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ABSTRACT

Studies of the isothermal kinetics of the reduction of sinter from mill scale were carried out at Zh.
Abisheva Chemical and Metallurgical Institute (Karaganda). The influence of temperature and
heating time on the degree of reduction of iron and other elements was studied in the Tamman
furnace by the thermogravimetric method. The amount of reducing agent was taken in the
experiments based on the stoichiometrically necessary amount of carbon for the complete
reduction of iron oxides by more than 60%, as well as for the carburization of the resulting metal
to 2.0% C. To obtain the kinetic characteristics of the reduction of the studied materials, depending
on the temperature and duration of the process, processing of the received data array according
to the models developed especially for these cases. The results of experimental data processing
according to the Gistling-Brownstein model are presented. As a general assessment, this model
with a sufficiently high correlation (R not less than 0.9) describes the studied process, which
confirms its diffusion character. Analyzing the calculated data of the activation energy, one can
assume the diffusion nature of the inhibition of the reduction reaction of all the materials under
study. The value of the activation energy of the process shows that the agglomerate with dolomite
(fluxed agglomerate) has the highest reducibility. During the frontal reduction of oxides of iron and
other elements with carbon, a slag shell is formed around the grains of materials, which consists
mainly of acidic oxides of barren rock, non-metallic inclusions of lightweight scrap and reducing
agent ash and has a high viscosity. Its thickness depends on the composition of the material,
temperature, time and degree of reduction.
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Introduction

their use as additional iron-containing material [[7],
[8], [9], [10]] in the form of briquettes and sinter

Rolling scale is an oxidized product that is  [[11], [12], [13]].

formed in the process of metal reduction in rolling Technical and economic indicators of the
mills in large quantities. From the total steel technology of smelting iron and ferroalloys [14]
production, scale formation is 2% [1]. According to ~ depend on the recovery rate of the leading element
[2], about 13 million tons of mill scale are formed  (Fe, Si, Mn, Crand other elements) and the nature of
annually around the world. In world practice, much the slag formation process. These factors are
attention is paid to the recycling and use of industrial affected by the process temperature, the chemical
waste in the metallurgical process [[3], [4], [5], [6]].  composition of the materials used and their
Rolling scale and other wastes generated at softening point, the electrical resistivity of the
metallurgical plants are involved in production with  charge, the reducibility of the materials, and the
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Table 1 — Chemical composition of materials

Chemical composition, %

Material Fegen FeO | ALOs Ca0 | Mg0 |Si02 | C p
Agglomerate 38.0 249 158 | 496 | 486 | 113 | 005 - 0.005
Agglomerate  with | 55.0 12.1 146 | 706 | 680 | 510 | 007 - 0.001
dolomite

types of reducing agents used. In [15], the kinetic
reduction briquettes obtained from mill scale is
carried out with hydrogen. As a result, it is shown
that the recovery process is controlled by the
process diffusion, and the activation energy ranges
from 61.5 to 72.25 kl/mol. In other studies [16], the
kinetics and mechanism of reduction of
agglomerates are studied using traditional types of
reducing agents.

In this research, the authors obtained
agglomerates from mill scale mixed with various
metallurgical wastes, and studied the isothermal
kinetics of agglomerate reduction. The obtained
experimental data will help to better understand the
mechanisms of carbothermal reduction of the sinter
and the improvement of metallurgical processes.

Experimental part

When conducting research, lightweight steel
scrap was used as a charge in a mixture with
agglomerated ordinary iron ore and sinter with
dolomite additives (up to 10% dolomite in sinter),
produced in large-scale laboratory conditions of the
Zh. Abisheva Chemical and Metallurgical Institute
(Karaganda).

The studies were carried out on a charge, the ore
part of which is represented by a mixture of lumpy
iron ore (70%) and fine iron ore or agglomerates
from mill scale (30%). PRC metallurgical coke (11.2%
Ac, 4.20% Vg, 3.01% W) was used as a reducing
agent. The composition of raw materials and coke
ash is shown in Table 1.

The effect of temperature and heating time on
the degree of reduction of iron and other elements
was studied in the Tamman furnace by the
thermogravimetric method. The method is fairly
accurate and simple, does not require complex
devices, and is acceptable for processes occurring at
high temperatures. It is based on the assumption
that during the reduction of charge oxides with
carbon, only carbon monoxide is released in any
period of time. This is only an assumption, because
the charge material (ore) always contains moisture
and carbon dioxide, which, at high temperatures,
are added to the released gas. In the chosen

method, these precipitates are also taken into
account by the weighing device, and we get a
general picture of the apparent activation energy. To
eliminate the influence of the particle size
distribution of materials and the reducing agent on
the results of the study of reducibility, all charge
materials were pre-crushed to a fraction of 0—1 mm.
The amount of reducing agent in the
experiments was taken based on the
stoichiometrically necessary amount of carbon for
the complete reduction of iron oxides by more than
60%, as well as for the carburization of the resulting
metal to 2.0% C. For each experiment, samples were
taken consisting of 75 g of the ore mixture and the
corresponding amount coke. The weighed mixture
was placed in a graphite crucible and placed in a
furnace heated to a given temperature, suspended
from an analytical balance with a molybdenum wire.
The melting unit in the installation was a Tamman
furnace with a graphite heater. The experiments
were carried out in isothermal mode at
temperatures of 1100; 1200; 1300; 1400; 1500 2C for
1 hour. The temperature was measured with a VR-
5/20 thermocouple. The input power was regulated
smoothly, so that the temperature could be
maintained in the desired range. The temperature
deviation from the set value did not exceed 5
degrees. The crucible was cooled in air. The degree
of recovery was judged by the weight loss of the
sample. From the practice of studying the
reducibility of iron ore materials, it is known [17]
that the degree of reduction is determined by the
ratio of the mass of oxygen taken away during the
reduction to the mass of the initial oxygen bound in
the material sample with the reduced iron. The
degree of recovery was determined by the formula:
07

a ==
oy

(1)

where 0% and 0F - the mass of oxygen in the
original and reduced (exposed to the reducing agent
for a certain period of time) samples of iron ore
material.

For calculation a according to the experimental
data, we used the following formula:
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where Am - weight loss, gr.

Due to the fact that iron-bound oxygen is not
determined by direct chemical analysis, the value
0;4 It is usually calculated using calculation formulas
in which, instead of oxygen, there are quantities that
are more convenient for direct experimental
determination, for example, those obtained by
chemical analysis of the content of iron oxides and
other elements. Assuming that in the original ore
material under study and in the coke ash, oxygen is
bound to iron in ratios determined by the
stoichiometry of pure oxides, it is possible to

Table 2 — The degree of recovery of materials

calculate the mass of oxygen in the iron ore material
and coke.

Research results and discussions

Table 2 gives the entire material of the
experiment on the study of the reducibility of
various materials under study by coke carbon.

To obtain the kinetic characteristics of the
reduction of the studied materials, depending on the
temperature and duration of the process, the
obtained data array was processed according to
specially developed models for these cases.

Figure 1 shows the kinetic curves for the
reduction of various mixtures of light-weight scrap
charge with conventional sinter and fluxed sinter
under various temperature conditions.

. Degree of conversion (a) at time (T, min)
b 5 10 15 20 25 30
Lightweight scrap + sinter
1100 0.022 0.049 0.073 0.097 0.119 0.140
1200 0.038 0.131 0.202 0.254 0.302 0.344
1300 0.094 0.238 0.332 0.395 0.460 0.514
1400 0.133 0.326 0.460 0.533 0.594 0.634
1500 0.223 0.474 0.609 0.715 0.793 0.839
Lightweight scrap and fluxed sinter
1100 0.021 0.049 0.073 0.097 0.219 0.410
1200 0.028 0.131 0.202 0.254 0.352 0.544
1300 0.084 0.238 0.332 0.395 0.481 0.614
1400 0.123 0.326 0.460 0.533 0.654 0.734
1500 0.213 0.474 0.609 0.715 0.793 0.839
t, °C Degree of conversion (a) at time (t, min)
35 40 45 50 55 60
Lightweight scrap + sinter
1100 0.160 0.179 0.197 0.214 0.224 0.232
1200 0.379 0.409 0.437 0.464 0.489 0.512
1300 0.556 0.589 0.615 0.638 0.661 0.678
1400 0.662 0.688 0.714 0.735 0.752 0.773
1500 0.878 0.909 0.936 0.960 0.977 0.993
Lightweight scrap and fluxed sinter

1100 0.530 0.549 0.556 0.564 0.574 0.582
1200 0.609 0.639 0.657 0.664 0.689 0.691
1300 0.706 0.719 0.725 0.738 0.761 0.778
1400 0.802 0.808 0.824 0.835 0.852 0.873
1500 0.878 0.909 0.936 0.960 0.977 0.993
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a — light scrap + agglomerate; 6 — light weight scrap and fluxed sinter

Figure 1 — Kinetic recovery curves of various iron ore materials at 1200-1600 2C
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For inside the diffusion region, Jander, based on
the parabolic distribution of the growth law of the
product layer, proposed the equation:

(1-¥1—a)’ =k, (3)

where a - conversion rate;
k — process rate constant;
T - time elapsed since the start of the
experiment.
A more correct equation for describing the
constant of the solid-state process in a spherical
grain was obtained by Gistling and Brownstein:

1-(2/3-a) = (1 —a)?® =k, (4)

It should be noted that the Jander equation (3)
and Gistling-Brownstein equation (4) are based on
the general assumption that the rate of the diffusion
process is inversely proportional to the thickness of
the reaction product layer. The difference between
these equations, which model a solid-phase process,
is based only on different geometric assumptions:
Jander considers diffusion leading to the formation
of areaction product at a flat interface; Ginstling and
Brownstein solve the problem of diffusion in a
spherical grain. According to the Gistling-Brownstein
equation, most often used in studies of the kinetics
of reduction of various materials [[18], [19], [20]],
the mathematical model of the dependence of the
degree of transformation of manganese ore on time
is expressed as a straight line equation:

a =a+ bx, (5)

where (b) —slope, represents the rate constant
of the process.

Table 3 shows the results of processing
experimental data using the Gistling-Brownstein
model. As a general assessment, it can be indicated
that this model with a sufficiently high correlation (R
not less than 0.9) describes the studied process,
which once again confirms its diffusion character,
since this equation is developed for such processes.

Analyzing the data in Table 3, we can conclude
that at the same temperature, various manganese
ore materials are arranged in the following order in
order to increase the rate constant of their
interaction with coke carbon: manganese ore -
unfluxed sinter - sinter with dolomite. Thus, at
1100 °C, the reduction rate constant of sinter with
dolomite is 3.0 times higher than that of light-weight
scrap mixed with conventional sinter. A similar
effect can be achieved by increasing the process
temperature.

Using the data in Table 3, one can find the
temperature dependence of the rate constant for
various types of materials under study. To do this,
we set the following formula for the dependence of
the rate constant on temperature, called in physical
chemistry the Arrhenius equation

— . _ Eact
k=A4 exp( RT)’ (6)
where A - constant;

E,ct - process activation energy;

R - universal gas constant (8.3144 J/mol-K);

T- temperature, K.

Table 3 — Results of experimental data processing according to the Gistling-Brownstein model

y=a+bx
Material t, °C a b R k-1073

1100 -3.995 0.779 0.962 14.343
1200 -3.559 0.756 0.989 21.533

Lightweight scrap with

agglomerate 1300 -3.008 0.716 0.988 35.379
1400 -2.257 0.589 0.978 61.649
1500 -2.081 0.670 0.983 83.594
1100 -2.720 0.653 0.976 43.004
1200 -2.224 0.587 0.974 63.542

Lightweight scrap with

fluxed agglomerate 1300 -1.795 0.535 0.982 88.951
1400 -1.493 0.522 0.987 117.226
1500 -1.420 0.590 0.996 142.725
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Table 4 — Kinetic characteristics of recovery

Material

Equation R A

E e, kI/mol

Lightweight scrap (LVS) and sinter

Ink=-12722.0/T + 3.814

0.998 70.43 105.775

Lightweight scrap and fluxed sinter

Ink=-8408.37/T + 1.0171

0.997 8.34 69.9105

Taking the logarithm of this expression gives the
dependence
Eger 1

R T’ (7)

Ink=ImnA-

which can be represented as an equation of a
straight line

a=a+bx (8)

Table 2 Data Processing in Coordinates
In k —=1/T makes it possible to find the coefficient b
in equation (4.9), numerically equal to—E,.;/R, and
coefficient a, equal In A. With a known R (8,3144)
one can find the activation energy of the process and
the value of the pre-exponential coefficient A. The
results of the calculations are placed in Table 4,
which lists the required equations, correlation
coefficients (R) and values of the apparent
activation energy (Egct)-

Analyzing the calculated activation energy data
in Table 4, we can assume the diffusion nature of the
inhibition of the reduction reaction of all the
materials under study. Judging by the values of the
activation energy of the process, the sinter with
dolomite has the highest reducibilitv.

During the frontal reduction of oxides of iron
and other elements with carbon, a slag shell is
formed around the grains of materials, which
consists mainly of acidic oxides of barren rock, non-
metallic inclusions of lightweight scrap and reducing
agent ash and has a high viscosity. Its thickness
depends on the composition of the material,
temperature, time and degree of reduction [19].
This shell is a slag barrier for the development of
recovery along the depth of the grains of the
materials used. Calcium and magnesium oxides,
contained in an increased amount in dolomite,
dissolve in the process of reduction in acidic and
viscous slag-forming oxides - products that appear
during the reduction of the leading elements of the

agglomerate, and as a result, the formation of more
basic and, accordingly, liquid slags. Such slags easily
destroy the slag diffusion barrier and expose the
surface of the sinter core for a new contact between
iron oxides and carbon.

Thus, the magnesium contained in the
agglomerate removes the frontally occurring
reactions of ore reduction, a diffusion barrier and
contributes to a more complete and intensive
reduction of oxides of iron and other elements.

Conclusions

The reduction kinetics of manganese
agglomerates has been experimentally studied in
comparison with other manganese ore materials
currently used in the practice of silicomanganese
production in the temperature range of 1100-
1500°C. Experimental data are processed according
to the Khrushchev kinetic model, which establishes
a relationship between the degree of transformation
of a substance and the process time at a constant
temperature.

According to the increase in the rate constant of
their interaction with coke carbon, the studied
materials are arranged in the following order: light-
weight scrap - non-fluxed sinter - fluxed sinter.

The kinetic characteristics of the reduction of
agglomerated mill scale with carbon have been
determined. The activation energies of the
reduction processes of the studied materials are
calculated, analyzing which it is possible to draw a
conclusion about the diffusion nature of the
inhibition of the reduction reaction of all the studied
materials. The development of the reduction
process is limited by the slag shell, which consists
mainly of acidic oxides of the waste rock of the ore
and reducing agent ash, which have a high viscosity.

In dolomite-fluxed agglomerate, the negative
effect of the slag barrier is reduced due to the
increased content of basic calcium and magnesium
oxides in its composition, which dissolve in viscous

—— 4 ——
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slag-forming oxides during the reduction process, elements with carbon, contributing to their more
resulting in the formation of low-melting and liquid-  complete and intensive recovery.

moving slags on the contact surface. Such slags

easily destroy the slag diffusion barrier and expose Conflict of interest. On behalf of all authors, the

the surface of the core of minerals for a new contact  correspondent author declares that there is no conflict
between the oxides ofiron, silicon and other ofinterest.
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MnempenreH oTKabbipLIAKTAH arioMepaTTbiH, TOTbIKCbI3A4aHYbIHbIH,

n3oTepmMmunAanbliK KUHETUKACDIH 3epTTey

HKynicos A.K., ‘Bbikos M1.0., *Kenxkebekosa A.E., 1¥yHicosa A.K., 2Rahmat Azis Nabawi

Topaiireipos yHusepcumemi, MNaenodap, Kazakcma

2[MadaHe memaekemmik yHusepcumemi, UHOoHe3ua

Makana kengi: 12 kaimap 2023
CapanTtamagaH eTTi: 10 aknaH 2023
Kabbinganapl: 11 cayip 2023

TYRIHAEME

NnemaenreH oTKabbIplIaKTaH arnomepaTTbl KanmblHa KeNTipyAiH U30TEPMUANDIK, KMHETUKACLIH
3epTTey K. Obiwes aTbiHAAFbI XUMUA-METANNYPIUANBIK MHCTUTYTTA KYprisingi. (KapafaHabl K.).
TemipAaiH oHe 6acka aNeMeHTTepAiH TOTbIKCbI3AaHY ASpeKeciHe TemnepaTypa MeH Kbi3aplpy
YaKbITbIHbIH, acepi TaMMaH newiHae TepmorpaBMMeTpUANbIK aaicneH 3eptrengi. Taxipubenepae
TOTbIKCbI3AaHAbIPFLILITbIH, Me/LWepi Temip okecnarepiH 60%-aaH actam TOAbIK TOTbIKCbI3AaHAbIPY
YWiH, COHAAl-aK anbiHFaH meTangbl 2,0% C-fa OeWiH KOMIPTEKTEHAIPY YWiH KemipTeriHin,
CTEXMOMETPUAIIbIK KAXKETTi Me/ILLEPiH Heri3re ana oTbipbIn anblHAbI. TemnepaTypa MeH NPoLEecTiH,
y3aKTblfblHa 6aitNaHbICTbl 3epTTeneTiH MaTepuangapablH, TOTbIKCbI3AAHYbIHbIH, KUHETUKaNbIK,
cunaTTamanapblH any YLWiH anblHFaH AepeKTep ayKbIMbl OCbl XKafAainap yLiH apHalibl 93ipaeHreH
mogenbaep 6oMblHWa eHaenai. UCTAUHr-BpayHwTeH mogeni 6okbiHWA  ManimeTTepai
TOXipMbenik eHAey HaTUKenepi KenTipinreH. XMannbl 6afanay peTiHOE MKETKINIKTI KoFapbl
KoppenauuananfaHapikka ne (R 0,9 kem emec) 6yn mogen OHbiH, AndOY3UANbIK CUMNATbiH
pacTaiTblH 3epTTesneTiH NpouecTi cunatTaiapl. benceHaipy 3SHepruAacbiHblH, - ecenTenreH
MaNiMeTTepiH Tangal oTbipbin, 6GapAblK 3epTTeNneTiH  maTepuanaapAblH,  TOTbIKCbI3AAHY
peaKUMACbIHbIH, TeXenyiHiH, Anddysnansik cunatblH 6onxkayra 6onaabl. MpouecTiH, 6enceHaipy
SHEPrUACLIHbIH, M3HI aroMepaTTbiH, AonomuTneH (dbatocTenreH arnomepar) TOTbIKCbI3AAHY
KabineTiHiH KOFapbl eKeHiH KepceTedi. TemipaiH XoHe 6acka 31eMeHTTEPAiH, OKCUATEPIHIH,
KemipTerimeH  GpoHTaNbAbl  TOTbIKCbI3AaHYbl  Ke3iHge  maTepuangap  TYMipLWiKTepiHiH,
aliHanacblHA@ KOX Kabblfbl Tysineai, on HerisiHeH 60C Tay >KbIHbICTAPbIHbIH, KbIWKbIAABIK
OKCUATEPIHEH, Ca/IMafbl KEHiN CbIHbIKTapAaH, TOTbIKCbI3AAHABIPFbIW KYAAIH, MeTann emec
KOCbIHABIIAPbIHAH TypaAbl >KOHE KOFapbl TYTKbIP/AbIKKA Me 6onafbl. OHbIH,  KanblHAbIFbI
MaTepuaniblH, KypamblHa, TemnepaTypafa, YaKbITKa »KOHEe KannblHa Keny [JapexkeciHe
6ainaHbICTbI.

TyiiiH ce30ep: UnemaenreH oTKabblpluak, oTKabbipLak, KaanbiHa Keny, KUHeTUKa, andodysnanbik
Kefepri, benceHaipy aHepruacel.
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UccnepoBaHue M30TepMUYECKOI KUHETUKU BOCCTAHOB/IEHUA araomepara us
NPOKATHOM OKa/IUHDI

1yHycos A.K., 'Bbikos MN.0., 'KeHxkeb6ekosa A.E., YKyHycosa A.K.2Rahmat Azis Nabawi

1Topatiebipos YHusepcumem, lNasnodap, Kazaxcmax
2MadaHacKuli 20cydapcmeeHHsbili yHugepcumem, MHOoHe3us

AHHOTALUMUA

MccnepoBaHma M30TEPMUYECKOW KMHETUKM BOCCTAaHOBAEHUA arnomepaTta U3 NPOKaTHOM OKaNuHbI
NPOBOAUNN B XMMMKO-METANYPrUYEcKOM MHCTUTYTe M. XK. Abuwesa (r. KaparaHabl). Banaxue
TeMnepaTypbl U BPEMEHU HarpeBa Ha CTeneHb BOCCTAHOBNEHWA Kenesa U APYrux 3N1eMeHToB
nccnepoBany B neum TammaHa TepMorpaBUuMeTpUYECcKMM MeToaomM. KonnyecTso BoccTaHOBUTENA
B OMbITax MPUHUMANU UCXOAA U3 CTEXMOMETPUYECKU HEOBXOAMMOro KONMYECTBa yrnepoaa ans
NOMIHOrO BOCCTAHOB/IEHMA OKCUAOB Kenesa Ha 6onee Yem 60 %, a TaKKe Ha HayrnepoxKusaHue
nosnyyeHHoro metanna 8o 2,0 % C. ina nonyyeHUa KUHETUYECKUX XapaKTEPUCTUK BOCCTAHOBIEHUA
nccnepyemblx MaTepuanos B 3aBUCMMOCTU OT TeMNepaTypbl U NPOAO/KUTENBHOCTU npouecca

MNoctynuna: 12 aHeaps 2023 nposeaeHa o6bpaboTka MNONYYEHHOrO MaccuMBa [JaHHbIX MO CMeuuanbHO A/A 3TUX C/ydyaes
PeueHsuposaHue: 10 gpespans 2023 paspaboTaHHbIM mogenam. NMpuseaeHbl pesynbTaTbl 06PabOTKM IKCNEPUMEHTANBHBIX AAHHbIX NO
MpuHAaTa B nevatb: 11 anpens 2023 mogzenu MctamHra - bpoyHwTeiHa. B KayecTBe o6Liei OUEHKM faHHas MOAENb C AO0CTAaTOYHO

BbICOKOW KoppenupoBaHHOCTblo (R He meHee 0,9) ONUCbIBAET M3y4YeHHbIA NpoLECC, YTo
noaTeep:KAaeT ero AWGAdY3MOHHbIM XapakTep. AHanM3WMpys pacyeTHble JAaHHble 3Hepruu
aKTMBALMM  MOXHO  NPEAnonokuTb  AnbAOY3MOHHLIN  XapaKTep TOPMOMKEHUA  peaKkuuu
BOCCTAaHOB/IEHMA BCEX WCCAEeAYyeMblX MaTepuanos. BenuuuHa sHepruu aktmsauuu npouecca
NoKasblBaeT, 4To Hanbonee BbICOKOW BOCCTAHOBMMOCTbIO 06/1afaeT arnomepar € 40NOMUTOM
(odntocoBaHHbIN arnomepar). Mpu GpPOHTaNbHOM BOCCTAHOBAEHUWM OKCUAOB Kesfesa U ApYyrux
3/1eMEHTOB Yr1epoioM BOKPYr 3epeH maTepuanoB ob6pasyeTca Wnakosas 06010uKa, cocToAasn
NPeUMyLLECTBEHHO W3 KUC/bIX OKCUMAOB MYCTOW MOPOAbl, HEMETaNMYECKUX BK/IOYEHUI
NETKOBECHOTO /IOMa M 30/1bl BOCCTAHOBUTENA M 06/1a4atoLLan BbICOKOM BA3KOCTbIO. TONWMHA ee
3aBWUCWT OT COCTaBa MaTepuana, TEMNepaTypbl, BPEMEHM U CTENEHWU BOCCTAHOBAEHUA.

Knrouesvbie cnosa: NMpoKaTHasA OKaAMHa, OKaNMHa, BOCCTAHOBUMOCTb, KUHETUKA, AnddY3NOHHbIN
6apbep, s3HePrua akKTUBaALMN.
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