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Abstract: This study aims at detailed characteristics and comparison between dusts from various
iron and non-ferrous metal production processes in order to identify individual mineral phases,
chemical composition, and their influence on the values of magnetic susceptibility. Various analyt-
ical methods used include inductively coupled plasma optical emission spectroscopy, X-ray diffrac-
tion, scanning electron microscopy, and Méssbauer spectroscopy integrated with magnetic suscep-
tibility measurements and thermomagnetic analysis. Metallurgical wastes that have arisen at differ-
ent production stages of iron and non-ferrous steel are subjected to investigation. The analyzed dust
samples from the iron and non-ferrous metallurgy differ in terms of magnetic susceptibility as well
as their mineral and chemical composition. The research confirmed the presence of many very dif-
ferent mineral phases. In particular, interesting phases have been observed in non-ferrous dust, for
example challacolloite, which was found for the first time in the dusts of non-ferrous metallurgy.
Other characteristic minerals found in non-ferrous metallurgy dusts are zincite, anglesite, and
lanarkite, while dusts of iron metallurgy contain mostly metallic iron and iron-bearing minerals
(magnetite, hematite, franklinite, jacobsite, and wiistite), but also significant amounts of zincite and
calcite.

Keywords: magnetic susceptibility; thermomagnetic curves; X-ray powder diffraction; scanning
electron microscopy; Mossbauer spectroscopy; metallurgical dusts

1. Introduction

The region of Silesia, southern Poland, is a highly industrialized and urbanized area
where active non-ferrous metal processing plants as well as steel- and iron-works are lo-
cated. The plants are usually monitored, and they use highly efficient dust collectors so
that the emission of pollutants into the air are not too harmful for the environment. How-
ever, these processes are not completely hermetic and dust particles, especially the finest
ones are deposited on the Earth’s surface, contaminating soils, ground water, plants, and
finally incorporating into the food chain. The dusts emitted to the atmosphere by industry
is nearly 17% of particulate matter in the Silesian Province and takes a second place in
terms of the amount of anthropogenic pollution after dust from fossil fuel combustion [1].
Metallurgical processes are complex and heterogeneous, as are the substrates used in the
production of metals and steel. Consequently, the products obtained at different stages of
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production and in various metallurgical processes are chemically and mineralogically di-
verse. Metallurgy, as well as another high-temperature technological processes are the
source of gaseous and dust emissions which also differ in their composition and proper-
ties. Dust formation depends on several conditions, such as temperature, oxygen availa-
bility, reduction-oxidation conditions, types of fuels, raw materials and additives used, as
well as sampling position within the metallurgical plant. They are also specific to different
technological processes that determine the properties of dusts containing technogenic
magnetic particles (TMP) [2,3]. TMP have specific mineral and magnetic properties. More-
over, their well-developed specific surface area is characterized by an affinity for some
elements [4,5]. TMP are mostly iron oxides with ferrimagnetic or antiferromagnetic prop-
erties, therefore their presence in dusts, soils and sediments can be easily detected by mag-
netic susceptibility measurements [6—8]. Iron-bearing minerals, and especially the most
commonly occurred and used iron oxides, undergo numerous transitions during thermal
processes, which constitute a large group of heterogeneous reactions leading to decom-
position, alternate conversions, and the formation of various iron-bearing minerals, such
as goethite, lepidocrocite, siderite, pyrite, pyrrhotite, vermiculite, ilmenite, and others
[9,10]. Thermomagnetic analysis along with X-ray diffraction and Mdssbauer spectros-
copy are valuable methods for identification and the characterization of iron-bearing
phases.

Therefore, many researchers have investigated microstructural and magnetic prop-
erties of dusts, especially fly ashes from power plants which use coal as a major source for
energy generation [4,5,11-17]. Many publications have described the chemical composi-
tion and the content of basic elements of fly and bottom ashes [18-21]. The results of sev-
eral publications on emissions from other industries such as refineries, cement, coke, or
steel plants have been used to assess the critical issue of environmental pollution levels
[22-26]. However, it is very important to determine the mineralogical phase composition
of dusts, because very often the chemical composition alone is not sufficient to estimate
whether individual types of dust are easily or sparingly soluble. Thus, this requires as-
sessment of the ease with which TMP can penetrate the soil profile and living organisms.
The mineralogy, magnetic susceptibility and size of the dust particles can help in model-
ling and assessing the impact of metallurgical dusts on the environment. The identifica-
tion of the particular iron-bearing minerals formed during thermal transformations is a
problem of scientific and technical importance. There are studies on dust emissions from
iron and steel metallurgy or non-ferrous metal plants, but they were treated inde-
pendently [27-31].

This study, therefore, aims at carrying out detailed characterization as well as com-
paring dusts from various iron and non-ferrous metal production processes in order to
identify individual mineral phases, chemical composition, and their respective magnetic
susceptibility. Various analytical methods (inductively coupled plasma optical emission
spectroscopy, X-ray diffraction, scanning electron microscopy, and Mdssbauer spectros-
copy) integrated with magnetic susceptibility measurements and thermomagnetic analy-
sis are used to better understand the chemical and mineralogical properties of metallur-
gical wastes generated at different production stages of iron and non-ferrous steel.

2. Materials and Methods

Twelve samples of dust from various technological processes used in metallurgical
production of iron and non-ferrous metals were collected directly by qualified staff of four
Polish plants (their names are protected by a confidentiality agreement). A total of eight
samples were obtained from iron production sites employing various technological pro-
cesses, including scale dust—sample No. 7, dust from de-dusting—sample No. 8,
steelmaking dust—samples No. 16, 17, and 18; sinter dust—sample No. 20, and iron-bear-
ing sludge dust—samples No. 22 and 23. Four dust samples from the production of non-
ferrous metals were collected from various technological processes, such as sinter plant,
zinc rectification, lead refinery, and shaft furnace.
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2.1. Chemical Composition

Chemical composition was determined on the basis of the content of Cd, Cu, Cr, Fe,
Mn, Pb, Zn, and V. The content of mentioned elements was analyzed using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES; Avio 200 Perkin Elmer, Perki-
nElmer, Inc., Waltham, MA, USA) after mineralization in a mixture of nitric acid and hy-
drogen peroxide solution in a microwave oven.

2.2. Mineralogical Composition

Mineralogical composition and morphology of particles was analyzed using an en-
vironmental scanning electron microscopy (SEM) Philips XL 30 ESEM TMP, equipped
with an analytical EDAX Sapphire type EDS (Energy Dispersive Spectroscopy) detector
with ultra-thin window for analysis of the chemical composition of single dust particles
(EDAX Corporate Headquarters EDAX, LLC, Mahwah, NJ, USA).

Additionally, samples were investigated by X-ray powder diffraction (XRD) method
using X'Pert PW 3710 and X'Pert Pro Model PW 3040/60 (PANalytical, Almelo, Holland)
X-ray diffractometer. The analysis parameters were set to as follows: range: 2.5-65 or 5-
90 °2Theta; time limit: 300 s; step size: 0.01 °2Theta. The weight fraction of minerals was
estimated using the Rietveld Method module in the HighScore+ software (version 4.9)
coupled with the ICSD 2015 and ICDD PDF 4+ 2018 database.

2.3. Iron-Bearing Phase Identification

Mossbauer spectroscopy method was applied in order to complete the characteriza-
tion of the Fe-bearing minerals in the tested dusts, identify phases containing iron and
determine the oxidation states of their Fe-ions. 5’Fe Mossbauer transmission spectra were
recorded at room temperature with a POLON type Mossbauer spectrometer and a linear
arrangement of a ¥Co:Rh source (15 mCi activity), a multichannel analyzer with 1024
channels (before folding), an absorber and a detector. A gas proportional counter LND-
45431 was used as a gamma-ray detector. A 2-mm plastic filter was placed in the beam to
absorb the 6 keV X-rays before they entered to the detector. The spectrometer was cali-
brated at room temperature with a 30 um thick a-Fe foil. Numerical analysis of the Mss-
bauer spectra was performed by means of the WMOSS4 program ver. F (Ion Prisecaru,
“WMOSS54 Mossbauer Spectral Analysis Software’”). The mineralogical interpretations of
the spectra was based on the Mossbauer Mineral Handbook [32]. The concentration of
ferric and ferrous iron was determined from the spectral areas of the corresponding sub-
spectra. Such analyses are complex issue due to their connection with the Mossbauer re-
coilless fraction [33-35]. It has been taken into account that the pulverized samples were
mounted with the sample thickness of 7 mg/cm? in the holder. Such amount of the sample
was optimal to reduce absorber thickness effects [36,37].

2.4. Magnetic Susceptibility

Mass-specific magnetic susceptibility and frequency dependent susceptibility using
a dual frequency MS2B Bartington equipment (Bartington Instruments Ltd., Witney, UK)
was measured. Dust samples (in the form of five subsamples of each kind of dust col-
lected) after drying, weighting and placing in standardized Bartington 10 cc plastic vials
were subjected to low field bulk magnetic susceptibility measurements (x) at low fre-
quency [38]. Afterwards, the mass-specific (x) magnetic susceptibility was calculated, tak-
ing into account a sample density (q), by the following equation: x = x/q (m3/kg). Addi-
tionally, thermomagnetic analysis using MFK1-FA Kappabridge device connected with
(54 High Temperature Furnace Apparatus (Agico Advanced Geoscience Instruments Co.,
Brno, Czech Republic) was performed to supplement mineralogical research. Measure-
ments of the temperature variation of low-field magnetic susceptibility were carried out
in the temperature range from ambient temperature to 700 °C (continuous heating and
the following cooling) in an argon atmosphere. Thermomagnetic curves were measured
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in the 2 Am™ to 700 Am™ field and the operating frequency of 976 Hz. The “Cureval 8”
program was used to process and visualize the obtained data [39].

3. Results and Discussion

Metallurgical processes, involving the extraction of metals from their ores and scrap,
proceed in high temperatures (up to 2000 °C), which vary depending on the process (roast-
ing, melting, sintering, casting, and rolling) [40]. The iron ores most often used for metal-
lurgical purposes are deposits of iron oxides, mainly hematite and magnetite. On the other
hand, in non-ferrous metallurgy the important minerals in zinc ores are sphalerite, zincite,
franklinite, and smithsonite [41]. During these high temperature processes, minerals in-
cluded in ores undergo numerous complicated transformation. As a result, iron or non-
ferrous steel is produced, with a diverse chemical and mineral composition. Unfortu-
nately, metallurgical processes also generate waste: dusts and slags of different composi-
tion and properties which are the subject of presented study.

3.1. Chemical Composition

Chemical analysis was performed to determine the content of cadmium, copper,
chromium, iron, manganese, lead, zinc, and vanadium. These elements were selected in
terms of additives that are used in the production of different types of steel and the pro-
duction of non-ferrous metals that are used commercially. Chemical composition of dusts
from various iron and non-ferrous metallurgy processes is presented in Table 1. The chem-
ical composition of iron dust is fundamentally different from that of non-ferrous metal
dust.

Table 1. Magnetic susceptibility and chemical composition of dust from different iron and non-ferrous metallurgical pro-

cesses.

Sample

Kind of Process No Cd Cu Cr Fe Mn Pb Zn A"
Iron Metallurgy

x108m¥kg mg/kg mg/kg mgkg % % % %  mglkg
scale 7 4633 0.25 1087 123 73.8 0.6 0 0 16.0
de-dusting dust 8 9488 570 1153 492 18.4 1.4 2.5 2.6 429
steel dust 16 1604 930 2477 1144 23.3 2.6 1.9 2.9 78.6
steel dust 17 9099 420 694 331 29 0.7 1.1 3.2 2.5
steel dust 18 5630 55 118 140 39.2 1.4 0.2 1.1 50.4
sinter dust 20 1950 10 105 49 48.6 0.1 0.1 0 18.2
iron-bearing sludge iron- 22 5840 33 477 101 52.8 0.6 0.2 1.1 29.4
bearing sludge 23 4994 8 269 185 63.0 0.6 0.2 0.9 74.8

Non-Ferrous Metallurgy

x108m3kg % mg/kg mgkg % mgks % %  mg/kg
zinc rectification 10 5 4.60 215 1 0 14 1.0 4.3 2.5
lead refinery 11 62 0.15 2484 7 0.2 3 3.3 3.2 2.5
sinter plant 9 440 2.80 4295 59 2.1 986 3.1 2.8 16.3
shaft furnace 12 873 0.47 1581 20 1.3 613 35 3.9 5.8

The content of cadmium in studied dusts is very diverse: from 0.25 mg/kg for scale
from iron metallurgy to as much as 4.6% —for dust from the process of zinc rectification.
A much higher content of this element in dusts from non-ferrous metallurgical processes
is justified because of its content in Zn-Pb ores being a raw material. The results are com-
parable with Cd content (3.89%) in dust from a sintering machine of the zinc smelting
plant obtained by Adamczyk and Nowinska [29] and in contrast to the dusts collected
from electric arc furnaces, in which Cd content amounted only to 40 mg/kg [42]. Similarly,
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the content of zinc and lead is slightly higher for dusts from non-ferrous metallurgical
processes.

In general, such elements as Fe, Mn, Cr, and V occur in much higher quantity in
wastes from iron metallurgy. Only content of copper in dusts from both iron and non-
ferrous metallurgy varies in a wide range: from 105 mg/kg in sintering dust from the iron
metallurgical processes up to 4295 mg/kg in sintering dust from non-ferrous metallurgy.

3.2. Mineral Composition

Mineral composition of dusts determined using the X-ray powder diffraction method
(XRD) is presented in Tables 2 and 3. Performed analysis of single particles of industrial
dust using the SEM coupled with the EDS spectrometer allowed the observation of parti-
cle morphology together with the determination of chemical composition of individual
dust particles, which confirmed the presence of mineral phases obtained using the XRD
analysis.

Table 2. Mineral composition of dust from iron smelting processes on the basis of XRD analyses by the Rietveld method

in wt%.
Component Formula Scale De-Dusting Steel Dust Sinter Iron-Bearing Sludge
dust Dust
Sample number: 7 8 16 17 18 20 22 23
o .. (Zn,Mn?"Fe?)(Fe*,
franklinite-jacobsite Mn):0s 30.0 44.5 52.5
magnetite FesOs 48.0 245 27.0 30.0 37.5 9.5 9.0
hematite Fez2 Os 8.5 46.5 34.0 23.0
wiistite FeO 43.5 30.0 39.5
quartz 5102 3.0 1.5 9.5
zincite ZnO 38.5 24.0 40.5 2.5
laurionite PbCIOH 1.5 1.5 1.5
sylvine KcCl 2.5 1.5 1.5 7.5
halite NaCl 4.0 3.0
calcite CaCOs 4.5 8.5 23.0 30.0
portlandite Ca(OH): 4.0
graphite C 12.5
srebrodolskite Caz(Fe’*)205 1.5 2.0
iron Fe 13.0 19.5
sum 100 100 100 100 100 100 100 100

Table 3. Mineral composition of dust from non-ferrous metallurgy based on XRD analyses by Rietveld’s method in wt%.

Process and Sample Number

Component Formula Zinc Rectification Lead Refinery  Sinter Plant Shaft Furnace
10 11 9 12
zincite ZnO 95.0 28.0 2.5 66.0
gordaite NaZnsSOsCI(OH)s x 6H20 11.5 2.0
challacolloite KPb2Cls 45.0
palmierite KoPb(S04)2 0.5 35 12.5
anglesite PbSOs 36.0 17.5 13.5
matlockite PbCIF 135 1.0
lanarkite Pb20SO4 34.0 2.0 2.0
osakaite ZnsSO4(OH)s x 5H20 2.0 1.5
lahnsteinite ZnsSO4(OH)s x 3H20 1.5
sylvine KCl1 1.5
galena PbS 2.5
otavite CdCOs 2.0

monteponite CdO 3.0
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sum

100 100 100 100

Sy w"‘u

5

A significantly different mineral composition was observed in the dusts obtained
from processes of iron and non-ferrous metallurgy. Dusts from the iron metallurgy pro-
cesses are characterized by a significantly different mineral composition. They are domi-
nated by iron oxide phases from wiistite FeO through hematite Fe2Os to various types of
spinels, such as magnetite FesOs, or franklinite—jacobsite (Zn, Mn?, Fe?*)(Fe¥, Mn?"):0a.
The composition of iron dust varies depending on the process. The following 15 phases
were determined in total: franklinite—jacobsite (Zn, Mn?, Fe?")(Fe3*, Mn?*)204, magnetite
Fe3Os, hematite Fe20s, wilistite FeO, quartz SiOz, zincite ZnO, laurionite PbCIOH, sylvine
KCl, halite NaCl, calcite CaCOs, portlandite Ca(OH), graphite C, srebrodolskite
Caz(Fe?*)20s, periclase MgO, and metallic Fe.

The scale dust was characterized by the presence of only three oxide phases: magnet-
ite—approx. 48% (Figures 1 and 2), wiistite—43.5% and hematite—8.5%

(Figure 2). The scale dust sample was characterized by relatively large, massive particles,
the size of which usually exceeded 15 um. The dominant element in these dusts was iron
present in two Fe-oxidation states or phases, Fe?* and Fe3*.

1444
1154 Fe
86
57
28 0
0 —
A e 1 3 5 7 9 1 13
- pot Megn Det - WD E————"20m
1500 KV 507800 ,CEN. 105 : 3
(b)

Figure 1. Scale dust (No. 7): (a) Scanning electron microscopy (SEM) image of the magnetite crystal (indicated with red
arrow); (b) the EDS spectrum.

Intensity|
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14,400

10,000

6400

Position [*2Theta] (Copper (Cu))

Figure 2. X-ray powder diffraction (XRD) pattern of sample No. 7 (scale). Symbol explanation:
M —magnetite, H—hematite, W —wiistite.
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The dominant components in dust from de-dusting were spinels, which in total con-
stituted approx. 54.5% (Table 2). Further, zincite was a frequently occurring component
of these dusts, the amount of which was estimated at nearly 38.5%. The other components
were quartz 3%, sylvine 2.5% and laurionite 1.5% (Figures 3 and 4). Laurionite particles
occur as elongated forms, the length of which ranges from 1.5 to 12 um and a width up to
2.5 um (Figure 3).

S
44g)
Cl

334}

223

111} 0
Pb

0 ¥ t

1 3 5 7 9 1 13

(b)

Figure 3. Laurionite particle in dust from de-dusting, sample No. 8: (a) SEM image (laurionite is indicated by a red arrow);

(b) the EDS spectrum.

Intensity
[counts]

22,500

10,000

2500

0 2 0 40 50 e
Position [*2Theta] (Copper (Cu))
Figure 4. XRD pattern of de-dusting dust (sample No. 8). Symbol explanation: F —franklinite—
jacobsite, L —laurionite, Q —quartz, S—sylvine, Z—zincite, M—magnetite.

Zincite particles in de-dusting and steel dust were present in the form of aggregates
consisting of small oval forms. Their amount ranged from 2.5 to 40.5%. Zincite was not
observed in sinter dust and iron-bearing sludge. It is obvious that particles containing iron
oxides, mainly spinels like franklinite—jacobsite and magnetite, dominated in the steel
dust (Figure 5). The content of franklinite—jacobsite reached the maximum value of 52.5%.
The magnetite content was in the range from 9% in iron-bearing sludge dust up to 48% in
the scale.
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707

Det WD
CEM 10.2

(a) (b)

Figure 5. Particles composed of franklinitejacobsite in steel dust, sample No. 17: (a) SEM image of franklinite—jacobsite
particles (indicated with red arrows); (b) the EDS spectrum.

Hematite was also a common Fe oxide. Its content, depending on the process, ranged
from 8.5% in scale up to 46.5% in steel dust (Table 2). Iron oxide in the form of wiistite
were also present in the dust from the iron metallurgy, but this phase was observed only
in the scale (43.5%) and in iron-bearing dust (30-39.5%).

The sintering dust is characterized by the content of six minerals (Table 2). The most
abundant particles consists of iron oxides (magnetite and hematite), whose share reaches
the value of 71.5%. Apart from iron oxides, the presence of quartz and calcite in amounts
not exceeding 10% each is determined. Moreover, in the sintering dust, chlorides such as
sylvine and halite are present in very small amounts (10.5%) and can result from the for-
mation of secondary dust during the production process. In particular, this applies to
dusts from steel production where coal (coke) is used for their production. In various coal
combustion processes, HCI is emitted, which may react with other components, forming
NaCl or KCl. In addition, in a lead refining process, baths are made in various solutions
(e.g., potassium hydroxide or hydrochloric acid).

Among all types of dust from iron metallurgical processes, the iron-bearing sludge
dust (Figure 6) contains the lowest amount of magnetite (not exceeding 10%) and a high
content of wiistite (30-40%), as well as metallic iron particles ranged from 13 to 19.5%.
These particles are characterized by sharp-edged shapes, and their size usually exceeds
10 um (Figure 7).

Intensity|
[counts]

18,600 W c

;
{.
1; g
L o
T oL
=
=
- TO
Oz
T
mgég
T
== _
=40s)
=10)]
)
(%]

10,000

c
¥wow "
400 M W | S s |
M M
k S M C| l. SMM . L..LHM,___A.W,Wﬂ d 23

Pasition [*2Theta] (Copper (Cu))

Figure 6. XRD pattern of sample No. 22 and 23. Symbol explanation: C—calcite, H—hematite, I—
iron, M—magnetite, S—srebrodolskite.
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Figure 7. Metallic iron particle (indicated with red arrow) in iron-bearing sludge dust (sample No. 22): (a) SEM image; (b)

the EDS spectrum.

The chemical analysis of the metallurgical dusts revealed large diversity: some ele-
ments are present in significant amounts (percentages) and elements with only trace con-
tent. Sample No. 16 (steel dust) is characterized by the lowest magnetic susceptibility and
the highest content of majority of elements, such as Mn, Cr, Cu, Cd, and V. Unfortunately,
any mineral phases with Mn, Cr, or Cu have not been identified in this sample. The pos-
sible reasons for this could be the following;:

(i) amount of phases containing these elements in the sample was under detecting
limit of the XRD method;

(ii) Mn and Cr can be present in ferritic form whose peaks can be covered by the
peaks of magnetite and franklinite (coincidence of peaks);

(iii) they can be present in the spinel phase lattice of franklinite and magnetite and
not as separate phases [43].

The composition of dust from non-ferrous metallurgy varies depending on the pro-
cess. A total of 13 phases have been identified: palmierite KoPb(504)2, anglesite PbSOs,
osakaite ZniSO«(OH)s x5H20, gordaite NaZnisSO«ClI(OH)sx6H20, matlockite PbCIF, ga-
lena PbS, zincite ZnO, sylvine KCl, challacolloite KPb2Cls, otavite CdCOs, monteponite
CdO, lanarkite Pb2SOs, and lahnsteinite ZnsSOs(OH)sx3H-0.

The most abundant component in the dust from non-ferrous metallurgy is zincite
(Table 3, Figures 8a,b and 9), the highest content of which was 95% found in the dust from
the zinc rectification process and 66% in the dust from the shaft furnace. In the dust from
lead refineries, zincite occupies 28% and it is the third most abundant component after the
36% of anglesite and 34% of lanarkite. Zincite occurs in the form of hexagonal bars, often
ending in a pyramidal shape, and it also forms twins. The sizes of individual zincite crys-
tals range from 1.5 to 8 um, and larger sizes over 5 um are formed by zincite aggregates
(Figure 8a,b).
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Figure 8. Dust from the Zn rectification process (sample No. 10): (a,c) SEM images: red arrow indicates zincite crystals
forming twins; yellow arrows—single zincite crystals in the form of a column, sometimes with pyramidal ends; green
arrow —twinning of columnar zincite crystals with pyramidal ends; blue arrow —hexagonal crystal of zincite; (b,d) the
EDS spectrum.

Intensity
[counts] Z z

360,000

160,000

40,000
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Figure 9. XRD pattern of sample No. 10 (Zn rectification) and No. 9 (sinter plant). Symbol explana-
tion: A—anglesite, B—galena, C—challacolloite, G—gordaite, M—monteponite, O—osakaite, Ot—
otavite, V—matlockite, X —palmierite, Z—zincite.

Only three phases dominate in the zinc rectification process: Zn oxide in the form of
zincite and cadmium oxide in the form of monteponite and cadmium carbonate in otavite
(Figure 9). Individual particles consisting of cadmium oxides had a size below 2 um with
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irregular shapes, often forming aggregates larger than 4 um with spherical forms
(Figure 10).

M Cd

497]

373

248

1240

(b)

Figure 10. Particles from the zinc rectification process: (a) SEM image; the red arrows indicate components with the com-
position of cadmium oxides, probably monteponite CdO; (b) the XRD spectrum.

Moreover, in the lead refinery process, only five phases were distinguished: angle-
site, lanarkite, zincite, sylvine and palmierite (Table 3). The first three minerals account
for nearly 98% of all components in the described non-ferrous metallurgical process.

The lead sulphates observed using SEM exist as the two phases of an anglesite and
lanarkite (Figure 11). The lead sulphate particles appear in spherical forms and their sizes
do not exceed 2-3 um (Figure 11).

Figure 11. Dust particles from the lead refinery process (sample No. 11): (a) SEM images; the red arrows indicate lead
sulphate: anglesite PbSOs and lanarkite; (b) the EDS spectrum.

The dust from the sinter plant was characterized by the greatest variety of minerals
(Figure 9). Nine different mineral phases have been identified. The dominant component
of approx. 65% of all particles are challacolloite KPb2Cls (Figure 12 and Table 3).

The sizes of single particles with the challacolloite composition do not exceed 1 pum.
Most often they form aggregates made of small oval particles (Figure 13).

In dust collected from the shaft furnace, eight mineral phases were distinguished.
Zincite had the largest share, about 66% (Table 3). Other components present in the
amount of 28% are lead sulphates (anglesite, palmierite, and lanarkite). Among the dust
from the shaft furnace, osakaite and lahnsteinite were identified in the amount of 1.5 each.
The rare matlockite PbCIF in the amount of approximately 1% was also found (Table 3).
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Figure 12. Dust particles from the sinter plant (sample No. 9): (a) SEM image; red arrow indicates a challacolloite KPb2Cls
aggregate; (b) the EDS spectrum
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Figure 13. Mossbauer spectra obtained for scale (No. 7) and dedusting dust (No. 8). Fitted subspectra, their assignments
and contribution are visible on the spectra; Hem —hematite, Mag —magnetite, Wus—wiistite, Frk—franklinite. Absolute
errors are estimated at + 1% for components areas.

3.3. Iron-Bearing Phase Identification

To obtain more local information, Mdssbauer spectroscopy of iron has become an
established method in investigation of minerals. This method gives information about ox-
idation states and coordination numbers, which are identified on the basis of the magni-
tudes of the isomer shifts (IS) and quadrupole splitting (QS). The isomer shift is extremely
sensitive to the oxidation state of the sample. IS values predictably decrease with increas-
ing s-electron density around the nucleus, so they depend not only on oxidation state but
also on the type and bond lengths of ligands coordinated to the Fe atoms. The upper limit
of isomer shift value for Fe3* in tetrahedral coordination is approximately 0.25 mm/s,
whereas the lower limit for octahedral Fe® is approximately 0.29 mm/s. For Fe?, values of
IS > 1.20 mm/s are generally attributed to eightfold or dodecahedral coordination, values
of 1.20 > IS > 1.05 mm/s are generally octahedral, and values of 1.05 > IS > 0.90 mm/s are
assigned to tetrahedral occupancy [44]. The quadrupole splitting is a consequence of the
quadrupole interaction (a measurable parameter of it). It is due to the asymmetry of the
electron density distribution around the nucleus. In general, QS for Fe?* >> QS for Fe®".
Furthermore (as a general rule), the larger the QS, the more distorted the coordination
polyhedron surrounding the Fe atom [44].

The measured Mdssbauer spectra together with fitted components and their assign-
ment obtained for investigated samples of technogenic dusts are presented in Figures 13,
14 and 15, Table 4, and Table S1 in Supplementary Materials. By using Fe Mdssbauer
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spectroscopy, different iron compounds present in a solid mixture can be identified. The
relative concentrations of iron-bearing phases (Table 4) can be estimated by spectra fitting.
The samples have paramagnetic as well as magnetic fractions. All spectra are dominated

by Fe* phases, accounting for 70-100% of the total iron (except for samples of iron-bearing
sludge).

Table 4. Fe-bearing phases concentration (in % with an error + 1%) of dust from iron smelting processes on the basis of
Mossbauer spectroscopy analyses.

Component
Kind of Dust Sample Jacobsite Franklinite Magnetite Hematite Wiistite Fex m Cal- Ferin Iron
cite Glass
scale 7 49 21 30
de-dusting dust 8 78 22
16 86 14
steel dust 17 20 80
18 47 41 3 9
sinter dust 20 46 47 7
iron-bearing 22 22 17 24 3 14 20
sludge 23 15 38 3 12 32
Mossbauer spectra of the scale dust was fitted with three sextets and one quadrupole
doublet (Figure 13). Two of the sextets were fitted using hyperfine magnetic fields (Bn)
49.7 and 46.2 T, quadrupole splitting (QS) zero for both, isomer shift (IS) 0.35 and 0.68
mm/s, respectively, and are attributed to an inverse spinel magnetite phase Fe3Os. The
remaining sextet fitted with parameters Bhf =52.1 T, QS = 0.16 mm/s and IS = 0.37 mm/s
was attributed to hematite Fe2Os; however the positive quadrupole shift of hematite indi-
cates impurities. The Mdssbauer parameter values are IS =0.90 mm/s and QS = 0.70 mm/s,
which correspond to the presence of wiistite (Fe2*O). Mdssbauer spectra obtained for dust
from dedusting (No. 8) and two steelmaking dust (No. 16, 17) look very similar
(Figures 13 and 14). Iron appears only as ferric state. The dominating fraction (62-78%) is
the paramagnetic doublet. Its hyperfine parameters, IS = 0.31 mm/s and QS from 0.39 to
0.43 mm/s, indicated franklinite. In the remaining parts of the spectra, iron appears in the
magnetite (sample No. 8 and 16) and in jacobsite (sample No. 17).
Sample number 16 Sample number 17
0,0 etz : 0,0

_ Mag (21%) _ f

g 2

2 Frk (69%) 2 Frk (63%)

< =

-28 ; =32 ;
-10 5 10 -10 -5 10

0
Velocity (mm/s)

0
Velocity (mm/s)



Minerals 2021, 1

1,216

14 of 20

Absorption (%)

0,04

Absorption (%)

Mag (46%)|

0
Velocity (mmvs)

1
o
w

=10 -5 5 10

0
Velocity (mm/s)

Figure 14. Mossbauer spectra obtained for steel dusts (No. 16, 17, and 18) and sinter dust (No. 20). Fitted subspectra, their
assignments and contribution are visible on the spectra; Frk—franklinite, Hem —hematite, Mag—magnetite, Wus—
wiistite, Jo—jacobsite. Absolute errors are estimated at + 1% for components areas.

The main Fe-containing phases in the sample No. 18 (steelmaking dust determined
from spectra absorption areas) are hematite (41%) and magnetite (47%) (Figure 14 and
Table 4). Furthermore, two doublets were also observed: the first with IS = 1.03 mm/s and
QS = 0.63 mm/s correspond to the presence of Fe? in wiistite, while the second doublet
with IS of about 0.19 mm/s and QS = 0.42 mm/s, is assigned to Fe’* ions. It might be as-
sumed that this doublet corresponds to iron-containing glass [45,46]. Hematite and mag-
netite are main magnetic Fe-bearing phases present in the sinter dust sample (Figure 14;
Table 4). The observed Mossbauer parameter values for the spectrum of the ferric iron
doublet of this sample can be interpreted to be iron-containing glass [45,46]. Mossbauer
spectra of the iron-bearing sludge dusts, samples No. 22 and 23, contain the highest
amount of wilstite, from 24 to 38%, respectively (Figure 15). This phase is represented on
the spectrum by paramagnetic doublet with hyperfine parameters IS = 1.05 mm/s and
QS = 0.61 mm/s. Paramagnetic part of Fe-bearing phases in these samples form also an-
other doublet, which parameters indicate Fe3* in amorphous matrix. Sextet, with Bne=33T,
connected with metallic iron was also detected on Mossbauer spectra of the iron-bearing
sludge dusts. Its concentration amounts to 20% and 32% for samples No. 22 and No. 23,
respectively. The remaining part of these spectra constitute iron oxides, which are hema-
tite and magnetite in sample No. 22 and only magnetite in sample No. 23.
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0,0 ok . 0,0+ ..
£ |Hem (17%) £ |aFe(32%) Mag (15%)
= -Fe (20%)/ E - :
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Z 3+, ‘o : ag o Z us °
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25 ! ; ; -85 — . .
-10 - 5 10 -10 5 10

0
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Figure 15. Mdssbauer spectra obtained for iron-bearing sludges (No. 22, 23). Fitted subspectra, their assignments and
contributions are visible on the spectra; Hem —hematite, Mag —magnetite, Wus— wiistite, Cal —calcite.

In general, the M0ssbauer spectroscopy study is consistent with the results of XRD
method. However, it is pertinent to bear in mind that there could be minor contribution
of some minerals below detection limit (1%) in samples analyzed by the XRD method.
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3.4. Magnetic Susceptibility

Magnetic susceptibility depends on the geochemical and mineralogical composition
of investigated material, and in particular on the abundance of iron-bearing magnetic min-
erals. Dusts originated from the iron metallurgy are characterized by mass-specific mag-
netic susceptibility (x) ranged from 1604 (steel dust) to 9488 x 10-*m3/kg (de-dusting sys-
tem generated in the process of iron steel production). There are three samples of
steelmaking dusts collected at various stages of electrostatic precipitators with very di-
verse values of x: 1604, 5630 and 9099 x 108 m¥kg. The reason for this is the fact that the
dust came from different mills, which rely on their own steel production technologies and
are based on different compositions of the furnace charge of pig iron and additives used
in the production process (Table 1). Surprisingly, when comparing these three samples of
steel dust whose magnetic susceptibility ranges from 1064 to 9099 x 10-8m3/kg, it appears
that the most magnetic mineral fractions (magnetite and hematite) were identified in the
sample with susceptibility equal to 5630 x 10-8 m3/kg. Sample No. 18 with the highest x
contains jacobsite and franklinite. This situation can be explained by the method of meas-
urements and analyses. Measurements of magnetic susceptibility are performed on a rel-
atively large sample (approximately 10 g), while mineralogical and M&ssbauer spectros-
copy analyses—on a sample approximately 100 times smaller, so there is a possibility of
encountering single, highly magnetic grains in the sample, which does not exhibit the
highest magnetic susceptibility value.

Dusts from non-ferrous metallurgy reveal much lower mass-specific magnetic sus-
ceptibility values ranged from 5 to 873 x 108 m%kg for dust samples from the zinc rectifi-
cation process and shaft furnace, respectively (Table 1). Values of x obtained for dusts
collected from iron metallurgy installation can be compared to those emitted by hard coal
combustion exhibiting x in range of 1485-8516 x 108 m3/kg, while x values of dusts from
non-ferrous metallurgy are in comparable ranges as x values for lignite and cement dust
[4,5]. Such a wide range of magnetic susceptibility is indicative of complex and variable
mineral composition of TMP contained in dusts.

Thermomagnetic (x-T) curves of investigated samples are plotted in Figure 16, curves
No. 7, 8, 16-18, 20, 22, and 23 represent dusts from iron metallurgy, while charts No. 10,
11, 9, and 12—dusts from non-ferrous plant. Differences in the thermomagnetic curve
runs indicate varied composition of magnetic minerals. The k-T curves of iron metallurgy
dusts are distinct from those of non-ferrous dusts mainly by a range of magnetic suscep-
tibility which for the former reaches the values of several thousand, and for the latter—
only a few dozen (max. 300) x 10-5 SI units. However, the thermomagnetic behavior for all
samples shows a Curie temperature (Tc) at about 570-590 °C, indicating the presence of
magnetite as the dominant magnetic carrier. The x-T curve of the scale sample (No. 7)
differs from the others by the Hopkinson-like peak which characterizes the ferromagnetic
to super-paramagnetic transition of the amorphous phase [6]. Magnetic susceptibility
slowly increases with temperature and passes through a maximum followed by a sharp
fall at the Curie temperature of magnetite. Temperature magnetic susceptibility depend-
ence of sinter dust (No. 20) exhibits similar course, but the Hopkinson peak is much wider.
The x-T curve of de-dusting dust (No. 8) looks completely different. A sharp decline in k
from room temperature to Tc of ~580 °C characteristic of magnetite, with a hump at ~370
to 400 °C followed by the larger drop in x. This can be related to the presence of franklinite
which was found on the basis of the earlier discussed X-ray patterns and Mdssbauer spec-
tra. The x-T curves for samples No. 16, 17, and 9 have similar courses, however they ex-
hibit different behavior after reaching temperature of 580-600 °C. On the heating curves
of steel dust and dust after zinc rectification a continuous drop in x up to 700 °C is ob-
served suggesting the presence of high-temperature magnetic phase, like metallic iron,
which exhibits a Tcof 780 °C [8,47,48] or a significant amount of hematite (the Neel tem-
perature of 675 °C) [49]. Four samples (No. 7, 18, 20, and 12) are characterized by cooling
curves above heating ones indicating thermally induced neoformation of magnetite. The
cooling and heating curves are irreversible, what means that magnetic minerals present
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in dust samples are not stable and undergo thermo-transformations during heating, e.g.,
transformation of maghemite to hematite between 300 and 450 °C [50].
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Figure 16. The «-T curves (x (x10-5 SI units) is presented on the Y-axis and T (°C)—on the X-axis) of investigated dust
samples. The heating lines are in red and cooling lines—in blue.

4. Conclusions

The analyzed dust samples from the iron and non-ferrous metallurgy are character-
ized by different chemical and mineral composition, as well as magnetic susceptibility
values.

The analyses carried out with the use of SEM, XRD, and Mdssbauer spectroscopy
clearly showed a very high content of magnetite, franklinite and jacobsite in dusts from
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iron metallurgy processes, the content of which is at a level exceeding 50% of all compo-
nents contained in these dusts. These results are in agreement with chemical composition
of dust samples which contain up to 74% of iron. The results show that particles of metallic
iron are observed only in dusts originating from the iron-bearing sludge. These particles
often have sharp-edged shapes, although their spherical forms are also encountered [1].
Dusts from iron metallurgy processes, containing iron oxides in the form of magnetite or
franklinite—jacobsite differ in morphology from other particles of similar composition,
which were found in dusts from coal combustion in power plants. In iron metallurgy these
dusts are usually sharp-edged, massive particles with sizes exceeding 4 pm, while dusts
from fossil fuel combustion are characterized by spherical forms, the size of which can be
from 1-2 pm to even 50-60 pum [4,51]. What is more, in metallurgical dusts any spherical
Fe-bearing aluminosilicate glassy particles were not detected, while abundance of sphe-
roidal aluminosilicates has been considered as Anthropocene index characteristic for fos-
sil fuel combustion [52].

Fe-poor dusts from non-ferrous metallurgy, with practically no minerals in the form
of Fe oxides, showed the lowest magnetic susceptibility. Characterization of the mineral
composition confirmed the presence of zing, lead and cadmium-containing minerals. Sim-
ilarly, the results of the analysis of the chemical composition of the dusts indicated that
the highest levels were found for such heavy metals as: zinc, lead, and cadmium. Their
total amount in the analyzed dusts amounted to nearly 10%.

The dust from the non-ferrous metallurgy was characterized by particle sizes usually
below 10 microns. Such a fine fraction of dusts containing heavy metals, considered as
toxic, after entering the atmosphere, can stay in it for a long period of time, which affects
their distant movement from the emission source and causes environmental
pollution [1,53].

The non-ferrous metallurgy dusts are constituted by lead chlorides and lead sul-
phates, such as challacolloite, palmierite, and matlockite, the amount of which in the ana-
lyzed samples ranged from 0.5% to 45%. Another characteristic minerals found in these
dusts are zincite, anglesite, and lanarkite. The most common studies have described the
zinc oxide phases in the form of zincite [54,55] and various sulfide and sulfate phases of
lead and zinc [29].

Challacolloite was found for the first time in the dust of non-ferrous metallurgy. This
mineral has not been described so far in dusts from non-ferrous metallurgy. Its natural
occurrence is known in materials from volcanic eruptions and its occurrence has been
found in a silver mine in Chile [56]. Synthetic challacolloite crystals are used in the pro-
duction of lasers [57]. It is soluble in water, so it can easily be released into the environ-
ment.

According to Mossbauer spectra, the main iron bearing phases in steelmaking dust
and sinter dust are hematite and magnetite. In scale dust an inverse spinel magnetite
phase, hematite as well as wiistite were present and in dedusting dust—franklinite, mag-
netite, and jacobsite. Mossbauer spectra of the iron-bearing sludge dusts indicate presence
of wiistite, metallic iron and less amount of hematite and magnetite, but also Fe* in amor-
phous matrix was detected.

Studies have shown that the magnetic susceptibility of a sample was determined not
only by the elements present in significant amounts, but also by the elements present in
trace amounts.

It has been proven that the samples, in which the presence of magnetite and other
iron-bearing minerals is confirmed with XRD analysis and Mossbauer spectroscopy, are
not always characterized by the highest values of magnetic susceptibility. The reason is
that these analyses are qualitative analyses, but in case of magnetic susceptibility the
quantitative content of magnetic minerals in the sample is responsible for its values.
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Supplementary Materials: The following are available online at www.mdpi.com/2075-
163X/11/2/216/s1, Table S1: Mossbauer spectroscopy parameter data of Fe-bearing dust minerals in
samples from metallurgy.
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