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Abstract. The study considers ways to increase the efficiency of reduction of iron oxides from man-made waste (dust from electric arc furnaces) using
mechanochemical activation (MCA), grinding and pressing. The analysis of chemical and phase compositions of the dust samples was carried out,
which made it possible to identify their potential for processing. The experiments included a study of the effect of grinding and pressing at pres-
sures up to 300 MPa on the materials’ phase composition, as well as an assessment of the effects of coke addition during MCA. To study the effect
of pressing pressure on the reduction processes, briquettes were fired at a temperature of 1200 °C. The results showed that the degree of iron metalliza-
tion increases with an increase in pressing pressure: concentration of metallic iron reaches 19 % at a pressure of 300 MPa, which is higher compared
to 17 % in the initial state without pressing. The novelty of the work lies in optimizing the pressing parameters and demonstrating its effect on the iron
reduction process. The proposed conditions make it possible to increase the efficiency of processing man-made waste, which can be used to improve
the environmental and economic components of production.
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AnHomayus. PaccmoTpensl ciocoObl MOBBIIEHNS P()EKTHBHOCTH BOCCTAHOBICHHS OKCHIOB JKele3a U3 TEXHOTCHHBIX OTXO/OB (TIBLICH AyroBoii
CTaJICTIABUIIBHOMN T1€YH) C IPUMEHEHHEM MEXaHOXMMHUYECKOH aKTHBALMHK, IOMOJIAa U npeccoBanus. [IpoBeeH aHaIu3 XUMUYECKOro H (ha3oBOro
COCTaBOB 00PA31I0B MbUIEH, YTO MO3BOJINIIO BBISIBUTH UX MOTEHIUAT JUTs EpepadOTKH. DKCIIEPUMEHTBI BKIIIOYAIH HCCIIE0BAHUE BIMSHUS IOMOJIA
U npeccoBanus npu gasineHusx 10 300 MITa Ha $a3oBblif cocTaB MaTepuasos, a TAKKe OLCHKY d(dekra 100aBIeHUs KOKCa B IPOLIECCE MEXaHO-
XUMHYECKOH akTuBauuu. [list M3ydeHus BIMSHUS JAaBICHUS IPECCOBAHMS Ha BOCCTAHOBHUTEIBHBIE IIPOLIECCHI OB IPOBEACH 00XKUT OPUKETOB MPH
temmeparype 1200 °C. IToiydeHHbIe pe3yJbTaThl MOKA3aJlH, YTO CTEINCHb METAIN3ALMH JKeJie3a BO3PAcTaeT MPH YBEINYCHUH JABICHUS IPec-
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COBaHMUs: COACPIKAHNEC METAJUIMYCCKOIO JKEJI€3a JOCTUracT 19 % Ipyu 1aBJICHUN 300 MHa, YTO BBILIC 110 CPAaBHEHUIO C 17% B HCXOOHOM COCTO-
SHAN 0e3 TIpeccoBaHUsl. Hosuzna paGOTLI 3aKJIIOYACTCs B ONITUMH3ALNN ITAPAMCTPOB IPECCOBAHUA U ACMOHCTPALIMU €ro BJIMAHHUSA Ha IIPOLECC
BOCCTAHOBJICHHA XKCJIC3a. HpeJIHO)KeHHBIe YCJIOBHS MTO3BOJISAIOT IOBBICUTH 3(1)(1)6KTI/IBHOCTB nepepaGOTKH TCXHOT'CHHBIX OTXOI0B, YTO MOXKET OBITH
HCIIOJIb30BAHO JUIS yIIYyUIICHUS 9KOJIOTUYECKOM U SKOHOMHYECKOM COCTaBJISIIOIIUX IIPOMU3BOACTBA.
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[ INTRODUCTION

The processing of man-made raw materials has
become one of the key challenges in modern industry and
environmental management. Man-made raw materials
include various wastes and by-products generated during
industrial processes. These materials often contain valu-
able components, such as metals, minerals, and chemical
compounds, which can be extracted and reused. The effi-
ciency of raw material processing can be enhanced
through grinding and pressing, i.e., mechanochemical
activation (MCA) [1; 2].

Mechanochemical activation is a process in which
mechanical action is applied to solid substances, lea-
ding to changes in their physicochemical properties. This
action can involve operations such as grinding, pressing,
rolling, or other forms of mechanical impact. The MCA
process is employed to enhance material reactivity [3],
modify phase composition [4], improve interactions
between components, and activate chemical reactions [5]
that would otherwise occur slowly or not at all under
standard conditions.

Outlined below are the key aspects of MCA.

* Grinding and lattice destruction. During grin-
ding, the crystalline lattice of solid substances is dis-
rupted, leading to the formation of defects and an increase
in the specific surface area. This enhances the material’s
reactivity, as defects can serve as nucleation centers for
new phases and initiate chemical reactions [6 — 8].

» Formation of active centers. Mechanical impact
generates active centers on the particle surfaces, including
free radicals, lattice defects, and surface irregularities.
These active centers can trigger chemical reactions that
would otherwise occur very slowly or require high tem-
peratures and catalysts under normal conditions [9; 10].

e Phase composition changes. Mechanochemi-
cal activation can significantly alter a material’s phase
composition. For example, new phases that were absent
in the initial material may form, or existing phases may
transform into more stable or reactive forms [11 — 13].

* Increased chemical activity. Mechanochemically
activated materials often demonstrate heightened chemi-
cal activity. This enhanced reactivity can be leveraged
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to accelerate the reduction of metals from oxides, syn-
thesize new compounds, or break down otherwise stable
chemical bonds [14 — 16].

» Lower reaction temperatures. Mechanochemi-
cal activation enables many chemical reactions to occur
at lower temperatures than would otherwise be necessary.
This effect is attributed to the accumulation of mechani-
cal energy within the material, which helps to overcome
the reaction’s energy barrier [17; 18].

Thus, MCA is an important tool for controlling
the physicochemical properties of materials, enabling
the development of innovative technologies and pro-
cesses.

In earlier experiments on the conditions of the pyro-
metallurgical reduction of oxide scale, it was found that
increasing the pressing pressure of the scale during its
preparation for firing from 0 to 300 MPa doubled its metal-
lization degree during heating, while the onset tempera-
ture of metallization decreased by more than 40 °C [19].
It was hypothesized that the observed effects during
the pyrometallurgical reduction of oxide scale result from
the mechanochemical activation of iron oxides in the scale
during pressing. Accordingly, the objective of this study is
to confirm this hypothesis, optimize the pressing parame-
ters, and demonstrate the impact of mechanical processing
of raw materials on the iron reduction process.

- EVALUATION OF FRANKLINITE DECOMPOSITION
POTENTIAL DURING MCA

The effects of grinding and pressing pressure on
the phase composition of electric arc furnace (EAF)
dust were studied. To evaluate the influence of MCA on
the phase composition of EAF dust, the tested dust samp-
les were mixed to prepare an averaged sample, which was
then ground for 2 min and pressed at pressures ranging
from 0 to 300 MPa. The composition of the raw mixture
in the first series and the processing conditions are pre-
sented in Table 1.

In the second series, coke was added to the dust, and
the raw mixture was subjected to MCA. The composition
of the raw mixture in the second series and the processing
conditions are shown in Table 2.


https://fermet.misis.ru/index.php/jour/search/?subject=механохимическая активация
https://fermet.misis.ru/index.php/jour/search/?subject=сталеплавильные пыли
https://fermet.misis.ru/index.php/jour/search/?subject=металлизация
https://fermet.misis.ru/index.php/jour/search/?subject=восстановление оксидов
https://fermet.misis.ru/index.php/jour/search/?subject=извлечение цинка
https://fermet.misis.ru/index.php/jour/search/?subject=фазовый состав
https://fermet.misis.ru/index.php/jour/search/?subject=фазовый состав
https://fermet.misis.ru/index.php/jour/search/?subject=вторичные ресурсы
https://fermet.misis.ru/index.php/jour/search/?subject=переработка отходов

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(6):671-678.
Kleonovskii M.V, Sheshukov 0.Yu.,, etc. Effect of mechanical processing on reduction of iron oxides in man-made raw materials

Table 1. Composition of raw material mixture
of the first series and processing mode

Ta6auya 1. CocTaB chIpbeBOii cMecH NepBoii cepuu
H pe:KMMbI 00padoTKHU

Composition Pressin
. g
Sample o o coke L L2 p—
ID min
% . % o MPa
1.1 0 0
12 2 0
1.3 100 | 20 | © 0 2 100
1.4 2 200
15 2 300

Ta6auya 2. CocTaB cbIpbeBOii cMecH BTOPOIi cepun
U pe:KuMbI 00padoTKHU

Table 2. Composition of raw material mixture
of the second series and processing mode

Composition Pressin,
o g
Sample [ o coke Guindloz, pressure,
ID min
% 3 % g MPa
2.1 0 0
22 2 0
23 80 | 16 | 20 4 2 100
24 2 200
25 2 300

The processed products were subjected to quantitative
phase analysis.

Quantitative X-ray phase analysis was carried out
using a STADI-P diffractometer (STOE, Germany). Data
were collected with CuK  radiation (40 kV, 30 mA),
a graphite monochromator, within a scattering angle
range of 20 =10+ 70°, with a step size of 0.02° and
a dwell time of 2 s per step. The results were analyzed
using the PDF-2 database (Release 2008 RDB 2.0804).

[ AsSESSMENT OF MCA's IMPACT ON THE PHASE
COMPOSITION OF EAF busT

The phase analysis results for samples 1.1 — 1.5 with-
out coke are presented in Fig. 1.

Analysis of the ground and pressed samples reveals
that the intensity of the X-ray spectrum varies cycli-
cally with changes in pressing pressure. Table 3 and
Fig. 1 illustrate the variations in the phase composition
of the samples under different processing conditions.

The findings indicate an inverse relationship in
compound content. As the pressing pressure increases
to 150 MPa, the ZnO content in the sample rises, while

the franklinite (ZnO-Fe,O,) content decreases. Further
increasing the pressing pressure to 300 MPa leads to a rise
in franklinite (ZnO-Fe,0,) content and a corresponding
decrease in ZnO content. Therefore, it is crucial to moni-
tor and maintain an optimal pressing pressure to achieve
the desired compound composition in the final product.

Phase analysis results for samples 2.1 — 2.5 with coke
are presented in Fig. 2.

Analysis of the phase composition of the ground and
pressed samples indicates that, similar to the samples
without coke, the intensity of the entire X-ray spectrum

® —7n0O
- .2.47 " — ZnO'F6203 300 MPa
i L]
L] 1.47
e 162  ®

1.49

200 MPa

Intensity

Ll
]
M Ground

20 30 40 50 60 70
20, deg

Fig. 1. Results of phase analysis of the samples 1.1 — 1.5

Puc. 1. Pe3ynsrars! (hazoBoro ananusa mpod 1.1 — 1.5

Table 3. Phase composition in the samples
depending on processing modes

Ta6auya 3. Conep:xanus ¢a3 B npodax
B 3aBHCHMOCTH OT Pe;KMMOB 00padoTKH

Sample ID Pressing Phase composition, wt. %
pressure, MPa ZnO Zn0O-Fe,0O,
1.1 0 34.9 44.6
1.2 50" 36.1 43.0
1.3 100 42.6 373
1.4 200 38.0 39.1
1.5 300 34.9 44.5
* — grinding designation.
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changes cyclically depending on the pressing pressure.
Table 4 and Fig. 2 present the variations in phase com-
position of the samples under different processing condi-
tions.

The test results indicate that as the pressing pressure
increases, the content of free ZnO initially decreases and
then sharply rises. In the initial sample, the phase ratio
of ZnO/ZnO-Fe,O, is 37.4/40.7, whereas after complete
MCA, this ratio shifts to 46.6/31.6. This change in phase
quantities is likely due to interaction with coke according
to the reaction

e ®-Zn0
= —7Zn0O-Fe,0,

300 MPa

n o " 1.62 °

210 1.991.90 148 ' 138

1.99 1.81 1.71 W‘W N

200 MPa
2
7
b=
g

= 100 MPa

H Ground

WWW

! ! ! 1
20 30 40 50 60 70

20, deg

Fig. 2. Results of phase analysis of the samples 2.1 — 2.5

Puc. 2. Pe3ynbrars! (ha3oBoro ananusa npod 2.1 —2.5

Table 4. Phase composition in the samples 2.1 — 2.5
depending on processing modes

Tabauya 4. Conep:xanus a3 B npodax 2.1 — 2.5
B 3aBHCHMOCTH OT Pe:KMMOB 00padoTKH

Sample ID Pressing Phase composition, wt. %
pressure, MPa ZnO Zn0O-Fe,0O,
2.1 0 37.4 40.7
2.2 50" 34.1 433
2.3 100 32.1 434
24 200 35.6 41.5
2.5 300 46.6 31.6
* — grinding designation.
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Fig. 3. Phase composition in the samples 2.1 — 2.5 depending
on processing modes:
1 —7Zn0; 2 - ZnO-Fe,O,

Puc. 3. Conepxanus (a3 B npodax 2.1 — 2.5 B 3aBUCHMOCTH
OT PEXKUMOB 00pabOTKH:
1 —7Zn0; 2 - ZnO-Fe,O,

3ZnFe,0, + C = Fe,0, + 3ZnO + CO1. (1)

Fig. 3 shows the dependence of ZnO and ZnO-Fe,O,
phase content on pressing pressure.

[ FIRING OF PRESSED SAMPLES

To evaluate the effect of pressing pressure on the phase
composition of fired products, a raw mixture was prepared
using electric arc furnace (EAF) dust, coke, and a dry
binder component with a content of 10 %. The compo-
nents of the raw mixture were co-ground. After grinding,
a liquid binder component was added to the raw mixture,
which was then briquetted under pressures of 0, 100, 200
and 300 MPa. The composition of the binder is provided
in the patent [20], while the composition of the raw mix-
ture for firing and its processing conditions are listed in
Table 5.

Before briquetting, a binder was introduced, consis-
ting of ladle furnace slag (LFS), liquid glass, and hydro-
fluorosilicic acid (HFSA). The LFS contains approxi-
mately 40 % dicalcium silicate (2Ca0Si0, ), which reacts
with liquid glass, causing it to harden about 30 min after
mixing and forming water-resistant tobermorite-like cal-
cium-sodium hydrosilicates. This time is sufficient for bri-
quetting to be carried out. Once briquetting and complete
hardening are achieved, the briquettes gain high strength.
Hydrofluorosilicic acid also reacts with liquid glass, pro-
moting its hardening [21]. Additionally, the acid acts as a
fluxing additive. It reacts with calcium oxide in the slag
to form fluorite (fluorspar), which is a strong flux.

In [22], it was shown that when the binder content is
less than 10 %, a non-diffusion reduction mode of iron
oxides is implemented. In this mode, the degree of metal-
lization is highly dependent on pressing pressure. When
the binder content reaches 10 %, a liquid phase appears,
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Table 5. Composition of the raw mixture for firing and its processing mode

Ta6auya 5. CocTaB ChIPphEeBOil cMeCH /IS 00:KUTa U Pe:KUMBI ee 06padoTKH

Composition
coke, Liquid glass-3.0 HFSA Pressing
Sl LD BRI AT LIRS £l (above 100 %) v-1.2 v-1.08 pressure, MPa
% g % g % g % mL % | mL
3.1 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 0
3.2 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 100
33 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 200
34 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 300

and a diffusion reduction mode of iron oxides occurs.
In this mode, the degree of metallization does not depend
on pressing pressure and remains approximately the same
across the entire pressure range.

The coke content corresponds to the stoichiometry
of iron oxides and carbon, plus an additional 15 %
to account for the ash content of the coke.

Dry briquettes were fired at temperatures up to 1200 °C
for 1 h. The firing temperature matched the conditions for
completing the metallization process [22]. An isothermal
holding period of 30 min was maintained at 1200 °C.
The overall appearance of the fired samples is shown in
Fig. 4.

The fired samples in Fig. 4 clearly show droplets
of metallic iron.

3.1 33 : 34

Fig. 4. General view of the fired samples

Puc. 4. O6wmwmii Bu1 0003 KEHHBIX 00pa3oB

Table 6. Phase composition in the studied samples

Tabauya 6. Conep:xanue ¢a3 B HCCIETOBAHHBIX MPOdAX

Phase composition, wt. %
Sample ID ; ;
Fe_., 2Ca0-Si0,, 3Ca0-SiOo,
3.1 17.1 82.9
3.2 16.3 83.7
3.3 17.4 82.6
34 19.0 80.8

The firing products were subjected to phase analysis,
and the phase content of the studied samples is presented
in Table 6.

The test results indicate that as the pressing pressure
increases, the metallic iron content initially decreases but
then rises, reaching 19 % at 300 MPa compared to 17 %
in the initial state without pressing. Based on these fin-
dings, it is recommended to maintain a pressing pressure
of 300 MPa, as lower pressures may negatively impact
the degree of metallization.

[ RESULTS AND DISCUSSION

The research demonstrated a significant influence
of pressing pressure on the phase composition and reduc-
tion processes of iron oxides in ASF dust. In the first
series of experiments, conducted on samples without
coke addition, cyclic variations in phase content were
observed depending on the pressing pressure (Table 3).
At pressures up to 150 MPa, the ZnO content increased,
while the content of franklinite (ZnO-Fe,0,) decreased.
However, at higher pressures up to 300 MPa, the opposite
effect was noted: ZnO content decreased, and franklinite
content increased. These findings highlight the necessity
of controlling pressing pressure to achieve the desired
phase ratio in the final product.

In the second series of experiments, involving samp-
les with coke addition (Table 4), phase analysis results
similarly demonstrated cyclic variations in the contents
of ZnO and ZnO-Fe,O, depending on pressing pressure.
A substantial increase in free ZnO content at 300 MPa
indicates the occurrence of the reduction reaction
of franklinite (ZnFe,O,) involving carbon. The interac-
tion, described by Equation (1), results in the formation
of magnetite (Fe,0,), zinc oxide (Zn0O), and carbon mon-
oxide (CO), confirming the role of MCA in the break-
down of franklinite and the reduction of iron oxides.

The results of evaluating the effect of pressing pres-
sure on firing processes (Table 6) showed that as pressure
increased from 0 to 300 MPa, the metallic iron content
initially decreased but subsequently increased, reaching
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a maximum of 19 % at 300 MPa. These findings indi-
cate that the optimal pressing pressure for maximizing
iron metallization is 300 MPa. Lower pressures may
adversely affect the reduction process, reducing the pro-
portion of metallic iron in the final product.

Thus, the study confirms that MCA occurring during
the pressing of EAF dust enhances the reduction pro-
cesses of iron oxides. Optimizing pressing parameters,
particularly maintaining a pressure of 300 MPa, ensures
the highest metallization efficiency. This optimization
offers promising opportunities to improve the producti-
vity and environmental performance of pyrometallurgical
waste processing.

[ ConcLusiOoNs

It has been demonstrated that MCA significantly
influences the phase composition of EAF dust, both with
and without coke addition. In samples without coke,
the phase composition changes cyclically with varia-
tions in pressing pressure. At pressures up to 150 MPa,
the zinc oxide (ZnO) content increases, while the frank-
linite (ZnO-Fe,O;) content decreases. However, with
further pressure increases to 300 MPa, the franklinite
content rises, and the free ZnO content decreases, indi-
cating the need for precise pressure control to achieve
the desired phase composition.

In samples with coke addition, a similar cyclic change
in phase composition is observed depending on the pres-
sing pressure. As the pressure increases, the free ZnO
content initially decreases but then sharply rises. These
changes are likely attributed to the reaction between
franklinite and coke, resulting in the formation of magne-
tite (Fe,0,), ZnO, and carbon monoxide.

Firing of pressed samples revealed that as the press-
ing pressure increases, the metallic iron content ini-
tially decreases but subsequently rises, reaching a maxi-
mum at 300 MPa. This suggests that a pressing pressure
of 300 MPa is optimal for achieving a high degree
of metallization, while lower pressures may negatively
affect the quality of the final product.
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