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FORMS OF ZINC FOUND IN ELECTRIC STEEL SMELTING FURNACE  
GAS CLEANING DUST 

S. N. Tyushnyakov,1  E. N. Selivanov,2  and  A. A. Pankratov3 UDC 669.01:669.054.8 

Results are provided for a study of the elemental and phase composition of PAO Northern Pipe Plant 
electric steel smelting furnace gas cleaning dust.  Dust particle shape and size are evaluated.  X-ray mi-
croanalysis is used to determine the elemental composition of dust particles art local sampling points.   
It is shown that zinc in dust is found predominantly in calcium and magnesium ferrites, and also in 
spinels. 

Keywords:  furnace, steel, gas-cleaning dust, composition, structure, size, phases, iron oxides, zinc fer-
rite, formation mechanism. 

Currently there is an increase in the proportion of metal scrap introduced into steel melting unit charges 
with a high nonferrous metal content, including zinc [1, 2].  Heating and melting of steel scrap containing zinc 
leads to zinc evaporation [2].  A number of elements and compounds volatilize in the high-temperature zone 
(above 3500 ºC) of an electric furnace and are transferred into sublimates.  In an oxidizing gas atmosphere zinc 
metal vapor is oxidized to  ZnO  and leaves the furnace.  During electric melting of scrap almost all of the zinc is 
transferred into a dust and gas stream and thereby separated from the finished metal.  In a dust and gas stream 
there is a high probability of forming complex compounds, for example zinc ferrite  ZnFe2O4. 

In a gas cleaning system mechanically entrained particles, condensed metals, and compounds, and also their 
reaction products, are captured in the form of dust and slurry.  In contrast to blast furnace dust [3–5] the fine 
products captured in a steel melting unit dust and gas cleaning system have a smaller size and carbon content.  
According to data in [2, 3] the chemical composition of dust and slurry of steel melting units vary over wide 
limits, wt.%:  32.0–67.7 Fetot,  2.3–19.7 FeO,  48.3–66.0 Fe2O3,  1.0–12.0 SiO2,  1.5–22.1 CaO,  0.1–20.3 ZnO,  
0.5–4.0 C,  0.1–0.7 S. 

The microstructure and shape of end product metals (zinc and iron) in dust of a gas cleaner mainly deter-
mines the efficiency of their treatment technology.  Pyrometallurgical methods for dust treatment and slurry  
of steel smelting gas cleaning units have been considered in [2, 6–10].  Data are provided in [11–13] for thermo-
dynamic modeling of pyrometallurgical reduction and chlorination in order to extract valuable metal from  
EAF dust. 

During development of treatment for finely dispersed materials a study of their chemical and phase compo-
sition is limited [9, 10], and the microstructure of dust and slurry from gas cleaners, in particular Ural enterpris-
es, remains little studied.  The aim of the present work is to study the microstructure, chemical, and phase  
composition of gas cleaning dust from electric steel smelting furnaces, which is a basis for further development 
of their utilization technology. 
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Fig. 1.  Gas-cleaning dust diffraction pattern. 

Research Procedure 

Grain size composition was studied using a HORIBA LA-950 particle size laser analyzer.  X-ray phase 
analysis (XPA) was conducted in an automatic DRON-2.0 diffractometer (graphite monochromator in the 
emerging beam;  Cu Kα  radiation) and in order to identify phases a PDF-2 (powder Diffraction File) database 
was used.  X-ray microanalysis (XMRA) was performed in a JSM-5900LV scanning electron microscope and an 
energy-dispersion X-ray microscope Oxford INCA Energy 200.  The procedure of microsection preparation for 
microanalysis included mixing dust with epoxy resin, molding a specimen in a frame, and polishing after hard-
ening.  Before carrying out XMRA a current conducting coating of electrical conducting powder was deposited 
at a microsection surface. 

The initial specimen taken was dust from bag filters (moisture content 0.6%) EAF-135 (PAO Northern 
Pipe Plant) containing wt.%:  4.5 Zn;  41.2 Fetot,  4.9 Mn,  9.0 Ca,  1.5 Mg,  2.6 Si,  0.5 Al,  2.8 C,  0.7 S,   
2.0 Cl,   0.2 F. 

Research Results 

According to XPA data (Fig. 1) dust specimens contain iron oxide Fe3O4 and calcium orthosilicate Ca2SiO4.  
Some shift in iron oxide and calcium orthosilicate reflections compared with pure substances is caused by for-
mation of solid solutions, for example,  FeOx–ZnO,  FeOx–MnO,  FeOx–CaO  and  CaO–SiO2–FeOx,  and also 
presence of impurities distorting the primary (mechanical entrainment of charge) and secondary (phase for-
mation during cooling) minerals [15]. 

According to grain size analysis data (see Fig. 2), dust is represented by a considerable amount of fine-
ly dispersed (to 10 μm) particles.  The average particle size  dav = 3.6 μm,  and the median  Md = 2.2 μm.   
The small size of dust particles predetermines the precision of subsequent instrument measurements of particle 
composition. 

It follows from XMRA data and characteristic radiation of elements (Fig. 3) that a specimen is represented 
by iron oxides, calcium ferrite, and phases that may be classified as manganese and zinc ferrites.  Individual par-
ticles with increased silicon and calcium content are also encountered. 
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Fig. 2.  Gas cleaning dust grain size composition. 

   
 (a) (b) 

Fig. 3.  Gas cleaning dust specimen microstructure (a) and particle shape in element characteristic radiation (b). 

With respect to shape all of the dust particles may be conditionally separated into three groups: irregular 
shape with size up to 200 μm, rounded shape with size 10–80 and up to 10 μm.  Particles of irregular shape are 
represented  by  flux  and  scale  fragments,  mechanically  entrained  by  the  gas  stream.    In  such  specimens  silicon,  
calcium, and magnesium oxides were observed as fine heat treated fragments of flux, used in the steel melting 
processes. 
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Table 1  
Dust Specimen Composition at Local Sampling Points 

Point  
number Phase 

Content, wt.% 

Fe Zn Mg Si Ca Mn Al Cl O S 

1 Fe2O3 
54.7– 
68.3 – 0.8– 

1.3 
1.2– 
4.1 

0.8– 
2.8 

0.6– 
1.4 

up to  
2.0 – 30.9– 

39.4 – 

2 Center — Fe;  
surface — Fe2O3 

93.8 – – 0.3 – – – – 5.9 – 

3 Ca1,7Fe2O4,7– 
Ca3,3Fe2O6,3 

23.7– 
34.2 – 1.1– 

3.1 
2.4– 
4.1 

21.3– 
28.2 

3.6– 
6.8 

0.6– 
2.9 – 26.9– 

40.3 – 

4 Ca2,4Fe1,4SiO6,5 20.6 – 0.5 9.1 30.9 1.3 1.8 – 34.9 0.5 

5 CaO – – – up to  
1.2 

31.6– 
34.2 – – 0.8– 

2.2 
63.0– 
64.2 – 

6 SiO2 – – – 33.3– 
35.4 – – – – 64.6– 

66.7 – 

7 MgO 0.3– 
1.2 – 53.6– 

60.1 – – – – – 38.7– 
46.0 – 

8 Ca0,6Fe2Si0,4O4,4– 
Ca2Fe2SiO5,8 

22.9– 
43.7 – 2.0– 

4.6 
4.0– 
8.2 

8.5– 
16.4 

4.7– 
7.0 

1.4– 
2.5 – 33.4– 

38.7 – 

9 Zn0,4Mn0,3Fe2O3,9– 
Zn0,6Mn0,6Fe2O4,5 

29.6– 
40.6 

8.5– 
11.0 

1.6– 
4.6 

2.9– 
3.4 

3.0– 
3.1 

5.4– 
9.4 

0.4– 
0.7 

0.0– 
1.6 

34.0– 
36.8 

0.6– 
0.8 

10 Ca0,3Fe2O3,3– 
CaFe2O4 

28.3– 
46.2 

2.2– 
5.1 

1.5– 
4.3 

3.3– 
5.5 

5.4– 
11.6 

1.9– 
9.2 

up to  
0.6 

1.6– 
2.8 

30.2– 
50.1 

1.1– 
1.3 

Concerning coarse (10–80 μm) round particles, they have an internal metal nucleus and an oxidized surface.  
In some particle the iron content reaches 93.8%. It is apparent that during steel melting fine droplets of iron metal  
are carried over by the exhaust gas stream.  Cooling of these droplets in a gas stream leads to partial surface oxi-
dation and therefore the average oxygen content in particles reaches 5.9%.  Finer (up to 10 μm) dust particles are 
probably a condensed product forming in the course of action of a low-temperature plasma on condensed and 
sublimated metal in the furnace space beneath the arch. 

In a microsection of a dust specimen the main area is occupied by particles of calcium ferrite of complex 
composition containing zinc and manganese.  Particles of iron (III) oxide are revealed, containing up to wt.%:  
1.3 Mg, 2.0 Al, 4.1 Si, 2.8 Ca, 1.4 Mn  (Table 1).  Iron-calcium silicates may be separated into two types: the first  
corresponds to the formula  Ca2.4Fe1.4SiO6.5  and has a small content of such impurities as magnesium (0.5%), 
aluminum (.18%, manganese (1.3%) and sulfur (0.5%); the second composition from  Ca0,6Fe2Si0,4O4,4  to  
Ca2Fe2SiO5,8  differs in an increased manganese content (up to 7.0 wt.%), manganese (2.0–4.6%), and aluminum 
(1.4–2.5%). 
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Fig. 4.  Microstructure of dust particles with size less than 2 μm. 

Conglomerates of ferrite particles with a size of 80–100 μm have been revealed in a dust specimen.  These 
conglomerates were probably formed as a result of particle contact in the dust catching unit.  Their composition 
corresponds calcium ferrite of non-stoichiometric composition Ca1,7–3,3Fe2O4,7–6,3 with an impurity content, wt.%:  
1.1–3.1 Mg,  0.6–2.9 Al,  2.4–4.1 Si,  3.6–6.8 Mn.  Within the field of a microsection an extensive region is oc-
cupied by particles (conglomerates) whose phase composition may be identified as calcium ferrites of variable 
composition  Ca0,3–1,0Fe2O3,3–4,0.  In these phase the main impurity elements are zinc (5.1%), and also sulfur (1.1–
1.3%) and chlorine (1.6–2.8%).  The source of sulfur and chlorine in dust is organic impurities (oil, plastics, 
etc.) entrained in a charge with metal scrap.  Presence within an electric melting charge composition of chlorine-
containing  compounds  provides  the  possibility  of  occurrence  chloride  sublimation.  As  is  well  known  [16,  17], 
chlorine- and fluorine-containing compounds with an increase in temperature form metal chlorides (FeCl3, etc.) 
readily volatilized and transferred into the gas phase.  According to data in [18], the boiling temperature for  
ZnCl2  is 732 ºC, for  FeCl2  it is 1012 ºC, and for  FeCl3  it is 315 ºC.  At steel smelting process temperatures 
iron and zinc chlorides volatilize and then during cooling of a dust and gas stream in cleaning units they con-
dense on the form of independent phase, including on dust particles. 

In gas cleaning dust phases are detected of manganese-zinc ferrites of variable composition   
Zn0,4–0,6Mn0,3–0,6Fe2O3,9–4,5,  containing up to 9.4%  Mn  and 11.0%  Zn.  The impurities detected in these ferrite 
are magnesium (1.6–4.6%), silicon (2.9–3.4%), calcium (3.0–3.1%), aluminum (up to 0.7%), chlorine (up to 
1.6%), and sulfur (up to 0.8%).  Formation of these ferrites is explained by the composition of the raw material 
treated, metal sublimation, their combined cooling and oxidation.  An increase should be noted in the manganese 
and zinc content in this ferrite, which predetermines the choice of technology for subsequent zinc separation. 

At high magnification numerous spheroidal fragments (Fig. 4) 0.5–2 μm in diameter are revealed, repre-
sented by iron oxide containing impurities, wt.%:  0.9–6.7 Zn,  1.2–6.6 Mn,  0.6–7.8 Ca,  1.9–2.6 Na,  0.6–
2.4 Mg,  0.7–4.2 Si,  0.3–1.7 Cl  (Table 2).  Formation of spheroidal particles is possible both as a result of dust 
entrainment of fine metal droplets with subsequent oxidation, and also with condensation of metal or its oxide 
from vapor.  Assuming that within the arc zone a charge and melt are subjected to action of a low-temperature 
plasma  (≈ 3500 ºC),  formation of particles of this shape should be considered as a condensation product from 
vapor [19–23]. 

Some dust particles with diameter of about 1 μm have been identified as calcium ferrites of composi-
tion varying over a wide range, i.e., from  Ca0.6Fe2O3.6  to  Ca2.3Fe2O5.3.  Ferrites have an increased content of zinc  
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Table 2  
Dust Particle Composition at Sampling Points (see Fig. 4) 

Point  
number Phase 

Content, wt.% 

Fe Zn Mg Si Ca Mn Na Cl O 

1 Fe2O3 
37.7– 
58.6 

0.9– 
6.7 

0.6– 
2.4 

0.7– 
4.2 

0.6– 
7.8 

1.2– 
6.6 

1.9– 
2.6 

0.3– 
1.7 

33.7– 
37.2 

2 Ca0,6–2,3Fe2O3,6–5,3 
26.9– 
42.0 

up to  
9.4 

1.7– 
3.8 

1.0– 
3.7 

8.8– 
25.1 

3.3– 
7.2 – up to  

5.9 
26.4– 
48.9 

3 Ca0,4Mn0,5Fe2O4,2 32.7 2.3 4.6 2.8 5.0 8.2 3.1 2.5 38.1 

4 Ca0,5Zn0,4Fe2O3,9 38.8 9.0 1.7 3.8 6.7 3.9 – 2.6 31.5 

5 Ca0,6Na1,1Fe2O4,2 31.7 2.6 2.0 5.1 6.9 3.9 7.4 3.0 31.7 

6 Zn0,6Mn0,6Fe2Si1,2O6,9 30.0 11.3 1.6 8.8 2.2 9.1 – 0.8 34.6 

(up to 9.7%), manganese (up to 7,2%), and chlorine (up to 5.9%).  Individual calcium ferrite particles are ob-
served containing impurities of manganese (8.2%), zinc (9.0%) and sodium (7.4%).  In manganese-calcium fer-
rite the probable phase composition is close to  Ca0,4Mn0,5Fe2O4,2,  also containing (wt.%) 3.1 Na, 4.6 Mg, 2.8 Si,  
2.5 Cl,  5.0 Ca,  2.3 Zn.  The composition of the calcium ferrite is described by a formula  Ca0,5Zn0,4Fe2O3,9,   
and the magnesium content within it reaches 1.7%, silicon 3.8%, chlorine 2.6%, and manganese 3.9%.  Particles 
of zinc-manganese iron silicate compound have been detected with a probable phase composition  
Zn0,6Mn0,6Fe2Si1,2O6,9,  within which the zinc content comprises 11.3% and manganese 9.1%. 

The mechanism of fine dust particle formation in the course of electric melting may be presented in the 
form of successively occurring processes of evaporation, condensation, oxidation, and quenching.  Initially sub-
limate  (t > 3500 ºC)  from a plasma zone enter into the furnace space beneath the arch  (t ≈ 1100–1150 ºC)  where 
it is cooled and mixed with air entering due to rarefaction, created by an exhaust fan through furnace leakage 
(body–arch, economizers–electrodes, sight windows, holes, etc.).  The atmosphere created as a result of entry of 
air into the furnace leads to partial oxidation of a metal charge.  Oxidized metal is slagged with fluxes  (Cao,  
MgO,  SiO2)  and transferred into slag.  Maintenance of the required rarefaction beneath the furnace arch pre-
vents unorganized discharge of gas into the furnace atmosphere and facilitates observation of LPC standards for 
harmful substances.  Excess rarefaction increases the amount of air entering a furnace and consequently metal 
oxidation and dust entrainment.  An increased amount of air entering a furnace to additional heat loss in waste 
gases, which increase electrical energy consumption for a unit of production. 

Then electric furnace gases enter into a cleaning unit, where there is cooling to 200–400 ºC.  A high rate of 
dust and gas stream and a temperature gradient corresponds to quenching of solid particles and stabilization of 
non-equilibrium compositions with respect to gas oxidation potential. 

An increased content of dust of such metals as iron, zinc, magnesium, and manganese points to preferred 
sublimation, connected with a high proportion of metal  (Fe)  in the high-temperature zone and vapor  (Zn,  Mg,  
Mn)  partial pressure.  Evaporation of metal chlorides and fluorides facilitates an increased halogenide content 
introduced into a charge in the form of fluxes  (CaF2)  and inorganic impurities (plastics, oil, etc.). 

The information obtained about the structure and composition of dust makes it possible to draw conclusions 
about possible methods for their utilization.  Use of direct hydrometallurgical treatment of dust is incorrect, 
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since use of dilute acid solution does not make it possible to transfer zinc into solution from the ferrites revealed.  
It is preferable to use technology [24] for zinc and chloride extraction from dust from eclectic furnace gas clean-
ers by two-stage Waelz treatment followed by use of products for the final purpose. 

CONCLUSIONS 

Bag filter dust of steel melting gas cleaning bag filters of PAO STZ steel melting furnaces is represented by 
finely dispersed spheroidal particles (0.4–51.5 μm), i.e., a product of condensation and oxidation of metal vapor 
and charge fragments mechanically entrained by the gas stream.  The main phase dust components are iron  
oxides, iron-calcium silicates, manganese-zinc ferrites and other compounds with impurities of zinc, magnesi-
um, silicon, chlorine, and sulfur.  Zinc is predominantly revealed in the form of complex ferrites (size up  
to 2 μm). 

The data obtained may be used for developing technology for utilizing zinc-containing dust for metallurgi-
cal conversion gas cleaners. 

Work was carried out within the scope of an IMET UrO RAN state assignment on theme No. 0396–2015–
0082 (registration No. AAAA-A16–116022610056–0). 
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