the
remaining carbon. Therefore, 46.49% of the total sample mass constitutes ash.

In the case of using soot in pyrometallurgical processes, it was necessary to test its
explosive properties. The obtained results of the soot explosiveness tests are presented
in Table 4. In order to be able to compare the obtained results, the list presents examples
of explosion indicators for fine-grained anthracite dust, which is also used as a fuel in
metallurgical processes [15–17].

Explosion data for anthracite (anthracite dust) was cited as it is also a material that is
used in metallurgical processes as an alternative to coke. The presented results indicate
much lower parameters determining the susceptibility to an explosion.
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Table 4. Comparison of the explosion parameters for the tested sample and anthracite as the refer-
ence material.

Parameter Soot Anthracite

pmax 5.9 bar @500 g/m3 4.4 bar @500 g/m3(
dp
dt

)
max

420 bar/s @750 g/m3 249 bar/s @250 g/m3

KSt
KSt = 1

114 m·bar/s @750 g/m3
KSt = 1

68 m·bar/s @250 g/m3

LEC 125 g/m3 n/a

LOC 16% n/a

On the basis of the obtained results, it can be concluded that in the case of soot, due
to the higher proportion of volatile flammable components, the fuel necessary for the
development of the explosion itself will be available earlier than in the case of anthracite.
This is confirmed by higher values of the explosion pressure and its derivative. Additionally,
comparing the data contained in the table, it can be concluded that from the point of view of
explosiveness, soot dust, in relation to anthracite dust, reaches higher maximum explosion
pressures; moreover, the soot dust explosion is characterized by about 69% higher explosion
dynamics (420 bar/s compared to 249 bar/s for the anthracite sample). The maximum
value of the derivative of the explosion pressure over time, and thus the most optimal
explosion conditions, was obtained for the soot sample for a much higher concentration
(750 g/m3 versus 250 g/m3 for anthracite). Both fine-grained carbon-bearing materials of
the sample may pose an explosion hazard, as evidenced by the value of the explosion index
KSt = 1. A clear difference in the dynamics of the explosion, however, indicates that soot
dust can be dangerous when used in confined spaces (e.g., in a closed metallurgical unit).

The obtained LEC parameter values indicate that the anthracite dust was not able
to cause an explosion during the test, even at the highest possible concentrations, i.e.,
2000 g/m3. This means that more energy is needed to initiate an explosion of anthracite
dust-air mixture. This confirms the earlier conclusion that soot dust poses a greater risk
from the point of view of explosiveness because an effective source of ignition with lower
energy emitted to the environment will be sufficient to initiate an explosion. Minimizing the
risk of explosion for a soot sample can be achieved by reducing the oxygen concentration
in the air to 16%.

By analyzing the results of soot ignition tests and comparative anthracite dust (Table 5)
it should be noted that it was not possible to determine the value of the MIT parameter
for the anthracite sample, even with the setting of the highest possible temperature of the
test device. Therefore, it should be stated that from the point of view of the minimum
ignition temperature of the dust layer and cloud, the soot sample poses a greater explosion
hazard than the anthracite sample. Ignition, according to the Zeldowicz mechanism [18]
for a soot dust cloud, occurs as low as 674 K. This means, taking into account the safety
margin defined by the standard, the surface temperature in a place where an explosive
atmosphere of dust with air may arise must not exceed 541 K; likewise for the maximum
surface temperature where dust can accumulate. Taking into account the safety margin at
the level of 75 K, it can be concluded that this temperature should not exceed 489 K. Below
these temperatures, the risk of dust-air mixture explosion as well as the risk of ignition of a
dust layer <5 mm thick is negligible.

Table 5. Ignition indices of tested samples.

Parameter Soot Anthracite Dust

TCL 674 K >1274 K 1

T5mm 564 K >674 K 2

1 no ignition according to standard requirements, single particles glowing. 2 no ignition according to standard
requirements after 45 min, also for 12.5 mm thick dust layer.
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Therefore, the only possible way to use soot practically in any metallurgical aggregate
is to prevent the appearance of soot dust, e.g., by agglomerating the charge.

4.3. Processing of Zinc-Bearing Waste with the Use of Soot in a Rotary Kiln

As previous studies have shown, the use of soot in the processing of zinc-bearing
materials in rotary kilns is possible only if it is introduced into the aggregate only in the form
of an agglomerate with other charge materials. Table 6 summarizes the obtained average
chemical compositions of crude zinc oxide obtained during the processing of agglomerates
with zinc-bearing materials, the characteristics of which are presented earlier in Table 2,
column 1, which describes the type of zinc-bearing material present in the agglomerate.

Table 6. Chemical composition of the obtained raw zinc oxide.

Zinc-Bearing Material
Used (Zn Content, wt.%)

Content, wt.%

Zn Pb Cd Fe

Material I (19.9) 49.60 16.50 4.10 -
Material II (22.7) 51.43 17.27 1.66 -
Material III (11.5) 48.61 14.49 1.67 -
Steel dust (22.1) 58.87 8.21 - 0.21

The obtained contents of zinc and lead in crude zinc oxide indicate that the contents
of these metals varied depending on the zinc-bearing materials used, from 48 to 59% by
weight in the case of zinc and from 8 to 18% by weight in the case of lead. Lower zinc
contents were obtained for agglomerates made with the use of charge materials that were
poorer in zinc. The obtained chemical compositions of the raw zinc oxide are on the same
level as those obtained in industrial conditions.

5. Conclusions

1. The use of fine-grained (dusty) soot in the processing of waste zinc-bearing materials
in a rotary kiln is not possible due to the risk of ignition and explosion.

2. A method that allows the use of soot includes introducing them into the furnace in
the form of an agglomerate with zinc-bearing charge materials.

3. The content of zinc and lead in the crude oxide obtained in laboratory conditions in
the process with the use of soot is at a similar level to the case of zinc oxides obtained
in industrial conditions in the process with the use of coke breeze.

4. Based on the test results and the analysis of the physicochemical properties of the
materials used, it was found that soot, with the appropriate procedures at the stage
of agglomerate preparation, meets the requirements for reducers and may be an
alternative to coke breeze in the metallurgical process.

5. From the point of view of fire and explosion protection, the use of the materials
described in the article, as the redactors, is permissible, in particular for anthracite,
whose flammability and explosive parameters are more favorable than soot and
typical charges are made of carbon-bearing materials, e.g., coke. Typical ignition
sources, such as surface temperature [24], will not have sufficient characteristics to
ignite the dust.
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