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Abstract. The elemental and phase compositions of electric arc furnace (EAF) dust from PJSC Severstal were studied. We carried out the thermodynamic
modeling of zinc and lead selective extraction process and determined its possible mechanisms. EAF dust was heated in the temperature range
0f 20— 1300 °C in vacuum resistance furnace and the Tamman furnace with flowing argon. Experiments in the vacuum resistance furnace with linear
heating showed that lead and zinc removal from the sample occurs in the temperature range of 800 — 1200 °C, with higher lead removal rate. Intensive
lead removal was observed at temperature above 1000 °C, while intensive zinc removal occurs at temperature above 1200 °C. Clarifying isothermal
experiments performed in the Tamman furnace showed that lead complete transition to the gas phase was achieved at a temperature of 1100 °C
(holding time — 12 min) and at a temperature of 1200 °C (holding time — 6 min or more). At the same time, zinc removal was observed in the amount
of 14.4 % ratio and 32.2 % ratio, respectively, which allows us to conclude that it is possible to consistently obtain two products: lead and zinc mixture
and zinc not contaminated with lead. When comparing experimental and thermodynamic modeling data, the reactions that are most likely to occur
during the carbon reduction of lead- and zinc-containing phases were determined.
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OKCHEepUMEHTHl B BAKyyMHOW IEYH CONPOTHUBICHHS C JIMHEHHBIM HArpeBOM I10Ka3ajd, YTO yHAJICHHE CBMHLA M LIMHKA M3 o0paslia MpoTeKao
B uHTepBaie temneparyp 800 — 1200 °C. IIpu 9ToM CKOpPOCTh ynaneHHs CBHHIIA Obuia Bbilie. VIHTEHCHBHOE yHaleHHE CBUHIA HAOIOANN MPH
temneparypax cbiie 1000 °C, a MHTEHCHBHOE y/laJIeHHe IMHKa ITpH Temrieparypax csbiiie 1200 °C. Y TouHsIo#e H30TepPMUIECKHE IKCIEPUMEHTHI,
BBITIOJTHEHHBIC B ITeun TaMMaHa, oKa3au, 4To MOJHbINA Mepexo/] CBUHIIA B Ta30BYI0 (asy nocruraics npu remneparype 1100 °C (Bpems BbIICPKKH
12 mun) u npu Temneparype 1200 °C (Bpemst Bbiaepxku 6 MUH 1 Ooiee). [lapamiensHo ¢ 9TUM HaONIOAAIN yaleHne IMHKa B koinuectse 14,4
1 32,2 % (OTH.) COOTBETCTBEHHO, YTO TTO3BOJIMIIO CIENAaTh BBIBOJ O BO3MOKHOCTH I1OC/IEI0BATENBLHOTO MOyYeHHUs! ABYX IIPOIYKTOB: CMECH CBUHIA
C LIMHKOM U LIMHKA, HE 3arpsI3HEHHOT0 CBUHIIOM. [1pH conocTaBieHHH SKCIIEPUMEHTATbHBIX JAHHBIX M JAHHBIX TEPMOJIHMHAMHYECKOT0 MOJIEITUPOBAHUS
OIpeJieICHbI PEAKIUH, IPOTEKaHHEe KOTOPBIX HaHOoIee BEPOATHO IPH BOCCTAHOBIICHHHU CBUHEI- M ITHKCOIEPIKAIINX (pa3 yIIepOLOM.

Kaiouesvle c/108a: uepHas MeTaluTyprus, BETHbIE METAJLIbI, CTANICIUIABUIIbHAS ITbUTH, IBLUTH JICI, Ge3yriepoaHblii polece, CENeKTHBHOE H3BIICUCHHUE,
HCTapeHne, INHK, CBUHELL, JKeNe30, BTOPHYHBIC PECYPCHI, peCcypcocOepekeH e
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[ INTRODUCTION

The accumulation of electric arc furnace (EAF) dust
in the dumps of metallurgical companies contains sig-
nificant amounts of zinc (typically 15 —25 %) and lead
(up to 3 %). Given the limited reserves of zinc and
lead ores', as well as the low content of these metals in
the dust, it has become crucial to develop technologies
for the selective extraction of non-ferrous metals from
EAF dust. Reprocessing this dust would not only allow
for the recovery of zinc, lead, and iron for metallurgical
production but also address the issue of toxic waste occu-
pying substantial areas [1].

In general, zinc and lead in the EAF dust are present in
the form of oxides due to the oxidizing nature of the steel-
making process. However, in the gas flow, there is a high
probability of the formation of complex oxides, such as
zinc ferrite ZnFe,O, [2 — 4]. Moreover, the diverse chem-
ical composition of materials processed in the EAF leads
to variations in both the chemical and phase compositions
of the EAF dust. This necessitates continuous monitor-
ing when disposing of metallurgical dust and complicates
EAF dust disposal procedure [5].

Currently, selective extraction of lead and zinc from
the EAF dust is primarily carried out using hydrometal-
lurgical methods [6; 7] or integrated pyro-hydrometallur-
gical methods [4; 8; 9]. However, the hydrometallurgical
process is highly complex and involves multiple tech-
nological stages that require large amounts of chemical
reagents, overheated vapor, hot water, and energy-inten-
sive equipment. This poses environmental risks as numer-
ous production sites are associated with poorly regulated
or unregulated emissions of spent reagents, heat, energy
carriers, production wastes and by-products [10; 11].
Therefore, it appears advisable to explore pyrometallur-
gical methods for the reprocessing of EAF dust to achieve
selective extraction of lead and zinc.

An overview of studies on the disposal of toxic EAF
dust reveals that the majority of efforts are focused on con-

! Governmental report "On conditions and usage of raw mineral
resources in the Russian Federation in 2020". URL: https://www.mnr.gov.
ru/upload/iblock/74a/GD_msb-2020.pdf (access date 11.05.2023).

ventional approaches that utilize excessive amounts
of reducing agents, such as carbon, to lower the starting
temperature of zinc and other metals recovery. However,
this hampers the selective extraction of these metals dur-
ing the recovery process.

Furthermore, the reduction of industrial carbon con-
sumption to mitigate CO, emissions has become a key
objective for BRICS countries [12]. In Russia, specifi-
cally, government measures have been planned to address
greenhouse gas emissions according to sources® 3. These
measures include:

— implementation of mandatory carbon accounting;

— establishment of performance targets for companies;

— implementation of fees or fines for excessive emis-
sions;

— introduction of carbon emission trading;

— technological upgrades in production process.

These governmental actions impose restrictions
on metallurgical technologies that are associated with
significant greenhouse gas emissions. As a result, there
is a need to develop methods for the selective extrac-
tion of lead and zinc from the EAF dust that do not rely
on the use of additional reducing agent.

[ OBJECT OF RESEARCH

The research focuses on the EAF dust from PJSC
Severstal, which exhibits the following element compo-
sition (wt. %): 41.4 Fe; 14.5 Zn; 6.2 Ca; 2.5 Mn; 1.7 CI,
1.74C; 1.3Si; 1.0K; 1.0Pb; 0.74S; 0.2 Cr; 0.2 Cu;
0.1 Ti; with the remaining portion likely being oxygen.
The determination of element content ranging from Na
to U was performed using the MAX-GVM wave-dis-
persion X-ray fluorescent spectroscan specimen (MAX-
GVM). This method involves exposing the sample to pri-

2 Federal Law dated 02.07.2021 No. 296-®3 "On restriction of
emissions of greenhouse gases". URL: http:/publication.pravo.gov.ru/
Document/View/0001202107020031 (access date 11.05.2023).

3 Governmental decree of the Russian Federation dated October 29,
2021 No. Ne 3052-p. URL: http://publication.pravo.gov.ru/Document/
View/0001202111010022 (access date 11.05.2023).
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mary radiation from an X-ray tube, measuring the intensity
of secondary fluorescent irradiation at wavelengths
corresponding to the elements of interest, and subse-
quently calculating the weight fraction of these elements
using fundamental parameter methods. Sample prepara-
tion involved milling and averaging loose samples, mix-
ing them with a binder (polyacrylamide) at a concentra-
tion of 0.2 wt. % above the sample, wetting, forming
the mixture into moderate-height cylinders (D =7 mm,
h =2 -3 mm), and drying. For solid samples, polished
cross-sections were prepared.

The carbon and sulfur content was determined using
a Leco CS 600 instrument through high temperature
extraction in a carrier gas. The determination of car-
bon and sulfur involved combusting the sample in an oxy-
gen flow (99.998 %) in the presence of special fluxes, fol-
lowed by the measurement of the formed carbon dioxide
(CO,) and sulfur dioxide (SO,).

The phase composition of the EAF dust was deter-
mined using X-ray diffraction (XRD). The phase con-
tent (wt. %) was found to be as follows: 78.2 Fe,O,;
4.4 (Zn, Mn, Fe),0,; 6.0 ZnO; 4.5 Ca,Fe,O,; 3.0 MnO,;
2.7Pb,0,; 1.28i0,. It should be noted that since
the structures of magnetite and spinel are essentially
identical, they can be considered as a combined phase.

[ THEORETICAL OBJECTIVES

Previous studies have suggested that selective reduc-
tion of lead from the EAF dust can be achieved with
an insufficient amount of reducing agent. For example, it
was demonstrated in [13] that during the reducing melting
of lead agglomerate, selective reduction of lead can be
achieved with a limited amount of carbon monoxide as
a reducing agent (CO content not exceeding 60 %). Simi-
lar effects of solid carbon on the reduction of lead-con-
taining industrial wastes were also considered in [14; 15].
It was observed that when the carbon content exceeded
3 %, combined reduction of lead and zinc from EAF dust
occurred. Furthermore, when the carbon content exceeded
3.7 %, the selectivity of lead reduction from copper melt-
ing dust became more complex.

In order to determine the conditions necessary for
the selective extraction of zinc and lead from EAF dust,
it is crucial to identify the temperatures at which the zinc
and lead compounds in the dust transition into the gas
phase.

According to [16], HSC Chemistry 6 software has been
successfully utilized to evaluate thermodynamic param-
eters, and the simulated results have shown good com-
parability with experimental data. The software employs
calculating modules that rely on a comprehensive ther-
mochemical database encompassing enthalpy (H), entro-
pies (S), and reaction heat capacitances (Cp). By cal-
culating changes in Gibbs energies, thermodynamic
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temperatures of reactions (AG < 0) can be determined.
The thermodynamic simulation considered reactions
involving the reduction, thermal dissociation, and evapo-
ration of detected lead and zinc-containing phases, as
well as the reduction of iron and manganese oxides.

Table 1 summarizes the reduction of lead oxide (III)
and the subsequent transition of lead and its com-
pounds into the gas phase. The thermodynamic simula-
tion assumed a carbon monoxide pressure of 1 atm.

From Table 1, it can be observed that the reduc-
tion of lead oxide (I11) and the transition of lead into the gas
phase begin at temperature not exceeding 877 °C.

Table 2 summarizes the reduction of zinc oxide and
the accompanying transition of zinc into the gas phase.

According to Table 2, the reduction of zinc oxide with
consideration for thermodynamics starts from the tempera-
ture exceeding 958 °C. However, it has been demonstrated
in [17 — 19] that zinc reduction from EAF dust can occur
successfully in the temperature range of 925 — 1300 °C
with an excessive amount of reducing agent.

Reduction of complex spinel (Zn, Mn, Fe),0,, speci-
fically zinc ferrite ZnFe,O, (franklinite), by carbon and
carbon monoxide upon heating is investigated. The reac-
tions of franklinite reduction which begin in the tempera-
ture range of 0 — 1326 °C are shown in Table 3.

Reactions 4—7, 10—-12 in Table 3 exhibit simi-
lar starting temperatures for the reduction of lead and
zinc-containing phases, emphasizing the need for accu-
rate selection of temperature and composition of the gas
phase to enable selective extraction of lead and zinc from
EAF dust.

Since the spinel (Zn, Mn, Fe),0,, detected in the EAF
dust is not included in the HSC Chemistry 6 database,

Table 1
Lead (IIT) oxide reduction chemical reactions

with their course temperatures, resulting in lead
and its compounds transition into the gas phase

Tabnuya 1. XuMuyeckne peakiiui BOCCTAHOBJIEHHS
okcnaa ceunna (II1), conpoBoskaaromuecs: nepexoaom
CBHMHIIA M €ro cOelMHEeHUIl B ra3oByio (¢a3sy,

U TeMIepaTypbl HX NPOTeKAHUS

Reaction
No. Reaction temperature,
“C
1 Pb,0,+3C= 2Pb< +3CO >449
2 (g

2 Pb,0,+1.5C= 2Pb(g)+ 1.5C02(g) >295
3 Pb,0, + 3CO0, = 2Pb(g)+ 3C0O,, 0-2000
4 Pb,0,+C= 2Pb0(g) + CO(g) >809
5 2Pb,0,+C= 4Pb0(g)+ CO,y, >835
6 Pb,0, + CO(g): 2Pb0(g)+ COz(g) >877
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Table 2

Zinc oxide reduction chemical reactions
with their course temperatures, resulting
in zinc transition into the gas phase

Tabnuya 2. XuMu4ecKue peakuii BOCCTAHOBJIEHHUS
OKCH/Ia IMHKA, COMPOBOKAAIONINECS MePeXoqoM IUHKA
B ra3oByio (pa3y, u TeMneparypbl X NPOTeKAHUS

Reaction
No. Reaction temperature,
“C
7 Zn0+C="Zn ,+CO >958
2) (g)
2Zn0 +C= 2Zn(g) + COz(g) >1064
9 Zn0 +CO, =Zn, + CO >1326
2) () 2(2)

possible reduction reactions were considered for the com-
pounds iron or manganese oxides (Fe,O, and Mn,0,).
The reactions, which occur in the temperature range
0f 295 — 1400 °C, are summarized in Table 4.

In accordance with Table 4, reactions 15 —25 can occur
simultaneously with the reduction of lead oxide (III).

Since the transition of zinc-containing phases into gas
phase will occur after the reduction of lead (and possibly
other components of EAF dust), it is likely that the car-
bon present in the dust will be fully consumed for other
components. Therefore, without an additional reduc-
ing agent, the mechanism for the transition of zinc
into the gas phase will be the thermal dissociation of zinc
oxide (as shown in Table 5).

The temperature required for reaction 26 is too high
for industrial conditions. The starting temperature of ther-
mal dissociation can be reduced by decreasing the par-
tial pressure of the resulting gases through the addi-
tion of argon. In order to confirm this, a thermodynamical
simulation of the equilibrium composition was performed
for the reaction of thermal decomposition of zinc oxide

using Terra software [20]. The temperature of reac-
tion ZnO = Zn, +0,, asa function of the partial pres-
sure of Zn,, is illustrated in Fig. 1.

From Fig. 1, it can be observed that a decrease in
the partial pressure of Zn, (by argon addition) would
allow for a reduction in the temperature range of thermal
decomposition of zinc oxide from 1970 to 1300 °C.

Theoretically, a similar approach can be applied
to reduce the starting temperature of the reduction of lead
oxide (IIT) in order to expand the range of selective extrac-
tion of lead and zinc-containing phases.

It has been determined that selective extraction of lead
and zinc from EAF dust is possible using two methods
(temperatures provided without considering the addi-
tion of inert gas to the system):

— consecutive reduction of lead containing phases
(295 — 877 °C) and zinc containing phases (794 — 1326 °C)
by carbon or carbon monoxide;

— reduction of lead-containing phases (295 — 877 °C)
by carbon or carbon monoxide, followed by the thermal
dissociation of zinc-containing phases (1970 °C).

The need to investigate the mechanism of consecutive
reduction of lead-containing phases and zinc-containing
phases from EAF dust is driven by the preference for
operating the process at lower temperatures. This would
result in reduced energy consumption and the ability
to carry out the process without the formation of a melt.

However, the temperatures in the actual process may
deviate significantly from the calculated values. In order
to determine the actual temperatures for the selective
extraction of lead and zinc from EAF dust, an experimen-
tal study was conducted.

[ EXPERIMENTAL

The experimental study involved heating EAF dust in
the temperature range of 20 — 1300 °C using a vacuum

Table 3

Franklinite reduction chemical reactions and their course temperatures

Tabiuya 3. XuMu4ecKne peakiuy BOCCTAHOBIeHHsI GPAHKIMHUATA U TEMIIEPATYPbI UX NPOTEKAHUS

. Reaction
No. Reaction T
10 ZnFe,0, + CO(g) =7Zn0 + 2FeO + COz(g) >838
11 ZnFe0, +4C = Zn( +2Fe +4CO >794
2) (9]
12 ZnFe,0, +2C = Zn, +2Fe + 2CO, | >863
ZnFe,0, + 3CO( =7Zn0O + 2Fe +3CO,, . +ZnO + CO, . =7Zn_+ CO, =
13 2) (€3] (2 2(g) >1126
= ZZnFeZO .t 2C0(g) = Zn(g) +2FeO + 2C02(g)
ZnFe,0, + CO , =ZnO + 2FeO + CO,, +ZnO+C=Zn_, +CO , =
14 (2 2(g) (2 (2) >905
=Y ZnFe,0,+C= Zn, +2Fe0 + CO,
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Table 4

Fe,0, and Mn,0, reduction chemical reactions
and their course temperatures

Tabnuya 4. XuMu4yecKue peakiu BOCCTAHOBJIEHHUSI
oxcuaoB Fe,O, n Mn, 0, n Temneparypbi
HX NMPOTEeKAHUSA

Reaction
No. Reaction temperature,
°C

15 Fe,0,+C=3FeO+CO, >700

16 2Fe,0,+ C=6FeO + CO,, >694

17 Fe,0, + CO, = 3FeO + CO,, >514

18 FeO+C=Fe+CO >725

19 2Fe0 + C =2Fe + CO, >751

20 FeO +CO, =Fe + CO,,, <579

21 Fe,0,+C=Fe,0, +Fe+CO, >941

22 Mn,0, + C=3MnO + CO, >277

23 2Mn,0, + C=6MnO + CO, 0-2000
24 Mn,0, + CO, =3MnO + CO, 0-2000
25 MnO +C=Mn +CO >1397

Table 5

Zinc oxide thermal dissociation chemical reaction and its
course temperature

Tabnuya 5. XuMudeckasi peakinusi TEpMHUYECKOM
AUCCONMALMH OKCH/IA IMHKA U TeMIlepaTypa
ee NMpoTeKaHUs

Reaction
No. Reaction temperature,
°C
26 2Zn0=27Zn,+0 >2118
g 2(2)

resistance furnace with constant heating rate and a Tam-
man furnace under isothermal conditions with argon flow.
Prior to the study, a blank test was conducted to ensure
that the weight loss of the crucible did not affect the mea-
surements of the sample weight.

The temperature in the furnace was monitored using
BP(A) 5/20 thermocouple placed in the isothermal area
of the furnace, inside an empty crucible.

After the samples were cooled, they were weighed and
subjected to chemical composition analysis.

The carbon and sulfur content in the samples was deter-
mined using a Leco CS 600 instrument through high tem-
perature extraction in a gas carrier. The element content
from Na to U was determined using a MAX-GVM wave-
dispersion X-ray fluorescent spectroscan (MAX-GVM).
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Fig. 1. Dependence of ZnO = Zn, *+ Oy reaction temperature
onZn, partial pressure

Puc. 1. 3aBucUMOCTb TeMIIepaTyphbl IPOTEKAHUS PEaAKIIUH

/n0 = Zn(r) + Oz(r) OT MapUUaJIbHOTO JaBICHUS Zn(r)

- EXPERIMENTS IN A VACUUM RESISTANCE FURNACE

EAF dust from bag filters was subjected to process-
ing in a vacuum resistance furnace (Fig. 2) equipped with
a graphite heater (D = 65 mm, L =300 mm) in the tem-
perature range of 20 — 1300 °C. The furnace specifica-
tion are as follows: P=20kW; U=10V; I1=2000A;
f=50 Hz. The furnace is equipped with a water cooling
system.

A total of 3 g of the dust was placed in a thin-walled
alundum crucible (D =19 mm, d =18 mm, H =40 mm,
h=38.5mm). The layer height was maintained
at 1.25 — 1.5 cm. Seven crucibles, weighting a dust total
of 21 g, were placed in the isothermal area of the fur-
nace. From the furnace chamber was evacuated air using
a vacuum pump to reach a residual pressure of 107! Pa,
after which it was filled with high-purity argon.

Subsequently, the gas was discharged into the atmo-
sphere and the argon flow rate was set to 0.5 I/min. The fur-
nace was heated atarate of 15 °C/min, with the temperature
reaching 100 °C in ~7 min. Once the desired temperature
(800, 1000, 1100, 1200, 1300 °C) was reached, one to two
crucibles containing the melted products were removed
from the furnace and cooled in ambient air.

The appearance of the samples before and after pro-
cessing in the furnace is depicted in Fig. 3. After heat-
ing, the samples exhibited a darkened color, likely due
to partial reduction of magnetite. The samples processed
at 800 and 1000 °C crumbled under light pressure, while
those processed at 1100 and 1200 °C were easily milled
in mortar. Heating to 1300 °C resulted in the forma-
tion of a melt.

After cooling, the samples were analyzed to deter-
mine their chemical composition. The actual weight loss
of the samples after heating is presented in Table 6, show-
ing a significant increase in weight loss at 1200 °C and
higher temperatures.

The contents of lead, zinc (determined using a MAX-GVM
wave-dispersion X-ray fluorescent spectroscan), and car-
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Fig. 2. Scheme of vacuum resistance furnace:
1 — furnace body; 2 — furnace lid; 3 — observation hole;
4 — graphite heater; 5 — working alund crucibles; 6 — BP 5/20
thermocouple; 7 — monometer; § — vacuum system valve;
9 — vacuum pump; /0 — rotameter

Puc. 2. Cxema BakyyMHO# IIe4H COIPOTUBIICHUS:
1 — xopmyc meun; 2 — KpbIIIKa 1e4y; 3 — CMOTPOBOE OKHO;
4 — rpaduTOBBII HarpeBaTelns; 5 — pabouue amyHJOBbIE TUIIIH;
6 — tepmorniapa BP 5/20; 7 — maHomeTp; 8§ — BEeHTHJIb BAKyyMHOM CHCTe-
Mbl; 9 — BaKyyMHBIH Hacoc; /() — porameTp

bon (determined using a Leco CS 600 instrument by high
temperature extraction in a carrier gas) in the EAF dust
after heating in vacuum resistance furnace in argon flow
are summarized in Table 7. The extraction rate of ele-
ments as a function of processing temperature of EAF dust
in the vacuum resistance furnace is illustrated in Fig. 4.

According to Fig. 4, heating the EAF dust with a con-
stant rate at flowing argon resulted in a significant decrease
in carbon, zinc, and lead content. The removal of lead and

Table 6

Actual EAF dust mass decrease after heating
in the vacuum resistance furnace with flowing argon

Tabnuya 6. ®akTHveckas yobLIIb MACCHI HABECKHU
nbl JICII noc/ie Harpepa B BAKYyMHOIi neuu
COIIPOTHBJ/ICHHS] B TOKE aproHa

Holding Actual mass decrease,
temperature, °C rel. %
800 2.32
1000 3.64
1100 4.28
1200 10.04"
1300 21.49"

* Averaged by two samples.

- SR “ ;
T=800°C

W/o treatment

T=1000°C

T=1200°C

L

T=1300°C

Fig. 3. Appearance of the samples before and after treatment
in the vacuum resistance furnace

Puc. 3. Baemnnii Bu 06pasios 10 1 nocie 0opaboTKu
B BaKyyMHOM T1€YH COTPOTUBIICHHS

zinc from the sample occurred in the temperature range
of 800 — 1200 °C, with a higher extraction rate observed
for lead. The intensive removal of lead occurred at tem-
peratures above 1000 °C, while the intensive removal
of zinc started at the temperatures above 1100 °C. To fur-
ther investigate the possibility of selectively removing
lead and zinc from EAF dust, their behavior in the tem-
perature range of 800 — 1200 °C needs to be studied
under isothermal conditions using the Tamman furnace,
allowing for similar experiments to be conducted.

[ EXPERIMENTS IN A TAMMAN FURNACE

EAF dust from bag filters of the gas scrubbing system
was subjected to processing in a Tamman furnace with
a graphite heater (D = 80 mm, L = 400 mm) in the tem-
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Lead, zinc and carbon content in EAF dust before and after heating
in the vacuum resistance furnace with flowing argon

Tabnuya 7. Cofep:kaHue CBHHIA, HUHKA U yriiepoaa B nbLiu JICII 10 u nocJie HarpeBa

B BaKyyMHOﬁ nmevYu CONpPOTUBJICHUA B TOKE aproHa

Element Initigl. Content of elements (wt. %) at the temperature of treatment, °C
composition 800 1000 1100 1200 1300
C 1.74 1.29 0.92 0.40 0.06 0.06 n.a. n.a.
Zn 14.50 14.70 14.80 14.70 9.40 9.70 7.90 8.40
Pb 1.00 1.00 0.70 0.60 0 0 0 0

Table 7

Remark: n.a. — not available.

perature range of 800 — 1200 °C, with holding time: 3,
6, 9, 12 min. The furnace specifications are as follows:
P=40kW; f=50Hz. The flowing argon rate (high
purity) was set to 1 I/min. The furnace is equipped with
a water cooling system.

A total of 3 g of EAF dust was placed in a thin-walled
alund crucible (D =19 mm, d=18 mm, H =40 mm,
h =38.5 mm), with a layer height of 1.25 — 1.50 cm.

Once the preset temperature in the furnace cham-
ber was reached (800, 900, 1000, 1100, 1200 °C), four
samples arranged in a cartridge were simultaneously
placed into the furnace. The time of sample placement
into the furnace was considered as the starting time
of the experiment. The samples at each temperature were
held for 3, 6, 9, 12 min.

As the furnace temperature and holding time increased,
the color of samples varies from brown, dark brown and
dark grey to black, which is likely attributed to the par-
tial reduction of magnetite. The samples held at 800,
900, 1000 and 1100 °C (for no longer than for three
minutes) retained their shapes but crumbled under light
pressure. The samples held at 1100 °C for three minutes,

100
g
8 o
£ 60
58
24 4
g e
[}
= 20

600

800 1000 1200 1400

Temperature, °C
Fig. 4. Dependence of the element extraction rate on the temperature

of EAF dust treatment in vacuum resistance furnace:
1-C;2-7Zn;3-Pb

Puc. 4. 3aBUCHMOCTD CTENEHU U3BJICUCHUS dJIEMEHTA OT TeMIIepaTyphbl
o6paborku nbutr J{CII B BakyyMHOH 11€4U CONPOTUBIICHHS:
1-C;2-7Zn;3-Pb
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upon extraction from the crucible, retained their shape
under pressure, but could be easily milled in a mortar.
The samples held at 1200 °C required considerable force
to be milled in a mortar. Meanwhile, the samples held
at 1200 °C for more than 6 min were difficult to extract
from the crucible.

After cooling in ambient air, the samples were
weighed, and their chemical composition was analyzed
by the aforementioned methods. The actual weight loss
of the samples after heating in the amman furnace with
flowing argon is presented in Table 8, with a significantly
higher weight loss observed at 1200 °C.

The contents of lead, zinc (determined using a MAX-GVM
wave-dispersion X-ray fluorescent spectroscan), and car-
bon (determined using a Leco CS 600 instrument by
high temperature extraction in a carrier gas) in the EAF
dust after heating in the Tamman furnace with flowing
argon are summarized in Table 9.

The extraction rates of carbon, zinc, and lead from
EAF dust as a function of holding time during heating
in the Tamman furnace (800 —200 °C) with flowing
argon are illustrated in Figs. 5 — 7.

Table 8

Actual EAF dust mass decrease after heating and holding in
the Tamman furnace with flowing argon

Tabnuya 8. ®akTHYeckas yObLIb MACCHI HABECKHU
nbln JICII nociie HarpeBa M BblIep:KKH B eun TamMaHa
B TOKE aproHa

. Actual mass decrease, rel. %,
Holding temperature at holding time, min
of samples, °C
3 6 9 12
800 0.67 1.67 2.67 4.00
900 1.00 2.33 3.33 433
1000 1.67 2.67 4.00 5.33
1100 2.33 3.67 5.67 6.67
1200 8.67 10.33 12.33 14.00
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According to Figs. 5 — 7, during the isothermal heat-
ing of EAF dust in an inert environment, the concentra-
tions of lead, zinc and carbon underwent changes.

Complete transition of lead into the gas phase during
the experiments was achieved at 1100 °C (holding time:
12 min) and at 1200 °C (holding time: 6 min and higher).
However, at 900 and 1000 °C, increasing the holding time
from 9 to 12 min did not result in an increased extrac-
tion rate of lead when carbon was present in the samples.
This suggests that there may be a combined process
involving multiple reactions of Pb,O, reduction within
the temperature range of 800 — 1200 °C.

Simultaneously with the transition of lead into the gas
phase, there was an extraction of zinc, amounting of 14.4 %
(relative) (¢ = 1100 °C, holding time: 12 min) and 32.2 %
(relative) (¢ = 1200 °C, holding time: 6 min and longer),
respectively. This indicates a failure to achieve selective

100

80

60

40

rate, rel. %

20

Carbon extraction

0 2 4 6 8 10 12

Holding time, min

Fig. 5. Dependence of the extraction rate of carbon from EAF dust
on the holding time during heating in the Tamman furnace
with flowing argon at, °C:

1-2800; 2—-900; 3 —1000; 4 - 1100; 5 — 1200

Puc. 5. 3aBucumocTs crenenu uzBiedenus ymiepoaa u3 nsumm JCII ot
BpPEMECHHM BBIACPIKKH ITPU HArpeBe B Ieun TaMMmaHa B TOKe aprosa, °C:
1-3800; 2—900; 3 —1000; 4 —1100; 5 — 1200

100

80

60

40

Lead extraction
rate, rel. %

20

Holding time, min

Fig. 6. Dependence of the extraction rate of lead from EAF dust
on the holding time during heating in the Tamman furnace
with flowing argon at, °C:

1—-3800; 2—900; 3 —1000; 4 —1100; 5 — 1200

Puc. 6. 3aBucumocTb crenenu ui3piedeHus ceunna u3 meumu J{CII ot
BPEMEHH BBIJIEP)KKHU TPU HAarpeBe B reun Tammana B TOke aprona, °C:
1—-3800; 2—900; 3 —1000; 4 —1100; 5 — 1200

35
30
25
20
15
10

Zinc extraction
rate, rel. %

0 2 4 6 8 10 12
Holding time, min

Fig. 7. Dependence of the extraction rate of zinc from EAF dust
on the holding time during heating in the Tamman furnace
with flowing argon at, °C:

1-2800; 2-900; 3 —-1000; 4 —1100; 5 — 1200

Puc. 7. 3aBucumocTs crenenn u3snedenust nuaka u3 nsum JICII ot
BpPEMEHH BBIJCPKKH NP HArpeBe B Meun Tammana B TOKe aprosa, °C:
1-2800; 2-900; 3 —-1000; 4—1100; 5 — 1200

extraction of lead during the heating of EAF dust under
the experimental conditions. Further heating of the EAF
dust would likely lead to selective extraction of zinc, as it
appears that lead was completely removed from the EAF
dust during the experiment. It is possible to achieve higher
selectivity in the extraction of zinc and lead by adjusting
the process temperatures for specific dust compositions.
At 1200 °C, the extraction rate of zinc reaches a pla-
teau, while the carbon content in the EAF dust decreases
to zero. This suggests that the reduction reactions of zinc-
containing phases ceased due to an insufficient amount
of reducing agent.

Comparison of the experimental data with the results
of thermodynamical simulation in HSC Chemistry 6
software confirmed that the transition of lead-containing
phases of EAF dust into the gas state can occur according
to reactions 1 — 6 (see Table 1). Furthermore, the transi-
tion of zinc-containing phases of EAF dust into the gas
state most likely occurs through reactions 7 —8 (see
Table 2) and 12 — 14 (see Table 3).

The carbon content present in the EAF dust was not
sufficient for the complete recovery of zinc from its com-
pounds, particularly due to the presence of manganese and
iron in the complex spinel composition (Zn, Mn, Fe),0,.
In order to achieve the full recovery of zinc-containing
phases in the dust sample, the addition of a reducing
agent in the form of carbon or CO is required. Since
an additional reducing agent is needed after the recovery
of the lead-containing phase, the most effective approach
appears to be the intensification of zinc recovery from
the electric arc furnace dust by CO purging. Increasing
the flow rate of the reducing agent allows for a reduc-
tion in the recovery temperature of zinc [21]. For exam-
ple, increasing the CO concentration from 75 to 85 %
at 1200 °C results in four-five times increase in the inten-
sity of zinc removal to the gas phase [13].
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Table 9

Lead, zinc and carbon content change in EAF dust after heating and holding
in the Tamman furnace with flowing argon

Tabnuya 9. U3meHeHnune coaep:kaHusi CBUHIA, IMHKA U yriiepoaa B nbliu {CII moc/ie narpesa
M BbIIEPKKH B eyd TaMmana B ToKe aprosa

Temperature of Initigl. Chemical comppsitipn of dpst, wt. %
Element treatment, °C composoltlon, at holding time, min
wt. % 3 6 9 12
C 1.74 1.59 1.31 1.13 1.00
Zn 800 14.50 14.60 14.70 14.90 15.00
Pb 1.00 1.00 1.00 0.90 0.90
C 1.74 1.41 0.87 0.86 0.81
Zn 900 14.50 14.60 14.70 14.20 13.80
Pb 1.00 1.00 0.90 0.70 0.70
C 1.74 1.06 0.71 0.47 0.41
Zn 1000 14.50 14.70 14.60 14.10 13.80
Pb 1.00 0.90 0.60 0.60 0.60
C 1.74 0.88 0.30 0.15 0.10
Zn 1100 14.50 14.10 14.30 14.30 13.30
Pb 1.00 0.70 0.60 0.30 0
C 1.74 0.29 0.04 0.02 0.01
Zn 1200 14.50 13.60 11.60 11.20 11.40
Pb 1.00 0.80 0 0 0

Researchers [22] have conducted studies on the reco-
very of zinc and iron from EAF dust using carbon mon-
oxide as a reducing agent at various temperatures within
the pyrometallurgical process. The optimal working tem-
perature was found to be 950 °C. However, they also
observed the negative influence of other impurities such
as alkali-metal chlorides (NaCl, KCI) and lead com-
pounds. The impact of these impurities can be mitigated
by implementing a selective extraction process for lead
and zinc from the EAF dust.

[ ConcLusIONs

Thermodynamic simulation was performed to inves-
tigate the selective extraction of zinc and lead from EAF
dust. Two methods were determined to achieve selective
extraction (the temperatures are given without account-
ing for addition of an inert gas into the system):

— consecutive recovery of lead-containing (295 — 877 °C)
and zinc-containing (794 — 1326 °C) phases using car-
bon or carbon monoxide;

—recovery of lead-containing phases (295 — 877 °C)
using carbon or carbon monoxide, followed by thermal
dissociation of zinc-containing phases (1970 °C).

Experimental studies conducted in the vacuum resis-
tance furnace with linear heating revealed that the removal
of lead and zinc occurred within the temperature range
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of 800 — 1200 °C. The rate of lead removal was higher,
with intensive removal observed at temperature above
1000 °C, while zinc removal was more pronounced
at temperature above 1200 °C.

Additional corrective isothermal experiments carried
out in the Tamman furnace showed that complete transfer
of lead into the gas phase was achieved at 1100 °C (hold-
ing time: 12 min) and at 1200 °C (holding time: 6 min
and longer). However, during this transition, the extrac-
tion of lead was only 14.4 and 32.2 rel. %, respectively,
indicating a failure to achieve selective lead extrac-
tion during the heating of EAF dust in the experiments.
It is expected that further heating of the EAF dust would
lead to selective zinc extraction, as the lead has been
completely removed.

A comparison between the experimental data and
the results of thermodynamic simulation allowed
the identification of the most probable reactions involved
in the recovery of lead and zinc containing phases.
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